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The 2001 PEP-N Workshop

In November 2000, a Letter of Intent was presented to the
Experimental Program Advisory Committee at SLAC to pro-
pose a new, small electron facility. The goal: To have col-
lisions in the ∼ 1.0 GeV–3.1 GeV c.m. energy range using
the PEP-II LER positron beam, thus taking advantage of its
exceptional performances, without perturbing the B Factory
operation. It was noted that many interesting physics items in
this c.m. energy range still have to be measured with better
accuracy, lacking enough integrated luminosity, namely:

- a measurement of the total multihadronic cross section
at a percent level, especially needed for the evaluation of
the hadronic contribution to the muon anomalous mag-
netic moment and for the evolution of the e.m. coupling
constant;

- a measurement of the baryon time-like form factors: pro-
ton, neutron (poorly measured only once) and strange
baryons, both electric and magnetic (in this respect the
c.m. boost in the proposed configuration will be very
helpful);

- a definitive answer concerning vector meson spec-
troscopy and narrow structures in the hadronic channels.

EPAC suggested setting up this Workshop to measure the
interest of the physics community in these topics and to explore
in more depth the feasibility of the PEP-N detector.

About 150 people attended the Workshop. The experimen-
tal situation and the theoretical expectations concerning the
aforementioned topics were extensively reviewed.

The new results on the muon anomalous magnetic moment
by E821 at BNL, which have a much smaller error than the old
CERN measurement and disagree with many of the present
expectations (depending on the way the hadronic contribution
has been estimated), were presented. These results strongly
enhanced the interest of measuring R with very good accuracy
using PEP-N.

Concerning vector meson spectroscopy, new, high statistics
results from E687 at FNAL were presented. They show a
narrow dip at ∼ 1.9 GeV in the invariant mass of 6 charged
pions in diffractive photoproduction and other structures in
4 pions diffractive photoproduction. These very interesting
signals of narrow vector mesons (hybrids?) should be properly
identified and studied in e+e− annihilation.

Other accelerator projects overlapping the PEP-N energy
range were presented: namely, the VEPP2000 project in
Novosibirsk by BINP people, who will also collaborate on
PEP-N, that should overlap on the low energy side; future de-
velopments at Bejing and Cornell, and also the possibility to
study, in part, this energy range by means of ISR at the present
B factories.

During the Workshop a detector design was worked out.
Some innovative experimental solutions were proposed, in par-
ticular a central tracking system made by a TPC with GEMs
for the readout, proposed by Jerry Va’vra. Lively discussions
were driven by the referees, David Hitlin, Nando Ferroni, Bill
Wisniewski, Blair Ratcliff, and Howard Wieman that kindly
accepted critical review of the whole design. Their final com-
ments, and the outcome of this Workshop will be the starting
point for an updated Letter of Intent to be presented at the next
EPAC meeting in September 2001.

We warmly acknowledge the SLAC Director, Jonathan Dor-
fan, who gave us all the support and the advices we needed to
have a successful Workshop, the speakers, the referees, the
EPAC, and the Advisory Committee members and all the par-
ticipants.

Rinaldo Baldini-Ferroli, INFN-LNF, Italy
on behalf of
The Organizing Committee
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PEP-N Detector Layout
Diego Bettoni
INFN, Ferrara, Italy

The PEP-N experiment is being designed to carry out an extensive physics program which includes, among others, the measurement of
R, the determination of baryon and meson form factors, and the study of exclusive multihadronic final states. In this paper we discuss the
requirements on the PEP-N detector and we present the proposed layout of the experimental apparatus.

1. INTRODUCTION

We describe a possible experimental apparatus for a pro-
posed new experiment to be carried out at an asymmetrical
collider, consisting of the PEP-II Low Energy Ring (LER) and
a new electron storage ring (Very Low Energy Ring, VLER) of
energy 100 MeV < Ee < 800 MeV. The accessible center of
mass (CM) energy will then be 1.2 GeV <

√
s < 3.15 GeV.

While there are many important physics measurements that
are feasible at this collider, a lot of emphasis will be on R, the
ratio of the hadron and muon pair cross sections, and on the
determination of nucleon form factors.

This paper is organized as follows: the main physics moti-
vations will be outlined in section 2. The measurement method
of R and the experimental requirements will be the subject of
section 3, while the detector requirements will be discussed
in section 4. Section 5 will be devoted to rates and running
time. The detector layout will then be presented in section 6.
The individual detector components will be briefly described
in section 7 (a full description can be found in the dedicated pa-
pers in these proceedings). Finally in section 8 we will present
our conclusions.

2. PHYSICS MOTIVATIONS

There is a rich variety of important physics measurements
that are accessible to an electron-positron collider in the CM
energy range 1.2 GeV <

√
s < 3.15 GeV. Many of these are

summarized below.

2.1. The measurement of R

The hadronic vacuum polarization diagram contributes sig-
nificantly to the muon anomalous magnetic moment aµ =
(g − 2)µ/2 and to the evolution of the QED coupling constant
αEM . The value of αEM(M2

Z), vital for the determination of
the Higgs mass, is the most poorly known of the three parame-
ters (GF , MZ, αEM(M2

Z)) that define the standard electroweak
model. The calculation of aµ has recently received great atten-
tion due to the preliminary results of BNL experiment E821,

which reports a 2.6 σ discrepancy between measurement and
standard model calculations. The hadronic terms contributing
to the evolution of αEM(M2

Z) and to aµ can be determined
directly from the ratio

R = σ(e+e− → hadrons)

σ (e+e− → µ+µ−)

by means of dispersion integrals. In both cases the biggest
contribution comes from the low energy part of the integral.

The theoretical evaluations of ahad
µ fall into several classes:

numerical integration of e+e− R data only, use of e+e− data
plus perturbative QCD (PQCD), the use of e+e− data plus τ

decay data. Since the use of PQCD and of τ decay data has been
the subject of some controversy we will restrict our discussion
to determinations of ahad

µ which use direct e+e− → hadrons
data only. The situation is summarized in table 2.2.1 which
shows the contributions of the various energy regions to ahad

µ

(in ppm). The four columns show the energy region, the value
of ahad

µ for that region in ppm, the percentage error on the
measurement of R and the corresponding error on aµ. The
numbers in parentheses show prospective improvements in R

data coming from VEPP-2M (low energy region, data already
available, their publication is in progress) and from BEPC (high
energy region). It can be seen that in this scenario the biggest
contribution on the error on aµ comes from the region between
1.5 and 2.5 GeV: a measurement of R with 2 % precision in
this region would bring the contribution to the error on aµ from
0.4 ppm to 0.1 ppm, making it comparable to that in the other
regions (in fact even smaller).

Similar considerations for αEM(M2
Z) (for which the 1.5–

2.5 GeV region is even more important) lead to the conclusion
that it is extremely important to carry out a 2% (or better)
measurement of R in the energy region between 1.2 GeV and
3.1 GeV.

2.2. Baryon form factors

Better nucleon electromagnetic form factor data will hope-
fully resolve many puzzles posed by the (poor) existing data
[1], in particular by the neutron timelike form factor measure-
ment, which is several times larger than expected. Precise data
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Table I The contributions to ahad
µ from the various energy regions

Energy ahad
µ δR δaµ

range (ppm) (%) (ppm)

< 1.4 GeV 51.6 2.0(0.6) 1.0(0.29)

1.5-2.5 GeV 3.8 10-15 0.4

> 2.5 GeV 4.8 15(5-7) 0.4(0.2)

will confront QCD in the interesting region between the non-
perturbative and perturbative regimes. The new measurements
will have much smaller statistical errors than previous experi-
ments and will for the first time allow clear separation of the
electric and magnetic form factors of the nucleon [2].

Of the hyperon form factors, only that of the � is (badly)
measured and measurements of the �, charged and neutral �

and �-� form factors will provide motivation for theoretical
advances in baryon structure.

The experiment will also have the ability to measure timelike
nucleon-nucleon resonance transition form factors.

2.3. Meson form factors

Pion and charged and neutral kaon timelike electromagnetic
form factors are poorly measured above q2 ≈ 2 GeV2; vector
meson form factors are essentially unmeasured. Both pseu-
doscalar and vector meson form factors represent potentially
tractable applications of PQCD and high precision measure-
ments are needed to complement the active ongoing theoretical
efforts in this field.

2.4. Vector meson spectroscopy

Electron-positron annihilations are ideal for detecting 1−−
states, of which eight have been reported in this region, but with
poor determinations of branching ratios, masses and widths.

2.5. Multihadron final states

Exclusive multihadron final states will also be measured, to
search for exotic and non-exotic resonances in production, such
as those recently reported in antiproton-proton annihilations at
LEAR and in diffractive photoproduction at Fermilab [3].

3. EXPERIMENTAL REQUIREMENTS

The most challenging item in the PEP-N physics program is
the high precision measurement of R. For this measurement
the detector should have as high an acceptance as possible.
Two methods can be used to measure R:

• Inclusive approach: with this method hadronic events
are defined inclusively by requiring a minimum num-
ber of particles in the detector. In order to measure the
cross section σ(e+e− → hadrons) from this inclusive
measurement one needs to correct for the overall accep-
tance, which is a superposition of acceptances for the
various channels contributing to R and which must be
estimated by means of Monte Carlo simulation. This
leads to potentially large systematic errors related to the
theoretical modelling used in the Monte Carlo, which
make this method unsuitable for a high-precision (1–
2%) measurement of R.

• Exclusive approach: this method consists in the mea-
surement of the cross section of each individual channel
contributing to R. It requires the ability to reconstruct
events completely with high efficiency, along with the
capability to determine acceptances for each channel
with very high accuracy. This can be achieved by de-
signing a detector able to measure the absolute position
of charged and neutral particles. With this method an ac-
curacy of 1–2% in the measurement of R can be reached,
as shown by the recent VEPP-2M measurements.

Since our goal is the measurement of R with a precision
of the order of 2% (or better), the experiment must have the
capability to use the exclusive method.

The study of nucleon form factors requires the additional
ability to detect neutrons and antineutrons. It should be noted
that the e+e− → nn cross section is a sizeable fraction of
the total hadronic cross section (e.g. 2.5% at

√
s = 2 GeV),

therefore some level of nn detection capability is needed also
for the measurement of R.

4. DETECTOR REQUIREMENTS

The PEP-N detector must be able to reconstruct hadronic
events completely with high efficiency (both for theR measure-
ment and for the study of multihadronic final states and vector
meson spectroscopy) and to detect NN final states. The de-
tector design for PEP-N must take the following requirements
into account:

• Low mass tracking. In the energy range of PEP-N
multiple scattering contributes significantly to the mo-
mentum resolution (≈ 2%);

• Momentum measurement with good accuracy. A
high-precision measurement of R requires the ability to
recontruct efficiently every individual final state. This
can be done by means of topological selections and kine-
matic fitting. The possibility to identify each channel
contributing to R will thus depend crucially on a high-
precision measurement of the momentum.

• Electromagnetic (EM) calorimetry. The EM
calorimeter will have to measure direction and energy
of photons from neutral pion decays with high precision
and accuracy down to very low energy (below 100 MeV).
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Figure 1: Energy distribution for photons (left) and momentum distribution for charged hadrons (right) from Monte Carlo simulation.

Figure 1 (a) shows the photon energy distribution gen-
erated by means of a Monte Carlo simulation [4]. EM
calorimetry is also needed to measure Bhabha events,
which will be used for the luminosity measurement.

• Particle ID is necessary for π/K separation; this feature
is crucial to reconstruct efficiently final states containing
pions and kaons.

• Luminosity measurement with an accuracy of the order
of 1% or better.

• NN capability needed both for the neutron form factor
and the R measurements.

A key feature of the proposed PEP-N facility is the fact that
it is an asymmetric machine: the CM system is boosted with
respect to the lab frame, with 0.6 < βcm < 0.94. As a conse-
quence even slow particles (in the CM) are boosted to momenta
ranging from a few hundred MeV to 1–2 GeV, as illustrated
in Figure 1 (b), which shows the charged particle momentum
distribution generated by Monte Carlo. This makes their de-
tection easier and it enhances the capabilities for particle ID.
Moreover the more limited angular coverage needed makes the
apparatus smaller and thus less expensive. The asymmetric op-
tion is also better from the accelerator point of view, because
it makes beam separation easier.

Another important feature of the PEP-N design is the mag-
net. The magnetic field field required to perform beam sepa-
ration with minimal interference with PEP-II operations is a
weak dipole field (B ≈ 0.3 T ). This field will also be used
by the experiment for the measurement of charged particle
momenta; therefore the tracking system will be housed inside
the magnet gap which, as a consequence, has to be made big
enough to give a suitable acceptance.

5. RATES AND RUNNING TIME

The rates for the processes we wish to study vary over a
significant range. The muon pair cross section at

√
s = 2 GeV

is 21.7 nb so that taking R ≈ 2 the hadronic cross section is
≈ 43 nb. The cross sections for the processes e+e− → pp and
e+e− → nn are about 1 nb in the region of interest, decreasing
with CM energy.

Assuming an average instantaneous luminosity of 5 ×
1030 cm−2s−1 and a detection efficiency of 50% the expected
hadronic event rate for the measurement of R is 10000 events
per day. A 1–2 day data taking period at each CM energy pro-
vides more than 10000 events per point giving cross section
measurements with statistical accuracies better than 1%. We
anticipate taking data at intervals of 10 MeV, leading to several
hundred days of data taking needed to cover the energy region
between 1.2 GeV and 3.15 GeV.

Under comparable conditions the expected event rate for
NN final states is 200 events per day. A 10 day data taking
period at each CM energy provides about 2000 events per point
giving cross section measurements with statistical uncertain-
ties below 3%.

Taking a maximum total cross section of 100 nb and maxi-
mum possible instantaneous luminosities of 1031 cm−2s−1 the
maximum event rate (excluding backgrounds) is 1 Hz. Even
considering backgrounds rates should be well below the limit
of capability for the detectors we discuss.

6. DETECTOR LAYOUT

The proposed PEP-N detector layout is shown in Figure 2.
It consists of the dipole magnet and of central (i.e. inside the
magnet) and forward detector elements.
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Figure 2: PEP-N detector layout: side view (left) and top view (right).

The central detector is housed inside the gap of the mag-
net: it consists of a time projection chamber (TPC) and of
EM calorimeter modules located on the magnet poles (PCAL),
along the side (BCAL) as well as in the backward direction
(RCAL).

The dipole magnet and the central detector are not centered
on the interaction point, but they are shifted 25 cm in the for-
ward direction, to increase the path inside the magnetic field
for the forward produced particles.

The forward detector consists of two silicon aerogel counters
for particle ID, additional tracking planes (drift chambers) as
well as EM and hadronic calorimeter modules.

Also shown in Figure 2 are the HER (High Energy Ring),
LER and VLER beam pipes, as well as various accelerator
bending magnets.

7. DETECTOR COMPONENTS

The individual detector components are discussed in great
detail in the dedicated papers in these proceedings. In what
follows we give only a brief description of the main features
of each element.

7.1. Magnet

The dipole magnet provides the vertical B field needed for
beam separation. It is also used to measure the momenta of
charged particles. Its gap houses the central tracking and
calorimeter systems, and therefore it must be big enough to
give adequate acceptance. As a consequence the B field has
a limited degree of uniformity and moreover it extends well
outside the magnet itself. The design of the magnet has thus
required extensive simulation to maximize the field uniformity,
which is very important for a smooth operation of the tracking
detector [5].

7.2. Tracking

The tracking system must reconstruct the trajectories of
charged particles to measure their momenta with good pre-
cision. The main requirements on the tracking are:

• good space resolution (200-300 µm);

• dE/dx capability (for particle ID, particularly at low mo-
menta);

• low mass, to minimize multiple scattering;

• minimize dead spaces (frames, supports etc) which limit
the acceptance and reduce the sensitivity to low energy
photons.

The central tracking must operate in a non perfectly uniform
magnetic field.

A TPC with a slow, He based gas (to minimize distortions
due to magnetic field non-uniformity) meets the above require-
ments. The use of a multi GEM detector (instead of wires) will
eliminate the E × B term in the resolution, leading to better
and more uniform spatial resolution [6].

The forward tracking chambers will be used to correct dis-
tortions in the TPC, they will serve as veto for neutrons and
they will help with muon identification.

7.3. EM calorimeter

The EM calorimeter will be used primarily to identify pho-
tons from neutral pion decays and e+e− → e+e− Bhabha
events. The main requirements are:

• high acceptance;

• good efficiency and good energy resolution (few %)
down to low energies (below 100 MeV);

• good time resolution.

A lead and scintillating fiber calorimeter based on the KLOE
design meets all the above requirements [7].
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7.4. Particle ID

Particle identification is achieved by means of two aero-
gel counters, each 10 cm thick (total thickness 0.15 radiation
lengths), which can achieve 4σ π − K separation in the mo-
mentum range between 600 MeV/c and 1.5 GeV/c [8]. The
design of these counters is based on the detectors built for the
KEDR experiment in Novosibirsk.

Below 600 MeV/c particle ID will be based on dE/dx in
the tracking chambers as well as time-of-flight (TOF) in the
forward EM calorimeter [7].

7.5. Hadron calorimeter

The hadron calorimeter will be used mainly for nn identifi-
cation, therefore it should be highly efficient both for neutrons
and antineutrons. In addition it should provide TOF and posi-
tion measurements for both n and n.

The hadron calorimeter can be built as a scintillator
calorimeter using MINOS technique [9]. In alternative it can
be an extension of the electromagnetic calorimeter (based on
the KLOE design), with a sampling fraction optimized for the
detection of neutrons and antineutrons.

7.6. Luminosity monitor

The online measurement of the luminosity, required for ma-
chine tuning and monitoring, can be implemented using a PEP-
II type monitor, based on single Bremsstrahlung at zero de-
grees.

Offline, the necessary 1% accuracy in the integrated lumi-
nosity measurement can be achieved using Bhabha events [10].

8. CONCLUSIONS

The PEP-N detector is being designed to perform a high
precision (2% or better) measurement of R, a new determina-

tion of baryon and meson form factors and study of various
multihadronic channels. The main design criteria, needed to
accomplish these measurements, are: the capability to recon-
struct efficiently exclusive final states (for the measurement of
R using the exclusive approach) and to detect NN events for
the measurement of nucleon form factors (as well as R).

We have presented a detector layout capable of achieving
these goals. More work is in progress to develop further the
PEP-N detector concept.
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The Muon (g − 2) Experiment (E821) at Brookhaven National Laboratory (BNL) has measured the anomalous magnetic moment of the
positive muon to an unprecedented precision of 1.3 parts per million. The result, aµ+ = (g − 2)/2 = 11 659 202(14)(6) × 10−10, is
based on data recorded in 1999 and is in good agreement with previous measurements. Upcoming analysis of data recorded in 2000 and
2001 will substantially reduce the uncertainty on this measurement. Comparison of the new world average experimental value with the
most comprehensive Standard Model calculation, aµ(SM) = 11 659 159.6(6.7) × 10−10, yields a difference of aµ(exp) − aµ(SM) =
43(16) × 10−10.

1. INTRODUCTION

Lepton anomalous magnetic moments arise from purely
quantum mechanical effects, predominantly through higher or-
der corrections to the llγ vertex. Precision measurements of
these quantities have played an important role in the develop-
ment of quantum field theory throughout the last century and
continue to test the limits of our theoretical knowledge even
today. Currently, the electron anomaly is one of the most pre-
cisely measured quantities in physics, known to an extraordi-
nary accuracy of 4 parts per billion (ppb) [1]. Even at this level,
it includes contributions from QED loop corrections only. As
a result, it currently provides the best determination of the

fine structure constant, under the assumption of the validity of
QED.

The muon anomaly, on the other hand, has now been mea-
sured to a level of 1.3 parts per million (ppm) [2], as discussed
in this note. Although this measurement is about 350 times
less precise than that of the electron, it is already far more sen-
sitive to hadronic and electroweak loop contributions, as well
as any new, non-Standard Model effects. This is because the
strength of such virtual loop terms is generally proportional to
the square of the relevant mass scale, thus giving an enhance-
ment of m2

µ/m2
e ≈ 40, 000 in the contribution to the muon

relative to the electron. In essence, the higher mass scale of the
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Table I Standard Model contributions to aµ[3, 4].

Term Value (×10−11) Rel. Cont. (ppm)

aµ(QED) 116 584 705.7(2.9) 106 ± 0.02

aµ(Hadronic) 6739(67) 57.79 ± 0.57

aµ(Weak) 151(4) 1.30 ± 0.03

aµ(SM) 116 591 596(67) ±0.57

muon provides a much more effective probe of short-distance
phenomena.

The anomalous magnetic moment is generally written as
a = (g−2)/2, where the g-factor relates the magnetic moment
of the particle to its spin, �µ = g(e/2mc)�S. In the SM, the
contributions to the muon anomaly can be written as the sum
of three general classes of diagrams:

aµ(SM) = aµ(QED) + aµ(Hadronic) + aµ(Weak). (1)

Table I gives a breakdown of these terms with their relative
contributions both to the value and uncertainty of aµ(SM).
As in the electron case, the QED term dominates; however,
hadronic and even weak contributions already come into play
at the ppm level. Indeed, the previous measurement of aµ

conducted at CERN in the 1970s had already demonstrated the
presence of the hadronic contribution with an uncertainty of 7.3
ppm [5], mostly statistical. One of the initial design goals of the
BNL experiment was a factor of 20 improvement (0.35 ppm) on
the CERN result, giving a more than 3σ sensitivity to the weak
contribution. It is interesting to note that this measurement has
now been conducted four times (three times at CERN) and each
time the result has been sensitive to theoretical contributions
at a new level of computation.

The uncertainty in the theoretical value of aµ is currently
dominated by knowledge of the hadronic term. Because of
the non-perturbative aspects of low energy QCD, evaluation of
this term is not possible from first principles and requires input
from experiment, specifically e+e− → hadrons (and, recently,
hadronic τ -decay) cross-sections down to the pion production
threshold. Measurement of these cross-sections is absolutely
crucial to the interpretation of any aµ result. Accordingly,
improvement is expected soon from the experimental programs
in Novosibirsk [6] and Beijing [7]. Their work is discussed
elsewhere in these conference proceedings, along with goals
in the longer term [8].

A recent review of the current state of the theory can be found
in [9] and the citations therein, as well as other presentations
in this conference session [10].

2. THE BNL EXPERIMENT

The experimental principle in the Brookhaven experiment
is similar in concept to that of the final CERN experiment [5].
A polarized muon beam is stored in a highly uniform, circular,
dipole magnet and the decay rate of muons in flight is measured
with high precision. In the presence of a magnetic and electric

Table II E821 parameters

Parameter Value

B0 1.45 T

Orbit Radius 7.112 m

Storage Region Diameter 9 cm

Momentum 3.09 GeV/c

γ 29.3

γ τ 64.4 µs

Cyclotron Frequency 6.70 MHz

g-2 Frequency 0.229 MHz

Field Index (n) 0.137

Horizontal Tune (νh) 0.93

Vertical Tune (νv) 0.37

AGS storage 6 × 1013 protons

AGS rep rate 0.38 Hz

Beam width (σ ) 25 ns

field, the muon spins precess in the lab frame with the angular
frequency

�ωa = − e

mµ

[
aµ

�B −
(

aµ − 1

γ 2 − 1

)
�β × �E

]
. (2)

In this expression, �ωa is the angular frequency of the spin
vector relative to the momentum vector. This frequency is
proportional to aµ itself, not g, enabling a higher precision
direct measurement of the anomaly. The beam is focused in
the ring vertically using an electrostatic quadrupole field. At
a specific “magic” momentum, the second term in equation 2
drops out and the spin precession is unaffected by the focusing
electric field. This momentum, pµ = 3.094 GeV/c (γ =
29.3), sets the scale of the experiment, some parameters of
which are shown in Table II.

Measurement of aµ thus requires simultaneous determina-
tions of both ωa and the magnetic field. In practice, the mag-
netic field is determined using an NMR system that measures
the free proton precession frequency in the same magnetic field
seen by the muons. The anomaly is then extracted through the
relation

aµ = ωa/ωp

µµ/µp − ωa/ωp

(3)

where the only external input is the ratio of muon to proton
magnetic moments, µµ/µp = 3.18334539(10)[11]. This ex-
pression enables a natural separation of the measurement into
two independent analyses, one of the field and one of the muon
spin precession. Any experimenter bias can be eliminated by
maintaining secret offsets between the two analysis groups.
Once the analyses are complete, the results are frozen, the off-
sets are revealed and only then is the value of aµ determined.

2.1. The muon beam

The Alternating Gradient Synchrotron (AGS) delivers up to
6 × 1013 protons, at an energy of 24 GeV, in 12 bunches (6 in
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1999) every 2.5 seconds. The bunches are extracted every 33
ms and directed onto a nickel target. Pions of ≈ 3.1 GeV/c
are transported from the target down a 116 m beamline where
about 50% decay into muons. Forward-going muons are then
momentum selected for injection into the muon storage ring
with a polarization of ≈ 96%.

The muons enter the ring through a hole in the magnet yoke
and pass through a field-free region supplied by a DC supercon-
ducting inflector magnet [12]. The fringe field of the inflector
magnet is contained by a superconducting shield designed to
limit its effect to ∼ 1 ppm at 2 cm. Upon exiting the inflector
channel, the muons are in an orbit offset by 7.7 cm from the
center of the storage region. A fast, pulsed magnet provides
the ≈ 11 mrad kick needed to move the beam onto a central
orbit. This kicker magnet reduces the storage ring field locally
by 0.016 T for ≈ 450 ns with less than a 0.1 ppm residual
effect after 20 µs.

This direct muon injection technique is one of the major
technical improvements of this experiment compared to the
pion injection technique of the CERN experiment [5], allowing
for more efficient injection with greatly reduced background.
Approximately one muon is stored for every 109 protons on
target.

2.2. The storage ring magnet

A cross-sectional view of the storage ring magnet [13] is
shown in Figure 1. It is a continuous, superferric, C-shaped
magnet with a radius of 7.112 m at the center of the storage
region. The field is excited by superconducting coils carrying
a current of 5.2 kA and is shaped by high-precision iron pole
pieces. The pole pieces are 10 degrees long and separated by
75 µm Kapton-insulated gaps in order to avoid irregular eddy
current effects. Vertical air gaps decouple the pole pieces from
the yoke steel and allow the insertion of iron wedges which
are used both to compensate for the natural quadrupole term
due to the C-shaped geometry and to reduce the azimuthal
field inhomogeneity. A series of edge shims are used to re-
duce the local field variations over the beam cross-section and
current sheets glued to the pole faces reduce the variations in
the integral field. Field changes due to ambient temperature
fluctuations are reduced by insulating both the yoke and pole
pieces. A feedback loop from the NMR system to the magnet
power supply compensates for drifts in the overall dipole term.
Monitoring and analysis of the magnetic field is discussed in
the next section.

The electrostatic quadrupoles, which provide the vertical
beam focusing, are mounted inside the beam vacuum chamber
in four symmetrically placed locations. Each quadrupole con-
sists of four plates traversing 39◦ in azimuth and was operated
at 24 kV for up to 1.4 ms. This provided a weak-focusing field
index of n � 0.137, sufficiently removed from beam and spin
resonances.

The storage aperture is defined by a set of 9 cm diameter
circular collimators. This circular cross-section reduces the
coupling of higher order field multipoles to the beam distribu-
tion. The collimators are also used to scrape off the tails of the

beam distribution during the first 15 µs after injection, thus
reducing beam losses during the measurement period. This is
accomplished by lowering the voltage on the inner and bot-
tom quadrupole plates to shift the central beam orbit by up to
several millimeters.

3. MAGNETIC FIELD ANALYSIS

The first part of the aµ analysis requires a detailed measure-
ment of the magnetic field averaged over the ensemble of stored
muons. One of the major advances of the BNL experiment is
the ability to map out the magnetic field in vacuo throughout the
storage region. This is done using a hermetically sealed trolley
containing a matrix of 17 NMR probes. The trolley moves on
fixed rails inside the vacuum chamber, measuring about 6000
points in azimuth, every 7 mm. Uncertainty in the azimuthal
position of the trolley contributes a 0.1 ppm systematic error
to the field measurement.

Figure 2 shows the field mapped by the central trolley probe
around the storage ring. In 1999, a residual fringe field in the
inflector region caused a dip in the central field, visible near
350◦, which contributed 0.2 ppm to the field systematic error.
This effect is also visible in the lower right corner of Figure 3,
which shows a typical field profile across the storage region,
averaged over azimuth. The inflector was replaced before the
2000 run, thus eliminating this effect.

Field mappings are conducted every 3 days on average. In
the interim period, the field is tracked using about 150 NMR
probes located in the upper and lower walls of the vacuum
chamber. The tracking uncertainty is 0.15 ppm, as deter-
mined by comparison of the average field measured by the fixed
probes to that measured by the trolley during each field map-
ping. Before and after data-taking periods, the trolley probes
are calibrated in air against a standard spherical water probe
with an accuracy of 0.2 ppm. Two largely independent field
analyses were conducted using different selections of NMR
probes. The results agreed to within 0.03 ppm.

The field integral encountered by the muon beam is stud-
ied by tracking 4000 muons for 100 turns through a measured
field map. The simulation shows that the average field inte-
gral over the muon paths is equivalent, within 0.05 ppm, to
the azimuthally averaged field measurement taken at the beam
center. The radial center of the beam is known to be 3.7 ± 1
mm outside of the central orbit based on studies of the bunched
beam rotation frequency [14]. The vertical center is measured
to be 2 ± 2 mm above the central orbit using scintillating fiber
beam monitors, front scintillator detectors, and the traceback
chamber [15]. These measurements contribute an additional
0.12 ppm to the uncertainty in ω̃p, as shown in Table III. The
final value is ω̃p = 61 791 256 ± 25 Hz (0.4 ppm).

4. SPIN PRECESSION ANALYSIS

The spin precession frequency is obtained from the muon de-
cay time spectrum. In the muon rest frame, the parity violating
nature of the weak decay µ+ → e+νeν̄µ causes the positrons to
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Figure 1: Cross-section of the (g − 2) storage ring magnet with an expanded view of the magnet gap region. The superconducting coils run
perpendicular to the page in three cryostat boxes as shown. The 9 cm diameter circular beam storage region is indicated.

z (degree)
0 50 100 150 200 250 300 350

B
 (

p
p

m
)

200

300

400

500

600

700

800

900

1000

Field map of the trolley run on February 5 1999

Figure 2: Magnetic field measured with the central trolley probe
relative to an arbitrary reference B0 vs. azimuthal angle around the
storage ring. The dip due to the inflector occurs near 350◦.

be emitted preferentially along the muon spin direction. When
boosted into the lab frame, this results in a strong correlation
between the positron energy and the angle between the muon
spin and momentum vectors. The decay positrons, ranging in
energy from 0-3.1 GeV, spiral in towards the center of the ring
where they are detected by 24 lead/scintillating fiber calorime-
ters [16] placed symmetrically along the inner wall of the vac-
uum chamber. The number of positrons observed above an
energy Et is modulated by the muon spin precession, yielding
a count rate of

N(t) = N0(Et )e
−t/γ τ [1 + A(Et) cos(ωat + φa(Et ))] (4)

where γ τ ≈ 64.4 µs is the dilated muon lifetime. The nor-
malization, phase and asymmetry all depend on the energy
threshold. In fitting to this function, the statistical uncertainty
in ωa goes as 1/(

√
NA). In the BNL experiment, a special

scalloped vacuum chamber design ensured that positrons en-
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Figure 3: Typical multipole expansion of the field as measured by
the NMR trolley. The field is averaged over azimuth and one ppm
contours are shown with respect to a central field value of
B0 = 1.451 266 T. The circle indicates the beam storage region and
the multipole amplitudes are measured at the 4.5 cm radius.

tering the face of the calorimeter would traverse similar paths
through the chamber wall. This improves the energy resolu-
tion and, therefore, the asymmetry. For an energy threshold of
2 GeV, the asymmetry is ≈ 0.4.

The calorimeter pulses are sampled by custom-built 400
MHz waveform digitizers (WFD) which are clocked by the
same LORAN-C frequency receiver used in the NMR system,
thus avoiding possible systematics due to slewing time stan-
dards. Pulses above a predetermined hardware energy thresh-
old of ∼ 900 MeV trigger the WFD to record at least 16 8-bit
ADC samples (40 ns) on both the fast-rising edge and slower
tail of the pulse. Single pulses have a typical width of ∼ 5 ns
and multiple pulses can be resolved if their separation exceeds
3 to 5 ns. Pulses with energies below the hardware threshold
can therefore be seen if they appear within the sampling time
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Table III Systematic errors for the ω̃p analysis

Source of errors Size [ppm]

Calibration of trolley probes 0.20

Inflector fringe field 0.20

Interpolation with fixed probes 0.15

Others † 0.15

Uncertainty from muon distribution 0.12

Trolley measurements of B0 0.10

Absolute calibration of standard probe 0.05

Total systematic error on ω̃p 0.4

† higher multipoles, trolley temperature and its power supply
voltage response, and eddy currents from the kicker.

around a trigger pulse. This property of the WFD is useful for
pileup studies as described below.

The decay spectrum from the 1999 run, containing ∼ 1
billion measured positrons, is shown in Figure 4. With this
large a data sample, several effects that cause a deviation from
the ideal functional form of equation 4 become statistically
significant. Determination of an appropriate functional form
is, therefore, an important experimental challenge. Four in-
dependent analyses were conducted with somewhat different
approaches. All were forced to confront several common is-
sues which are enumerated below.
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Figure 4: Observed decay positron spectrum in 1999.

1. Pileup Effects: With the higher data rate in 1999,
positron pileup in the calorimeters became a relevant
issue in the analysis. Pileup events occur when two
positrons arrive within the 3-5 ns deadtime interval of
the pulse finding algorithm. This changes the number
of counts above threshold in a rate-dependent fashion
(∝ (dN/dt)2). Thus, the effect is largest early in the fill
and dies out exponentially with half the dilated muon
lifetime. The effect on the count rate can be positive
or negative: two pulses below threshold can overlap
to mimic a single pulse above threshold, thus adding
a count, or two pulses above threshold can overlap to
mimic a single pulse, thus losing a count.

Aside from affecting the count rate, the pileup pulses
arrive with a different phase than φa in equation 4. Since
the phase is highly correlated with ωa in the fit, failure
to take the pileup into account can lead to a shift in the
measured frequency. The pileup functional form can
be added to the fit, but the strong correlation with φa

requires that the pileup phase be fixed. The pileup phase,
however, is difficult to measure.

Another approach is to correct the spectrum for pileup
effects prior to fitting. This can be done by subtracting
a pileup spectrum that is statistically constructed from
the data itself. The technique is based on the presump-
tion that the likelihood of a second pulse arriving within
the deadtime window around the first pulse is equal to
the likelihood that it will arrive within a similar time
interval a few nanoseconds earlier or later. It is made
possible due to the extended pulse sampling provided by
the WFD, as described above.

Two equivalent software methods are used to correct the
time spectrum. One measures the effect of artificially
increasing the deadtime and uses the result to extrapo-
late back to the zero deadtime case. The other constructs
a pileup spectrum out of pulses appearing within a fixed
time window on the tail of each trigger pulse, then sub-
tracts it from the original time spectrum. Both methods
can only fully correct data sets with energy thresholds
of at least twice the hardware trigger threshold. This
lead to a choice of E ≥ 2 GeV in the analysis. With
this energy selection, the pileup level is about 1% at the
beginning of the fits.

Pileup pulses below detectable energy thresholds are not
corrected by this procedure. Since these pulses affect
both the baselines and the pulse heights, they do not
change the pulse energies on average. They can, how-
ever, change both the measured phase and asymmetry.
The asymmetry is more sensitive to this effect, so it is
used to set a limit on the shift in ωa .

2. AGS background: Imperfect proton extraction from
the AGS sometimes leads to particles coming down the
beamline and entering the storage ring during the ∼ 1
ms data collection period. Some of these particles,
mostly positrons, create background pulses in the de-
tectors which can enter the data sample. These pulses
appear with a specific time structure, defined by the
2.694 µs AGS cyclotron period, and a specific azimuthal
distribution around the ring, which can be exploited to
enhance their effect and measure the level of contam-
ination. In 1999, the relative AGS background level
was ∼ 10−4 which, simulations show, leads to an un-
certainty of ±0.1 ppm in ωa . In subsequent runs, this
background level has been reduced by employing a fast
sweeper magnet to close off the beamline, downstream
of the target, once the main bunch has passed. Mon-
itoring of the background level has also improved by
periodically suppressing the quadrupole voltages for a
fill to look for background without the presence of stored
beam.
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3. Muon Losses: Muon beam losses during the data col-
lection period can distort the exponential decay form.
Such losses are minimized by controlled scraping of the
beam before the start of the fit, as described above. Re-
maining losses are taken into account by multiplying the
functional form of equation 4 with an extra loss term:

l(t) = 1 + nle
−t/τl . (5)

These losses are also studied using coincident signals
in the front scintillation counters mounted on groups of
three adjacent calorimeters.

4. Gain and Timing Shifts: Detector gain and timing sta-
bility are monitored with a pulsed laser system to strict
tolerances. Drifts in gain are also observable through
changes in the positron energy spectra. Timing shifts
are stable to within 20 ps over the first 200 µs of the
fit (0.1 ppm) while gain changes are below 0.1% for
all but two of the detectors. Two of the analyses apply a
gain correction, one through the use of a time-dependent
energy threshold and one by incorporating the gain de-
pendence into the fitting function.

5. Coherent Betatron Oscillations: The inflector aper-
ture is smaller than the storage ring aperture, so the phase
space for betatron oscillations, defined by the acceptance
of the storage ring, is not filled. With ideal injection, this
leads to a modulation of the horizontal and vertical beam
widths at a characteristic frequency defined by the field
index. However, because the muon kicker was forced
to operate slightly below its design value, the horizontal
injection kick was insufficient to place the beam onto the
ideal orbit. This resulted in oscillation of the beam cen-
troid around the central orbit at the betatron frequency.
These coherent betatron oscillations (CBO) are observed
directly using a set of scintillating fiber beam monitors as
shown in Figure 5. Note that the oscillation frequency is
determined by the beam tune (f ≈ fc(1−√

1 − n), with
fc the cyclotron frequency) and can be changed using
different quadrupole settings. In the recently completed
2001 run, two different field indices were used in order
to study this effect further.

The beam oscillation is also visible in the positron time
spectrum because the detector acceptance is a function of
the muon decay position. Fourier analysis of the positron
data yields a frequency of ωb/2π = (470.2 ± 0.2 kHz).
This effect dies out slowly, with a time constant of ∼
100 µs and can be effectively taken into account by
modulating the fit function with a Gaussian envelope:

b(t) = 1 + Abe
−t2/τ 2

b cos(ωbt + φb). (6)

The phase of the CBO changes by 2π going around the
ring, so its effect is strongly reduced when all the detector
spectra are summed together before fitting.

6. Bunched Beam: The beam enters the storage ring with
a 25 ns bunch width and debunches over time due to
the ∼ 0.6% momentum spread. The measured decay
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Figure 5: Turn-by-turn evolution of the beam centroid, shortly after
injection, as measured by a scintillating fiber beam monitor at a
fixed azimuthal position in the storage ring. During the beam
scraping period (see text), the quadrupole plates operate with
asymmetric voltages, thus changing the betatron tune.

rate is strongly modulated by this bunching effect in the
early part of the fit, but can be eliminated by uniformly
randomizing the start time for each fill over the range of
one cyclotron period.

The internal consistency of the four different analyses was
verified through a variety of statistical tests. The results agreed
to within 0.3 ppm, which is within the statistical variation ex-
pected from the use of slightly different data sets. The fi-
nal value is a weighted sum of the four results with an er-
ror accounting for the strong correlations due to data overlap:
ωa/2π = 229072.8±0.3 Hz (1.3 ppm). This number includes
a correction of +0.81 ± 0.08 ppm due to (a) the residual ef-
fects of the �β × �E term in equation 2 for beam particles off
the magic momentum and (b) the effect of vertical betatron os-
cillations tilting the instantaneous angle between the spin and
momentum vectors. The systematic errors resulting from all
the issues discussed above are summarized in Table IV. The
overall error is still dominated by statistics.

5. RESULTS AND OUTLOOK

Once the ωp and ωa analyses were finalized, separately and
independently, the value of aµ was calculated using equation 3.
The result is aµ+ = 11 659 202(14)(6) × 10−10. This agrees
with previous measurements, as shown in Figure 6. The differ-
ence between the weighted mean of the experimental results,
aµ(exp) = 11 659 203(15) × 10−10 (1.3 ppm), and the Stan-
dard Model value from Table I is

aµ(exp) − aµ(SM) = 43(16) × 10−10 (7)

where the experimental and theoretical uncertainties were
added in quadrature.
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Table IV Systematic errors for the ωa analysis.

Source of errors Size [ppm]

Pileup 0.13

AGS background 0.10

Lost muons 0.10

Timing shifts 0.10

E field and vertical betatron oscillation 0.08

Binning and fitting procedure 0.07

Coherent betatron oscillation 0.05

Beam debunching/randomization 0.04

Gain changes 0.02

Total systematic error on ωa 0.3

               aµ - 11 659 000 x 10-10
50 100 150 200 250 300 350 400 450

CERN µ+

CERN µ-

E821 (97)

E821 (98)

E821 (99)

Theory
x10-10

Figure 6: The five most recent measurements of aµ and the Standard
Model prediction from a recent, comprehensive calculation [4].

Many have speculated upon the possible significance of this
deviation from the theoretically expected value. The exper-
imental result is certainly expected to improve in the future.
The data set from the run conducted in early 2000 has approx-
imately four times the statistics of the 1999 data set. In 2001,
the experiment reversed polarity and ran with negative muons,
collecting a data sample with about three times the 1999 statis-
tics. Analysis of these data sets is now underway and should
carry the experiment a long way towards its stated goal of 0.35
ppm error on the muon anomalous magnetic moment. In this

endeavor, the contribution from measurements at low energy
e+e− collider facilities to the theoretical interpretation of the
result cannot be overstated. We eagerly await the new mea-
surements which are now on the horizon.
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Status of CVC Tests from e+e− → Hadrons and τ -lepton Decays
S.I. Eidelman
Budker Institute of Nuclear Physics, Russia

New results on e+e− → hadrons coming from two detectors at the e+e− collider VEPP-2M are presented. Conserved vector current
(CVC) predictions for the branching ratios and mass spectra derived from e+e− data are in general consistent with the data on τ decays
although some problems with the normalization can exist in the two pion channel. Possible applications of CVC to the calculation of the
hadronic contribution to the muon anomalous magnetic moment are discussed.

1. INTRODUCTION

e+e− annihilation into isovector hadronic states and τ -
lepton decays are related to each other via the hypothesis of
the conserved vector current (CVC [1].

For the Cabibbo allowed vector part of the weak hadronic
current the distribution over the mass of produced hadrons is
given by

d�

dq2 = G2
F |Vud |2SEW

32π2α2m3
τ

× (m2
τ − q2)2v(m2

τ + 2q2) v1(q
2)

where GF is the Fermi constant, |Vud | is the corresponding
element of the CKM matrix, SEW is a factor taking into account
electroweak radiative corrections approximately equal to 1.02
[2] and v1(q

2) is a spectral function:

v1(q
2) = q2σ I=1

e+e−(q2)

4πα2 .

The allowed quantum numbers for the relevant hadronic final
states are:

JPG = 1−+, τ → 2nπντ , ωπντ , ηππντ , . . .

After integration, the branching ratio of the decay into some
hadronic state X is

B(τ− → X−ντ ) = 3SEW |Vud |2B(τ− → e−ν̄eντ )

2πα2m8
τ

×
∫ m2

τ

4m2
π

dq2q2(m2
τ − q2)2 (m2

τ + 2q2) σ I=1
e+e−(q2).

Using experimental data on e+e− → hadrons with I = 1,
one can confront the CVC predictions and τ -lepton data both
for decay spectra and branching ratios. Such theoretical pre-
dictions for various decay modes of the τ based on CVC have
been given before by different authors, see [3] and references
therein.

Significant progress has been achieved in experimental stud-
ies of τ -lepton decays by CLEO as well as by four LEP de-
tectors during past years. On the other hand, for more than
five years, two new detectors CMD-2 [4] and SND [5] have
been studying low energy e+e− annihilation at the e+e− col-
lider VEPP-2M at Novosibirsk. The data samples collected by
them are typically comparable or higher than those for similar
modes of the τ decay. Therefore, these results make possible
a new test of CVC by comparing the τ and e+e− data at a
different level of accuracy. It is also interesting to address the
question whether our understanding of CVC is adequate to use
the τ decays in addition to e+e− data improving thereby the
accuracy of the calculations of ahad

µ —the hadronic contribution
to the anomalous magnetic moment of the muon as suggested
in [6].

As in our previous works [3, 7–9], to calculate the branch-
ing ratios we directly integrate the experimental cross sections
avoiding as much as possible any additional theoretical input
or some approximations of the data. In such an approach one
hopes to get an unbiased result and deal with statistical and
systematic uncertainties of separate experiments in a straight-
forward manner.

Results of the calculations will be presented in terms of
B(τ− → X−ντ ). To calculate it, we’ll take the leptonic
branching ratio B(τ− → e−ν̄eντ ) = (17.83 ± 0.06)% [10].

2. EXPERIMENTS AT VEPP-2M

Since 1974VEPP-2M, the e+e− collider in the Budker Insti-
tute of Nuclear Physics in Novosibirsk [11], has been running
in the energy range from the threshold of hadron production to
1400 MeV. Its luminosity reached 3 × 1030 cm−2s−1 at the φ

meson energy and by the end of the June 2000 two detectors
(CMD-2 and SND) running at VEPP-2M collected about 30
pb−1 of data each.

CMD-2 described in detail elsewhere [12] is a general pur-
pose detector. Inside a superconducting solenoid with a field
of 1T there are a drift chamber, a proportional Z-chamber
and an endcap BGO calorimeter. Outside there is a barrel
CsI calorimeter and muon streamer tube chambers. The main
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goal of CMD-2 is to perform a high precision measurement of
the exclusive cross sections of various hadronic channels and
determine parameters of the low lying vector mesons.

SND, described in detail elsewhere [13], is a nonmagnetic
detector with drift chambers for tracking and a three layer
electromagnetic NaI calorimeter. Outside it there are a muon
streamer tube chamber and plastic scintillators. The main goal
of SND is to study ρ, ω and φ decays as well as the main
hadronic channels.

One should mention some special features of both experi-
ments making high precision measurements feasible:

• large data samples due to the high integrated luminosity
and large solid angle of detection

• multiple scans of the same energy ranges to avoid pos-
sible systematic effects; the step was 10 MeV for the
continuum region and 1–2 MeV near the ω and φ peaks

• good space and energy resolution in combination with
the low average multiplicity lead to small background

• redundancy—the unstable particles are indepen-
dently detected via different decay modes (ω →
π+π−π0, π0γ , η → 2γ, π+π−π0, 3π0, π+π−γ )

• detection efficiencies and calorimeter response are stud-
ied by using “pure” experimental data samples rather
than Monte Carlo events; more than 20 million φ meson
decays can be used for that purpose.

New results are available on most of the hadronic channels.
We’ll briefly mention only those which are relevant to the CVC
studies:

• CMD-2 collected more than 2 million events of the pro-
cess e+e− → π+π− from 370 to 1380 MeV. The sys-
tematic uncertainty of less than 0.6% was achieved in
the final analysis of the data set of about 100k events
collected in the energy range 610 to 960 MeV in 1994–
1995 [14]. Analysis is in progress for the rest of events
and the expected systematic error ranges from 1% to
3% [15]. Figure 1 shows results of the pion form factor
measurement coming from CMD-2.

• Both detectors observed production of four pions.
CMD-2 showed that in the energy range above the φ, the
a1(1260)±π∓ intermediate mechanism dominates in the
π+π−π+π− channel whereas both a1(1260)±π∓ and
ωπ contribute to the π+π−π0π0 final state [16]. The
contribution of other possible states is small. The col-
lected data sample includes about 60k events and the
systematic uncertainty of the total cross sections is less
than 15%. Below 1 GeV, CMD-2 reliably selected about
200 events of the reaction e+e− → π+π−π+π− and
showed that the cross section near the ρ peak is about
50 pb [17]. The measurement of the SND detector for
which the data sample above the φ was about 80k events
with the systematic uncertainty from 8 to 20% confirms
the CMD-2 results on the production mechanisms [18].
However, in both 4π channels the SND cross sections

are higher than those of CMD-2. The systematic uncer-
tainties are still high and their further analysis is needed
to clarify the picture. The corresponding cross sections
are shown in Figure 2 and Figure 3 together with the
results of the previous measurements at VEPP-2M, DCI
and ADONE (for the references see [16]).

• Both detectors measured the cross section of the reac-
tion e+e− → ωπ0 in the ω → π0γ channel collecting
several thousand events each with the systematic error
of 5% for SND [19] and 8.5% for CMD-2 [20]. Results
of both groups are consistent within systematic errors.

• CMD-2 observed about 200 events of the process
e+e− → ηπ+η− with the systematic accuracy of 15%
[21].

• Analysis is in progress for the K+K− and K0
SK0

L final
states.
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Figure 1: New data on the pion form factor

3. COMPARISON TO τ -LEPTON DECAYS

We’ll now compare recent e+e− results to those from the
τ decays. In the 2π channel, the spectral function of CLEO
[22] is consistent with this from ALEPH [23] and in general
well reproduces the picture observed in e+e− annihilation:
the ρ(770) meson peak followed by the ρ(1450) and possibly
ρ(1700) (for obvious reasons there is no ρ − ω interference
in the τ decay). The CLEO spectral function is by (3.2 ±
1.4)% higher than that in e+e− indicating some normalization
problems. The deviation can probably decrease after CMD-
2 completes its analysis since a new, more precise procedure
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Figure 2: Cross section of the process e+e− → π+π−2π0

of the radiative corrections tends to make the e+e− spectral
function higher in the energy range below the ρ meson peak.

We can also compare results in the ωπ channel. From Figure
4 which in addition to e+e− data shows recent results from
CLEO [24] recalculated to the e+e− case, it is clear that in the
VEPP-2M energy range (below 1400 MeV) results from the
τ sector are compatible with e+e− whereas above 1400 MeV
the τ spectral function is systematically higher than that from
DM2 measurements [25].

The CMD-2 analysis of intermediate mechanisms in the
4π production is consistent with the conclusions of CLEO.
The model used by CMD-2 to describe their results has been
successfully applied [26] to describe various two pion and
three pion distributions for both CLEO and ALEPH. However,
there is an obvious problem with the normalization since the
τ− → 2π−π+π0ντ spectral function is higher than that from
CMD-2 in the whole energy range (Figure 5), the difference
reaching 20%. The spectral functions calculated from OLYA
[27] and SND [18] better match the CLEO result. As already
noted, the ongoing analysis of the systematic uncertainties in
the e+e− case can clarify the picture.

We summarize the comparison in Table I showing the ex-
pected branching ratios for various τ decays which were ob-
tained by assuming that CVC is correct and averaging recent
results from VEPP-2M with those from the previous measure-
ments.

From Table I it can be seen that with the exception of the
τ− → π−π0ντ decay mode CVC predictions do not contra-
dict the world average results [10]. Although CVC predictions
are slightly lower than τ measurements, the difference is not
statistically significant in most of the cases. The difference in
the 2π channel is higher than in our last year analysis [28] be-
cause there we used the preliminary data set from CMD-2 and
a slightly different procedure of taking into account the ρ − ω

Figure 3: Cross section of the process e+e− → 2π+2π−

interference strongly exhibiting itself in the e+e− channel and
absent in the τ decay case. The total branching ratio predicted
for CVC modes is (29.99±0.33±0.13)% where the first error
comes from the uncertainties of the e+e− data and the second is
due to the relative error of 5.4×10−3 caused by the uncertain-
ties of the quantities SEW , |Vud | and Be entering the expres-
sion for the CVC prediction and common for all considered
decay modes (Be = B(τ− → e−ν̄eντ )). This value should
be compared to the corresponding sum of the world average τ

branching fractions which equals (30.99±0.31)% and the dif-
ference between the world average value and CVC prediction
is (1.00 ± 0.47)%. Better understanding of the CVC validity
can be expected after very high data sample experiments at
B-factories in the τ sector as well as the future improvement
of the accuracy after two groups at VEPP-2M complete their
analysis. Moreover, experiments at the upgraded VEPP-2M
machine VEPP-2000 which will be able to cover the whole
energy range from threshold of hadron production up to 1800-
2000 MeV, will make possible a consistent CVC analysis based
on the results of one experiment thus avoiding the problems of
matching results in various energy ranges obtained by several
detectors.

In addition, serious theoretical input is needed to clarify how
important the isospin breaking effects are. In contrast to the
original analysis of such effects in [6], a recent result from [29]
may indicate some more significant effects of mu �= md in the
2π channel. For example, in [29] it is shown that the ratio of
the e+e− spectral function to that from τ depends on s and is
0.74% lower than 1 near the ρ peak. However, after taking into
account the correct s dependence of the ρ0 and ρ± widths the
integrated effect is rather small and the CVC prediction should
be increased by 0.06% only. After inserting this correction and
ascribing an additional model error of the same size, our final
CVC prediction becomes
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Figure 4: Cross section of the process e+e− → ωπ0

B(τ− → π−π0ντ ) = (24.64 ± 0.25 ± 0.13 ± 0.06)%,

still below the world average value so that their difference
is (0.67 ± 0.34)%. Another place worth theoretical efforts
is the calculation of the electroweak radiative corrections. If
SEW appears to be slightly higher than its currently accepted
value of 1.02, most of the problems with the normalization
mentioned above will disappear. Note recent analysis of [30]
in which both isospin breaking and radiative effects are taken
into account and it is shown that corresponding corrections are
rather large (about 1% near the ρ peak and 3% or even higher
far from it).

4. APPLICATION OF CVC TO aµ

It is interesting to study whether recent improvements both
in τ and e+e− sectors can influence the accuracy with which we
know ahad

µ —the hadronic contribution to the muon anomalous
magnetic moment aµ.

It is well known that the current uncertainty of the theo-
retical value of aµ is dominated by the contribution of strong
interactions. In its turn, the latter can be expressed by disper-
sion relations in terms of the integral of the total cross sec-
tion of e+e− → hadrons with the kernel emphasizing the
role of low energies. As a result, the largest contribution to
ahad
µ comes from the energy range from threshold of hadron

production to 2 GeV. Careful analysis of all available e+e−
data performed in [31] gave a conservative estimate of the
uncertainty of ahad

µ of 15 × 10−10, mostly due to the insuf-
ficient accuracy with which the cross section of the process
e+e− → π+π− is known. In [6] it was suggested to increase

Figure 5: Spectral function of the decay τ− → 2π−π+π0ντ

the accuracy of the ahad
µ calculation by using data on the de-

cay modes τ− → π−π0ντ , (4π)−ντ in addition to those from
e+e−. The idea is to apply CVC to convert the hadronic mass
spectrum from the τ decays to the cross section of e+e− and
benefit from the high accuracy of the τ data by averaging the
calculated contribution from the τ data sample with that from
e+e−. The first attempt of this kind showed an impressive
improvement of the accuracy from 15 to 9 in units of 10−10.
The improvement can be even higher so that the uncertainty
becomes as low as 6 × 10−10 if one relies not on the data only,
but additionally uses some theoretical assumptions like the va-
lidity of perturbative QCD and QCD sum rules [32]. Here,
however, we confine ourselves to the calculations based on the
experimental data only.

Table II shows results of the estimate of aππ
µ based on e+e−

data only (the first line uses the data sample from [31] whereas
the second one additionally uses recent data from CMD-2
[14, 15]), a corresponding value extracted through CVC from
ALEPH [6] and CLEO [22] and finally the average of the most
recent e+e− and τ -lepton contributions. Note that we ignore
some of the above mentioned problems and implicitly assume
that CVC is 100% correct or, in other words, using τ data does
not introduce any additional model uncertainty. This assump-
tion seems to be rather strong in view of the observed system-
atic excess of the τ spectral function over that from e+e− data.
This excess is reflected in the larger values obtained byALEPH
or CLEO compared to the estimate based on purely e+e− data.
As noted above, this effect, at least partly, can be accounted for
by the isospin breaking and radiative effects. For example, the
authors of [29, 30] claim that the τ based prediction for aππ

µ

should be decreased by approximately 0.6%.
Analysis of the Table shows that the current accuracy of the

e+e− based estimate is already slightly better than that of the
τ based one and the resulting significant improvement of the
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Table I Branching ratio B(τ− → X−ντ ), %

Hadronic CVC, World WA - CVC

State X 2001 Average

π−π0 24.58 ± 0.25 25.31 ± 0.18 0.73 ± 0.31

π−3π0 1.07 ± 0.05 1.08 ± 0.10 0.01 ± 0.11

2π−π+π0 3.84 ± 0.17 4.19 ± 0.23 0.35 ± 0.29

ωπ− 1.82 ± 0.07 1.92 ± 0.07 0.10 ± 0.10

ηπ−π0 0.13 ± 0.02 0.17 ± 0.02 0.04 ± 0.03

Others 0.37 ± 0.11 0.24 ± 0.02 -0.13 ± 0.11

Total 29.99 ± 0.33 30.99 ± 0.31 1.00 ± 0.45

accuracy is due to the utilization of both data sets. This ne-
cessitates further thorough analysis of all possible differences
between the e+e− and τ sectors and quantitative assessment
of the corresponding corrections.

5. CONCLUSIONS

• Two detectors at Novosibirsk studied various hadronic
channels at

√
s < 1400 MeV with large data samples

and small systematic uncertainties

• CVC predicts the shape of spectral functions and pro-
duction mechanisms qualitatively well

• There are normalization problems:

1. τ spectral functions are regularly slightly higher
than in e+e−

2. The total predicted Br(τ− → X−
I=1ντ ) is (29.99 ±

0.35)% compared to the world average of (30.99±
0.31)%, the difference mostly coming from the
τ− → π−π0ντ decay

3. More theoretical input is necessary to calculate ra-
diative corrections and effects of isospin breaking

• Joint efforts of τ and e+e− groups started which will
hopefully make possible CVC tests as well as improve-
ments of the accuracy of ahad

µ

Table II Calculations of aππ
µ

Data Source aππ
µ , 10−10

e+e− EJ, 1995 495.9 ± 12.5

ADH, 1997

e+e− This work, 2000 498.0 ± 5.5

τ ALEPH, 1997 502.2 ± 6.9

τ CLEO, 1999 513.1 ± 5.8

e+e− + τ ALEPH, 1997 500.8 ± 6.0

e+e− + τ CLEO, 1999 510.0 ± 5.3

e+e− + τ This work, 2000 504.4 ± 3.5

• VEPP-2000 (the upgradedVEPP-2M collider in Novosi-
birsk) will cover the energy range from threshold to
1800-2000 MeV, able to test CVC in the whole energy
range (2mπ − mτ ) in one experiment
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αs at Low Q2 from e+e− and τ Data
S. Menke
Stanford Linear Accelerator Center

It has been shown in recent analyses by ALEPH [1] and OPAL [2] that precision QCD tests are possible with hadronic τ decays by
comparing spectral moments of the hadronic decay ratio of the τ with QCD calculations. In principle e+e− data can be used in a similar
manner by evaluating spectral moments of R. The current e+e− data is compared with the OPAL τ data and a prediction is made on the
achievable accuracy of QCD tests with the projected precision of PEP-N [3].

1. INTRODUCTION

The τ lepton is the only lepton heavy enough to decay into
hadrons. The observed spectra of the non-strange hadrons
in s, where

√
s is the mass of the final state hadronic sys-

tem, give the non-strange spectral functions. Decays with an
even number of pions in the final state belong to the vector
current while decays with an odd number of pions belong to
the axial-vector current. A comparison of weighted integrals
over the spectral functions of the vector and axial-vector cur-
rent with QCD predictions can give fundamental parameters
of the theory [4–8], including the strong coupling constant
αs. Different integrals (moments) are used to measure power
corrections of non-perturbative origin and the strong coupling
simultaneously, thus reducing the theoretical uncertainties on
αs connected with the non-perturbative terms.

The QCD tests can also be performed for energy scales
smaller than mτ , if the integrals over the spectral functions
are performed with an upper integration limit m2

τ ′ = s0 ≤ m2
τ

and replacing m2
τ by m2

τ ′ in the integrals [1] thus creating the
spectral moments of a hypothetical τ ′ lepton with a mass below
mτ .

In the same manner e+e− annihilation into hadrons can be
used to extract the spectral function of the vector-current and
compare with theory by means of its spectral moments.

2. THEORY

2.1. Hadronic τ decays

The vector v(s) and axial-vector a(s) spectral functions (the
absorptive parts of the vacuum polarization correlators) are
given by the spectra in s of the final state hadrons, normalized
to the branching ratios B and corrected for the phase-space:

v/a(s) = 1

2π
Im�V/A(s)

=
m2
τ

∑
hV/A

Bτ→hV/Aντ

Bτ→eνeντ

wV/A

NV/A

dNV/A

ds

6SEW|Vud|2
(

1− s

m2
τ

)2 (
1+2

s

m2
τ

) , (1)

where the sum is performed over non-strange hadronic final
states hV/A with angular momentum J =1. NV/A is the num-
ber of taus that decay into the hadron hV/A plus neutrino,wV/A
denotes the appropriate weight of the hadronic mode to the vec-
tor or axial-vector current, SEW = 1.0194 is an electroweak
correction term [9] and |Vud|2 = 0.9477±0.0016 is the squared
CKM weak mixing matrix element [10].

Within the framework of QCD weighted integrals over
the spectral functions (so called moments) have been calcu-
lated [11]:

Rklτ,V/A = 6SEW|Vud|2
m2
τ∫

0

ds

m2
τ

(
1− s

m2
τ

)2+k(
s

m2
τ

)l

×
[(

1+2
s

m2
τ

)
v/a(s)+ v0/a0(s)

]
, (2)

where the scalar spectral function v0(s) vanishes, since no
scalar particle has been observed in τ decays, while the pseudo-
scalar spectral function a0(s) is given by the pion pole, as-
suming that the pion is the only pseudo-scalar final-state in
non-strange τ decays:

a0(s) =
m2
τ

Bτ→πντ

Bτ→eνeντ

δ(s −m2
π )

6SEW|Vud|2
(

1− s

m2
τ

)2 . (3)

The moments are used to compare the experiment with the-
ory. In what follows, ten moments for kl = 00, 10, 11, 12, 13
for V and A are used. The first moments R00

τ,V/A are the total
normalized decay rates of the τ into vector and axial-vector
mesons. In the naïve parton model these two rates are identi-
cal and add up to the number of colors. Since only non-strange
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currents are considered in this work the naïve expectation has
to be multiplied by |Vud|2. Including the perturbative and non-
perturbative contributions, equation (2) is usually written as
[11]:

Rklτ,V/A = 3

2
SEW|Vud|2

(
1 + δklpert +

∑
D=2,4,6,8

δ
D,kl
V/A

)
, (4)

where δklpert are perturbative QCD corrections (≈ 20 % for kl=
00) and the δD,klV/A terms are the so-called power corrections
(≈ 1 % for kl=00).

The perturbative term δklpert is known to third order in αs and
partly known to fourth order in αs. For kl = 00 the Contour
Improved Perturbation Theory (CIPT) result is [11]:

δ00
pert =

4∑
n=1

Kn

2πi

∮
|s|=m2

τ

ds

s

(
1 − 2

s

m2
τ

+ 2
s3

m6
τ

− s4

m8
τ

)(
αs(−s)
π

)n
, (5)

where the K1 = 1,K2 = 1.63982,K3 = 6.37101 are
known [12–16] and K4 = 25 ± 50 has been estimated [11,
17, 18]. The Taylor-expansion in αs(m

2
τ ) of the CIPT result

is [7, 11]:

δ00
pert = as + 5.2023a2

s + 26.366a3
s + (78.003 +K4)a

4
s , (6)

with as = αs(m
2
τ )/π . It is referred to as Fixed Order Per-

turbation Theory (FOPT). The third method considered in this
paper resums the leading term of the β-function to all orders in
αs by inserting so-called Renormalon Chains (RCPT) [19–22].
The fixed-order corrected version (up to the third order in αs)
quoted in the lower portion of table 6 in reference [20] is used
in the fit.

The power corrections δD,klV/A in the framework of the Oper-

ator Product Expansion (OPE) [23] are proportional to m−D
τ .

The dimension D = 2 terms are mass-corrections of pertur-
bative origin [7, 11] and are small for non-strange τ decays.
Corrections of higher dimension are of non-perturbative origin,
absorbing the long-distance dynamics into vacuum matrix ele-
ments [7, 24–26]. In contrast to the perturbative part the power
corrections differ for the vector and the axial-vector currents.

If one neglects the small s-dependence of the power cor-
rections, the δD,klV/A terms can be expressed for all kl values by
a product of the power correction for kl = 00 and a simple
integral over the kl-dependent weight-functions [11]. This ap-
proach is used for the dimension D = 6 and D = 8 terms,
taking δ6/8,00

V/A as free parameters. For the dimension D = 2
andD = 4 terms the full s-dependence is taken into account for
the theoretical description of the moments [11]. The least pre-
cisely knownD = 4 parameter, the gluon condensate which is
known only to 50% [7] is also taken as a free parameter in the
fit, while the D = 2 term is calculated from the quark masses
and the strong coupling. The quark-masses and -condensates
needed to complete the D = 2, 4 terms are taken from [7].

2.2. e+e− annihilation into hadrons

The ratio Re+e− is defined as:

Re+e−(s) = 3s

4πα2 σe+e−→hadrons(s)

= 12π Im�γ (s) = 6vγ (s), (7)

with vγ (s) ≈ ∑
f=u,d,sQ

2
f v(s) being the vector spectral func-

tion with (except for the isoscalar contributions and the charge
dependent factor) similar properties as v(s) in (1) and (2) and
Qf denoting the charge of the quark flavor f .

In massless perturbative QCD
∑
f Q

2
f v(s) and vγ (s) are

identical and most conveniently expressed in form of theAdler-
function [27]:

DP(−s) = −4π2s
d�γ (−s)

ds

=
∑

f=u,d,s

Q2
f

(
1 +

4∑
n=1

Kn
αns (s)

πn

)
, (8)

with (for three flavors) the same Kn as in (5).
The mass corrections to theAdler-function are given by [28]:

Dmass(−s) = −
∑

f=u,d,s

Q2
f

m2
f (s)

s

[
6 + 28

αs(s)

π

+
(

259.666 − 2.25
∑

f ′=u,d,s

m2
f ′(s)

m2
f (s)

)
α2

s (s)

π2

]
, (9)

where the running quark masses mf (s) are calculated from
scale-invariant mass parameters and an evolution equation
which is know to four loops [29].

Finally the non-perturbative part of the Adler function
reads [7]:

DNP(−s)=8π2
∑

f=u,d,s

Q2
f

[
1

12

(
1 − 11

18

αs(s)

π

) 〈αs
π
GG〉
s2

+
(

2 + 2

3

αs(s)

π

) 〈mf ψ̄f ψf 〉
s2

+ 4

27

αs(s)

π

∑
f ′=u,d,s

〈mf ′ψ̄f ′ψf ′ 〉
s2

+ 3

2

〈O6〉
s3 + 2

〈O8〉
s4

]
, (10)

with the dimension 4 contributions from the gluon condensate
〈αs/πGG〉 and the quark condensates 〈mf ψ̄f ψf 〉 and the di-
mension 6 and 8 operators 〈O6〉 and 〈O8〉.

The total Adler function is simply the sum of the perturba-
tive part (8), the mass corrections (9) and the non-perturbative
part (10):

D(−s) = DP(−s)+Dmass(−s)+DNP(−s). (11)
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Moments of similar form to (2) can be defined for e+e−
data [30]:

Rkl
e+e−(s0) =

s0∫
4m2

π

ds

s0

(
1 − s

s0

)k (
s

s0

)l
Re+e−(s). (12)

In order to guarantee the validity of the OPE the endpoint in the
integrals should be suppressed by at least two powers of s and
the moments chosen here are therefore kl = 20, 30, 31, 32, 33.
As in τ decays the moments can be rewritten as integrals around
the circle |s| = s0 in the complex s-plane:

Rkl
e+e−(s0) = 6πi

∮
|s|=s0

ds

s0

(
1 − s

s0

)k(
s

s0

)l
�γ (s), (13)

and further written as integrals over the Adler function after
integrating by parts:

Rkl
e+e−(s0) = 3

2πi

∮
|s|=s0

ds

s

k∑
m=0

(−1)m
(
k
m

)
m+ l + 1

×
[

1 −
(
s

s0

)m+l+1
]
D(s). (14)

In the QCD fits the dimension D = 6 and D = 8 terms are
fitted using 〈O6,8〉 as free parameters. Note that this differs
from the τ data fits where the contributions to the moment
kl = 00 are used as free parameters. For the dimensionD = 2
and D = 4 terms the full s-dependence is taken into account
for the theoretical description of the moments as described
above. In contrast to the non-strange τ data where the least
precisely knownD = 4 parameter is the gluon condensate the
largest uncertainty for the e+e− data comes from the strange
quark mass ms(1 GeV) which is used as a free parameter for
the D = 2 and D = 4 terms. The other quark-masses and
-condensates needed to complete theD = 2, 4 terms are taken
from [7].

3. RESULTS OF QCD FITS TO τ DATA

The fit results of QCD parameters to the ten momentsRklτ,V/A
for kl = 00, 10, 11, 12, 13 as reported in [2, 31] are shown in
Table I. Only the CIPT fits are presented here, since the focus
is the stability of the QCD fits and the two other approaches
lead to similar results within the theoretical uncertainties. The
various fits demonstrate the stability of the method and that
the perturbative parameter αs can be measured together with
the non-perturbative parts even if most of the non-perturbative
parts do not cancel as it is the case in the first three fits.

Note that the statistical error on αs in the last two fits is
different only because the last fit uses additional information
from the τ lifetime and the leptonic branching ratios [2].

The extension to energy scales s < m2
τ is demonstrated

in Figure 1. Here the moment R00
τ ′,V+A(s0 = m2

τ ′) is shown
together with the fit results to the three different theories FOPT,
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Figure 1: RV+A
τ ′ (s0) for a hypothetical τ ′ lepton versus the upper

integration limit s0 = m2
τ ′ .

CIPT and RCPT for the perturbative part plus non-perturbative
parts. The error on the theoretical curves (or alternatively their
spread) indicates that the OPE is applicable to values as low
as 1.5 GeV2 which can be used to extract the running of the
strong coupling constant from τ data alone.

The three considered theories differ in the treatment of un-
known higher order terms which is partially taken into account
as theoretical uncertainty by means of the error on K4. As a
conservative approach one could take the average of all three
results and their spread as additional theoretical uncertainty.
From the results in [2] one obtains therefore:

αs(m
2
τ ) = 0.326 ± 0.007exp ± 0.022theo, (15)

which translates to

αs(m
2
Z) = 0.1194 ± 0.0008exp ± 0.0027theo (16)

at mZ = 91.188 GeV.

4. AVERAGING OF e+e− DATA

Exclusive e+e− channels up to a CMS energy of
2.2 GeV [32–60] are combined in this analysis to calculate
the total hadronic cross section. The narrow ω and φ reso-
nances are excluded from the exclusive channels and added to
the total cross section as relativistic Breit-Wigner curves with
s-dependent widths [10, 61]. The weights of individual chan-
nels and the treatment of systematic errors is taken from [30]
but the statistical errors and the final result are obtained in a
slightly different manner:

1. a common equidistant binning in energy is chosen for
all channels (N = 300 bins from Emin = 0 GeV to
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Table I Comparison of the QCD fit results (CIPT) to the moments of vector (axial-vector) current, the simultaneous fit of all moments for
both currents, and the moments for the sum of both currents [31]. The quoted errors contain statistical errors only.

V A V and A V + A

observable value error value error value error value error

αs(m
2
τ ) 0.341 ±0.017 0.357 ±0.019 0.347 ±0.012 0.348 ±0.009

〈αs
π GG〉/GeV4 0.002 ±0.010 −0.011 ±0.020 0.001 ±0.008 −0.003 ±0.011

δ6
V 0.0259 ±0.0041 — — 0.0256 ±0.0034 — —

δ8
V −0.0078 ±0.0018 — — −0.0080 ±0.0013 — —

δ6
A — — −0.0246 ±0.0086 −0.0197 ±0.0033 — —

δ8
A — — 0.0067 ±0.0050 0.0041 ±0.0019 — —

δ6
V+A — — — — — — 0.0012 ±0.0047

δ8
V+A — — — — — — −0.0010 ±0.0029

χ2/d.o.f. 0.07/1 0.06/1 0.63/4 0.16/1

Emax = √
5 GeV) and for every experiment and channel

a histogram is filled with weighted averages of cross
section measurements falling in the same bin:

di =

∑
{j |NEj /Emax∈[i−1,i]}

σj/�
2σj

∑
{j |NEj /Emax∈[i−1,i]}

1/�2σj
, i = 1 . . . N, (17)

where the squared errors �2
i are given by the inverse of

the denominator in (17).

2. gaps at k = i . . . j between bins i and j of individual
measurements are interpolated with the trapezoidal rule:

dk = ckdi + (1 − ck)dj , ck = k − i

j − i
. (18)

3. the statistical errors are interpolated with the same pro-
cedure:

�k = ck�i + (1 − ck)�j , (19)

and are therefore larger compared to Gaussian propa-
gated errors by the factor:

rk = ck�i + (1 − ck)�j

ck�i ⊕ (1 − ck)�j
. (20)

4. the correlation matrix for the interpolated parts is given
by:

V stat
kl = rkrl

(
ckcl�

2
i + (1 − ck)(1 − cl)�

2
j

)
. (21)

5. the systematic errors are also interpolated according to
the trapezoidal rule (19) and all systematic errors are
assumed to be 100 % correlated.

6. the final error matrix is given by the sum of both:

Vkl = V stat
kl + V

sys
kl . (22)

7. the averaged cross section over all experiments in bin i
for one exclusive channel is obtained from the weighted
mean of all measurements and its error by usual error
propagation. In case of inconsistent sets of data points
for a particular bin its final error is scaled by the ratio

S =
√
χ2/χ2

68 %, if S > 1, where χ2 is the calculated

χ2 for the individual experiments being consistent with
the average and χ2

68 % is the χ2 value corresponding to
a confidence level of 68 %.

After this interpolation and averaging procedure the total
hadronic cross section is given by the sum of the exclusive
channels as in [30]. The resulting values for Re+e− are shown
in Figure 2.

5. RESULTS OF QCD FITS TO e+e− DATA

The five moments Rkle+e−(4 GeV2) for kl =
20, 30, 31, 32, 33 are given in Table II. Their correla-
tions are given in Table III. The result of the CIPT fit to these
moments is given in Table IV. The correlations of the fit
parameters are shown in Table V.

The value of the strong coupling at 4 GeV2 corresponds to

αs(m
2
Z) = 0.117 ± 0.005exp ± 0.002theo (23)

atmZ = 91.188 GeV in good agreement with the τ result (16)
but with a larger experimental uncertainty. Figure 3 shows the
moments of Re+e− as a function of the upper integration limit
together with theoretical predictions using the fitted values at
s0 = 4 GeV2 as input. Reasonable agreement between the
extrapolated and the measured moments is observed for all
five moments down to s0 ≈ 2.5 GeV2. The first three moments
agree within errors with the extrapolated results down to s0 ≈
1.5 GeV2.
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Figure 2: Re+e−(s) from exclusive channels. The dark gray band
denotes statistical errors; the light gray band shows the sum of
systematic and statistical errors. The dark solid line shows the
relative uncertainty; the small dark error band beyond s = 2 GeV2

shows the projected uncertainty after 5 years of PEP-N [3]. The
narrow ω and φ resonances and the massless QCD prediction are
also indicated by solid lines.

6. CONCLUSIONS

The comparison of QCD fits to different currents (V, A, V
and A, V+A) in non-strange hadronic τ decays probes the sta-
bility of the OPE at low energy scales. The good agreement of
perturbative and non-perturbative parameters among these fits
demonstrates that QCD fits can reliably be performed at these
low energy scales. The use of spectral moments is therefore
extended to e+e− → hadrons data in order to fit QCD param-
eters at 4 GeV2. While the extraction of the strong coupling αs
is not competitive in terms of experimental uncertainties with
the measurement from τ data it provides an important cross
check and probes an energy region not accessible with τ de-
cays. Furthermore the sensitivity to the mass of the strange

Table II Moments Rkle+e−(4 GeV2) for kl = 20, 30, 31, 32, 33 from

exclusive e+e− data. The errors include statistical and systematic
uncertainties; projected errors after 5 years running of PEP-N and
theoretical uncertainties are also given.

kl Rkle+e− stat.+sys. PEP-N theo.

20 0.760 0.014 0.009 0.008

30 0.569 0.008 0.007 0.012

31 0.1206 0.0027 0.0016 0.0040

32 0.0355 0.0015 0.0006 0.0000

33 0.0143 0.0009 0.0003 0.0000

Table III Correlations of the moments Rkle+e−(4 GeV2) for
kl = 20, 30, 31, 32, 33 in percent. The values correspond to the
quadratic sum of experimental and theoretical errors.

kl 30 31 32 33

20 +86.6 +3.8 +74.5 +70.4

30 −44.2 +33.6 +30.0

31 +54.9 +50.9

32 +98.8

Table IV Results from the QCD fits to the moments
Rkle+e−(4 GeV2) for kl = 20, 30, 31, 32, 33 from exclusive e+e−
data. The errors include statistical and systematic uncertainties;
projected errors after 5 years running of PEP-N and theoretical
uncertainties are also given.

obs. val. err. PEP-N theo.

αs(4 GeV2) 0.286 0.031 0.027 0.015

ms/GeV 0.220 0.036 0.026 0.059

〈O6〉/GeV6 −0.0041 0.0007 0.0005 0.0002

〈O8〉/GeV8 0.0043 0.0004 0.0002 0.0002

χ2/d.o.f. 0.04/1

quark can be used to constrain this parameter. A value of
ms(1 GeV) = (220 ± 36 ± 59)MeV has been observed. The
experimental uncertainty could be reduced by 30% after 5 years
of running with PEP-N.
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Table V Correlations of the QCD fit parameters to the moments
Rkle+e−(4 GeV2) for kl = 20, 30, 31, 32, 33 in percent. The values
correspond to the quadratic sum of experimental and theoretical
errors.

obs. ms 〈O6〉 〈O8〉
αs +77.2 +71.4 −42.0

ms +35.9 −8.2

〈O6〉 −93.2
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The values of R = σ(e+e− → hadrons)/σ (e+e− → µ+µ−) for 85 center-of-mass energies between 2 and 5 GeV are reported.
Preliminary results using partial wave analysis for J/ψ decays to γπ+π−, γK+K−, φπ+π− and φK+K− are presented. The
BESIII/BEPCII, a project for the future of BES, is introduced.

1. PRESENT STATUS OF BESII/BEPC

The Beijing Spectrometer (BES) at Beijing Electron
Positron Collider (BEPC), so far the only e+e− machine oper-
ating in the center-of-mass (cm) energy from 2–5 GeV and di-
rectly producing charmonium and charmed mesons, has been
running for 12 years. Both BEPC and BES were upgraded
between 1995 and 1997, and the upgraded BES is called BE-
SII [1]. Currently the BES experiment is benefiting from the
upgraded machine and detector, though some of the detector
and machine parts are suffering aging problems seriously. Ta-
ble I lists some major parameters of the detector performance.

Table I Comparison of the major parameters with BESI and BESII

System Parameter BESI BESII

VC σxy (µ) 250 (CDC) 90

planes 4 12

MDC σxy (µ) 200-250 190-210

�p/p 1.76
√
(1 + p2) 1.78

√
(1 + p2)

TOF σt (ps) 370 180

Lattenuation(m) 1-1.2 3.5-5.5

BSC �E/E(%) 25 21

ESC �E/E(%) 23 22

DAQ dead time/event(ms) 20 10

Figure 1 shows the history of the integrated hadronic events
accumulated with BESII since November 1999 at the J/ψ
resonance. With this 50 × 106 J/ψ event sample, which is
about 6 times as high as the previous world’s largest J/ψ
sample, BES can systematically study J/ψ decays to excited
baryonic states and search for glueballs and hybrids.

2. VALUES OF R IN 2–5 GEV

In precision tests of the Standard Model (SM) [2], the quan-
tities α(M2

Z), the QED running coupling constant evaluated

at the Z pole, and aµ = (g − 2)/2, the anomalous magnetic
moment of the muon, are of fundamental importance.

The dominant uncertainties in both α(M2
Z) and aSMµ are

due to the effects of hadronic vacuum polarization, which
cannot be reliably calculated in the low energy region. In-
stead, with the application of dispersion relations, experimen-
tally measured R values are used to determine the vacuum
polarization, where R is the lowest order cross section for
e+e− → γ ∗ → hadrons in units of the lowest-order QED
cross section for e+e− → µ+µ−, namely R = σ(e+e− →
hadrons)/σ (e+e− → µ+µ−), where σ(e+e− → µ+µ−) =
σ 0
µµ = 4πα2(0)/3s.
The values of R measured with BESII in 2–5 GeV are dis-

played in Figure 2, together with BESII values from [3] and
those measured by MarkI, γ γ 2, and Pluto [4–6]. TheR values
from BESII have an average uncertainty of about 6.6%, which
represents a factor of two to three improvement in precision in
the 2 to 5 GeV energy region. Of this error, 4.3% is common
to all points. These improved measurements have a significant
impact on the global fit to the electroweak data and the determi-
nation of the SM prediction for the mass of the Higgs particle
[7]. In addition, they are expected to provide an improvement
in the precision of the calculated value of aSMµ [8, 9], and test
the QCD sum rules down to 2 GeV [10, 11].

As pointed out by F.A. Harris [12], even after using the new
BESII R value, the error on α(M2

Z) is still dominated by the
energy region from 1 to 5 GeV. Roughly 50% of the error in
α(M2

Z) is from 1–3 GeV. Therefore, PEP-N will make a great
contribution to reduce this crucial uncertainty.

Using R data below 3 GeV, we are also measuring the the
cross section of e+e− → pp̄, the π form factor, and testing
pQCD by studying hadronic event shape, energy dependence
of inclusive spectra, and some of the exclusive spectra (for
example, e+e− → π+π−X,K+K−X) in e+e− annihilation.

3. RESONANCE PARAMETERS OF ψ(2S) AND ψ(3770)

To improve the measurement of the ψ(2S) resonance pa-
rameters and leptonic decay branching fraction, we did a de-
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Figure 1: Integraded hadronic events accumulated with BESII since November 1999.
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Figure 2: (a) A compilation of measurements of R in the cm energy
range from 1.4 to 5 GeV. (b) R values from this experiment in the
resonance region between 3.75 and 4.6 GeV.

tailed scan in the 3.67–3.71 GeV region during the R scan.
Figure 3 shows the production cross section of ψ(2S) →
hadrons, π+π−J/ψ , and µ+µ−.

A detailed scan was also done this year over the J/ψ ,ψ(2S)
andψ(3770) to improve the measurement of the resonance pa-
rameters and total production cross section of ψ(3770). The
J/ψ andψ(2S) resonances are used for mass calibration. Fig-
ure 4 plots the preliminary R-values in the 3.66–3.83 GeV
energy range.
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Figure 3: Measured cross section of
ψ(2S) → hadron, π+π−J/ψ and µ+µ−.

4. J/ψ DECAYS

The f0(1710), first observed by the Crystal Ball Collabo-
ration in J/ψ → γ ηη, has been considered as the possible
lightest 0++ glueball candidate because of its large production
rate in gluon rich processes, such as J/ψ radiative decays, pp
central production, etc., and because of the lattice QCD cal-
culation of the lightest 0++ mass. However, the spin-parity
of f0(1710) is still not clear in different channels after many
years’ efforts. Based on BESII 24 × 106 J/ψ data, the partial
wave analysis (PWA) is applied to the 1.7 GeV mass region in
J/ψ radiative decays to K+K− and π+π−. In K+K− mass
spectrum, the PWA analysis shows a strong 2++ component,
which is consistent with the well known f ′

2(1525) with the
mass and width being in good agreement with PDG values,
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Figure 4: Preliminary R values between 3.66 and 3.83 GeV from
the detailed scan done in the Spring of 2001 with
BESII.

and a dominant 0++ component in 1.7 GeV mass region. In
the J/ψ → γπ+π− channel, there are two 0++ components,
one located at around 1.5 GeV and another around 1.71 GeV,
in addition to the f2(1270). Figure 5 shows the K+K− and
π+π− invariant mass spectra.

With BESII 24 × 106 J/ψ data, we performed a PWA anal-
ysis of J/ψ → φπ+π− and φK+K−. Figure 6 shows the
contribution of each component from the fit to φπ+π− and
φK+K−. Three 0++ resonances, located at 980 MeV, 1370
MeV and 1770 MeV and one 2++ at 1270 MeV are observed
in the π+π− invariant mass spectrum recoiling against the φ.
In J/ψ → φK+K−, the dominant resonance is f ′

2(1525) in
addition to the tail of f0(980). A further study on the shoulder
of f ′

2(1525) is needed.
MarkIII, DM2, and BES all found a broad structure in the

lower mass region of π+π− in J/ψ → ωπ+π−. Based on
7.8 × 106 BESI J/ψ data, BES analyzed this channel and
found a 0++ wave to be required there.
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Figure 5: Invariant mass spectra of K+K− for J/ψ → γK+K−
(top) and π+π− for J/ψ → γπ+π− (bottom). The crosses are
data and histograms the fits.

5. FUTURE PLANS

The short term plan for the next 2–3 years is to continue
running BESII, most likely to accumulate data at ψ(2S) and
ψ(3770). The final decision will be made at the coming BES
annual meeting. The long term plan for the future is the so
called BESIII/BEPCII, a project to significantly upgrade both
machine and detector. There are two options for the machine,
that is, a single ring with multi-bunch trains, or a double ring
machine using the same machine tunnel. A single ring option
is expected to have a luminosity about 3×1032cm−2 ·s−1 at the
J/ψ resonance. However, the luminosity provided by a double
ring machine is expected to be at the level of 1033cm−2 · s−1.
The upgraded machine is called BEPCII.
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Figure 6: The mass projections of π+π− for J/ψ → φπ+π− (top
4 plots) and K+K− for J/ψ → φK+K− (bottom 4 plots). The
crosses are data and histograms the fits.

To match the BEPCII, BESII must be significantly upgraded.
Particularly the capability of particle identification and photon
detection must be greatly enhanced. Currently the detector has
not been well defined. One possibility is to make use of the
L3 BGO crystals as an electromagnetic calorimeter (EMCAL)
with a tracking chamber inside and a time-of-flight counter
outside it. The muon identifier, which is outside the super-
conducting coil will also be rebuilt. Another possibility is to
build a KLOE type EMCAL, which may provide an energy

resolution of about 8%
√
E. In addition, new trigger, DAQ and

electronics systems should be built to adapt to the new beam
characteristics with high luminosity.

So far, $40 M has been endorsed by the Chinese central
government for BESIII/BEPCII, and another $20 M is under
discussion. An international review meeting was held in early
April of this year for the feasibility study. The double ring
machine option is strongly favored by the review committee.
A proposal for the BESIII/BEPCII will be soon delivered to
the Chinese funding agency. Part of the R&D work for both
machine and detector has been going for half a year. The
expected time for the physics run with BESIII is around the
year of 2005-2006.

BEPCII, together with CESR for CLEOC [13], will be tau-
charm factory machines for tau-charm physics, including the
testing of QCD in the energy region between 2–5 Gev. The
physics features in this energy region, as shown in Figure 7,
are significant and striking, mainly: (1) many resonances and
particle pairs can be directly produced at their thresholds; (2)
it’s a region of transition between smooth and resonance struc-
ture, between pQCD and QCD; (3) it’s a region where gluonic
matter, glueballs, hybrids and exotic states are considered to
be located.

BESIII and CLEOC can collect data as shown in Table II.
These high statistics data samples are the best laboratory

to elucidate the tricky situation in light hadron spectroscopy
and offer unique opportunities for QCD studies and probing
possible new physics. The major physics programs are:

1. Systematically study meson spectroscopy, qq̄ and ex-
cited baryonic states, search for 1P1, η′

c, glueballs, and
exotic states.

2. Study the interaction with charmed mesons and baryons,
measure the absolute branching fraction of D and Ds
decays, decay constant fD, fDs , and CKM element (in-
volving c quark).

3. Carry out a new study of the τ lepton. Such as lower the
limit onmµτ , determinemτ to less than 1 MeV, study of
τ weak current.

4. Measure the values of R to a precision of 1-3% level.
Test of QCD by investigating hadronic event shape and
hadron production.

5. Probe possible new physics, such as D0D̄0 mixing, CP
and LFV processes in τ, J/ψ, ψ(2S) decays, and rare
decays (like J/ψ → DX, Non-SM τ decays).

6. SUMMARY

Values of R in 2–5 GeV have been improved to a pre-
cision of 6.6% by the BES collaboration. A 50 M J/ψ

event sample with good quality has been accumulated
with BESII. The data analysis of this data is on going.
The short term future plan for BES collaboration is to run
BESII for another 2–3 years. The plan for the long term
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Table II Data samples collected with BESI and BESII, and maybe collected with CLEOC and BESIII.

Ecm(GeV) Physics BESI+BESII CLEOC and BESIII

3.1 J/ψ 7.8 × 106 + 5 × 107 109 − 1010

3.55 τ 5 pb−1 > 106

3.69 ψ(2S) 3.9 × 106 108 − 109

3.77 ψ(3770) 107

4.03, 4.14 τ, D+
s D̄

−
s , D

0 ¯D∗0 22.3 pb−1 106

4.6 �c�̄c 105 − 106

2-5 R scan 6+85 points (6.6%) 2-3%
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Figure 7: Physics future in 2–5 GeV.

future is to significantly upgrade both the detector (BE-
SIII) and machine (BEPCII). Physics in the tau-charm
energy region is still very rich in B-factory era. Many
results need to be improved, and there are many things
to be searched for. Both CLEOC and BESIII are badly
needed to perform the physics in the tau-charm region.
And both CLEOC and BESIII will be the eminent play-
ers and contributors to the physics in tau-charm energy
region in the world in the next 5–10 years. Last but not
least, it would be extremely important to have anR scan
measurement from 1–3 GeV with a precision of a few
percent.
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Previous measurements of R = σ(e+e− → hadrons)/σ (e+e− → µ+µ−) at high Q2 are reviewed. Recent R measurement results,
including those from the Beijing Spectrometer Experiment, are described. The present status of R measurements and future measurement
possibilities are summarized.

1. INTRODUCTION

The QED running coupling constant evaluated at theZ pole,
α(M2

Z), and the anomalous magnetic moment of the muon,
aµ = (g − 2)/2, are two fundamental quantities that are used
to test the Standard Model (SM). The dominant uncertainties
in both α(M2

Z) and aSMµ are due to the effects of hadronic
vacuum polarization, which cannot be reliably calculated in
the low energy region. Instead, with the application of dis-
persion relations, experimentally measured R values are used
to determine the vacuum polarization, where R is the low-
est order cross section for e+e− → γ ∗ → hadrons in units
of the lowest-order QED cross section for e+e− → µ+µ−,
namely R = σ(e+e− → hadrons)/σ (e+e− → µ+µ−),
where σ(e+e− → µ+µ−) = σ 0

µµ = 4πα2(0)/3s. Improved
precision for α(M2

Z) also narrows the allowed range of the
Higgs mass prediction using electro weak loop corrections.
For much more detail on the importance of R measurements
[1–3].

The uncertainty in α(M2
Z) is introduced when it is extrapo-

lated to the Z-pole.

α(q2) = α0

1 −�α(q2)
,

where α0 is the fine structure constant, which is known very
precisely, and �α(q2) is the vacuum polarization term.

�α(q2) = �αl(q
2)+�

(5)
hadα(q

2)+�topα(q
2).

The leptonic vacuum polarization,�αl(q2), can be calculated
theoretically, and the top contribution, �topα(q

2) is absorbed
as a parameter in the SM fit. The dominant uncertainty is
then due to the effects of hadronic vacuum polarization,�(5)had,
which is calculated with experimentally determined R values
using dispersion relations.

Here, R measurements above the center-of-mass (cm) en-
ergy corresponding to the J/ψ are reviewed. Rmeasurements
at lower energy are described in [3, 4]. Since the theoretical
aµ = (g−2)/2 is more dependent on low energy than on high
energyR values, we will concern ourselves here primarily with

the effect of R measurements on α(q2). In the following sec-
tions, previous R measurements will be summarized, recent
measurements by the Beijing Spectrometer Experiment (BES)
and CLEO will be described, and the current R status will be
reviewed.

2. PREVIOUS R MEASUREMENTS

Figure 1 shows the summary of R measurements as sum-
marized by the Particle Data Group [5]. These are selected
measurements; older measurements with even larger errors are
not shown. Also, systematic normalization errors (5–20%) are
not included on the points shown.
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Figure 1: Summary of R values from PDG2000 [5]. Some older
measurements with even larger errors are not shown. Systematic
normalization errors (5–20 %) are not included on the points shown.

We will be primarily interested in the center of mass (cm)
energy region mJ/ψ < Ecm < 12 GeV. For higher energies,
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perturbative QCD (PQCD) can be used to describe the behav-
ior of R as a function of energy [6]. Analyses that use data
below ∼ 12 GeV are “data driven” approaches [6]; “theory
driven” approaches use PQCD to go much lower in energy [8].
Although less dependent on the quality of experimental data,
the latter must make additional theoretical assumptions.

Figure 2 shows a 1995 summary plot of the cm energy region
below 10 GeV [9]. The R values used as a function of energy
to evaluate the dispersion integral are indicated by the smooth
line through the points, and the R value uncertainties ascribed
in the various energy regions are indicated by the bands. In the
1 to 5 GeV region, the R uncertainty is taken to be 15%. Note
that the Crystal Ball data [7] used in the 5 to 7 GeV region is
unpublished.
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Figure 2: Summary of 1995 R values from [9]. The uncertainties in
the various energy regions are shown by the bands and given at the
bottom of the figure.

3. BES R MEASUREMENT

Recently a detailed R scan was completed by the upgraded
Beijing Spectrometer (BES-II) Experiment [10]. The analysis
is described in some detail here to demonstrate the complexity
ofR measurements. BESII is a general purpose solenoidal de-
tector located at the Beijing Electron Positron Collider (BEPC),
which is the only facility operating in the CM energy range
from 2 to 5 GeV. The luminosity at the J/ψ is ∼ 5 × 1030

cm−2s−1. BESII is described in detail elsewhere [11].

Experimentally, the value ofR is determined from the num-
ber of observed hadronic events, Nobs

had , by the relation

R = Nobs
had −Nbg − ∑

l Nll −Nγγ

σ 0
µµ · L · εhad · εtrg · (1 + δ)

, (1)

where Nbg is the number of beam-associated background
events;

∑
l Nll , (l = e, µ, τ) are the numbers of lepton-pair

events from one-photon processes andNγγ the number of two-
photon process events that are misidentified as hadronic events;
L is the integrated luminosity; δ is the radiative correction; εhad
is the detection efficiency for hadronic events; and εtrg is the
trigger efficiency.

In 1998 BES performed an initial measurement of R using
six scan points: 2.6, 3.2, 3.4, 3.55, 4.6, and 5.0 GeV [12]. At
each point separated beam runs were done for the study of beam
gas background. In 1999, BES measured 85 scan points with
∼ 1000 hadronic events per point. Separated beam running
was done at 24 energy points, while single beam running was
done at 7 points [10].

3.1. Event Selection

The main sources of background for this measurement are
cosmic rays, lepton pair production, two-photon processes and
single-beam associated processes. Clear Bhabha events are
first rejected. Then the hadronic events are selected based on
charged track information. Special attention is paid to two-
prong events, where cosmic ray and lepton pair backgrounds
are especially severe, and additional requirements are imposed
to provide extra background rejection [12].

An acceptable charged track must be in the polar angle re-
gion | cos θ | < 0.84, have a good helix fit, and not be clearly
identified as an electron or muon. The distance of closest
approach to the beam axis must be less than 2 cm in the trans-
verse plane, and must occur at a point along the beam axis for
which |z| < 18 cm. In addition, the following criteria must
be satisfied: (i) p < pbeam + 5 × σp, where p and pbeam
are the track and incident beam momenta, respectively, and
σp is the momentum uncertainty for a charged track for which
p = pbeam; (ii) E < 0.6Ebeam, where E is the barrel shower
counter (BSC) energy associated with the track, and Ebeam is
the beam energy; (iii) 2 < t < tp + 5 × σt (in ns.), where t
is the measured time-of-flight for the track, tp is the time-of-
flight calculated assigning the proton mass to the track, and σt
is the resolution of the barrel time-of-flight system.

After track selection, event selection requires the presence of
at least two charged tracks, of which at least one satisfies all of
the criteria listed above. In addition, the total energy deposited
in the BSC (Esum) must be greater than 0.28Ebeam, and the
selected tracks must not all point into the forward (cos θ > 0)
or the backward (cos θ < 0) hemisphere.

For two-prong events, residual cosmic ray and lepton pair
(e+e− and µ+µ−) backgrounds are removed by requiring that
the tracks not be back-to-back, and that there be at least two
isolated energy clusters in the BSC with E > 100 MeV that
are at least 15◦ in azimuth from the closest charged track. This
last requirement rejects radiative Bhabha events.
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These requirements eliminate virtually all cosmic rays and
most of the lepton pair (e+e− and µ+µ−) events. The re-
maining background contributions due to lepton pairs (Nll),
including τ+τ− production above threshold, and two-photon
events (Nγγ ) are estimated using Monte Carlo simulations and
subtracted as indicated in Eq. (1).

Cuts used for selecting hadronic events were varied in a wide
range, e.g. cos θ from 0.75 to 0.90, Esum from 0.24Ebeam to
0.32Ebeam, to estimate the systematic error arising from the
event selection, which turned out to be the dominant systematic
error as indicated in Table II.
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Figure 3: Distribution of event vertices along the beam line (z). A
gaussian is used to describe the real beam events, while a polynomial
of degree two is used to describe beam associated background.

Figure 4: Amount of beam associated background versus scan
energy.

3.2. Beam Associated Background

The largest background is due to beam associated back-
ground, Nbg. To determine the level of single-beam-induced
backgrounds, the same hadronic event selection criteria are
applied to separated-beam data, and the number of separated-
beam events, Nsep, surviving these criteria is obtained. The

number of beam-associated background events,Nbg, in the cor-
responding hadronic event sample is given byNbg = f ×Nsep,
where f is the ratio of the products of the pressure at the col-
lision region and the integrated beam current for colliding and
separated-beam runs.

The beam-associated background can also be determined by
fitting the distribution of event vertices along the beam direc-
tion with a Gaussian for real hadronic events and a polynomial
of degree two for the background, as shown in Figure 3. This
was the primary method used for the 1999 data. Figure 4 shows
the amount of beam associated background versus the scan en-
ergy. The differences between R values obtained using these
two methods to determine the beam-associated background
range between 0.3 and 2.3%, depending on the energy. These
differences are included in the systematic uncertainty.

3.3. Hadron Efficiency

JETSET, the Monte Carlo event generator that is commonly
used to simulate e+e− → hadrons, was not intended to be ap-
plicable to the low energy region, especially that below 3 GeV.
A special joint effort was made by the Lund group and the BES
collaboration to develop the LUARLW generator, which uses a
formalism based on the Lund Model Area Law, but without the
extreme-high-energy approximations used in JETSET’s string
fragmentation algorithm [13, 14]. The final states simulated in
LUARLW are exclusive in contrast to JETSET, where they are
inclusive. In addition, LUARLW uses fewer free parameters in
the fragmentation function than JETSET. Above 3.77 GeV, the
production of D, D∗, Ds , and D∗

s is included in the generator
according to the Eichten Model [15].

The parameters in LUARLW are tuned to reproduce 14 dis-
tributions of kinematic variables over the entire energy region
covered by the scan [14, 16]. For example, the fits for param-
eters tuned at Ecm = 2.2 GeV are shown in Figure 5. We
find that one set of parameter values is required for the CM
energy region below open charm threshold, and that a second
set is required for higher energies. In an alternative approach,
the parameter values were tuned point-by-point throughout the
entire energy range. The detection efficiencies determined us-
ing individually tuned parameters are consistent with those
determined with globally tuned parameters to within 2%. This
difference is included in the systematic errors. The detection
efficiencies were also determined using JETSET74 for the en-
ergies above 3 GeV. The difference between the JETSET74
and LUARLW results is about 1%, and is also taken into ac-
count in estimating the systematic uncertainty. Figure 6 shows
the variation of the detection efficiency as a function of CM
energy.

3.4. Radiative Corrections: (1 + δ)

The (1 + δ) term is necessary to remove high order effects
from σ obs

had

σ obs
had = σohad · εhad · (1 + δ)
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Table I Some values used in the determination of R at a few typical energy points.

Ecm Nll+ L Stat. Sys.

(GeV) Nobs
had Nγγ (nb−1) εhad (%) (1 + δ) R error error

2.000 1155.4 19.5 47.3 49.50 1.024 2.18 0.07 0.18

3.000 2055.4 24.3 135.9 67.55 1.038 2.21 0.05 0.11

4.000 768.7 58.0 48.9 80.34 1.055 3.16 0.14 0.15

4.800 1215.3 92.6 84.4 86.79 1.113 3.66 0.14 0.19

Table II Contributions to systematic errors: hadronic selection, luminosity determination, hadronic efficiency determination, trigger
efficiency, radiative corrections and total systematic error. All errors are in percentages (%).

Ecm(GeV) Had. sel. L Had. eff. Trig. Rad. corr. tot.

2.000 7.07 2.81 2.62 0.5 1.06 8.13

3.000 3.30 2.30 2.66 0.5 1.32 5.02

4.000 2.64 2.43 2.25 0.5 1.82 4.64

4.800 3.58 1.74 3.05 0.5 1.02 5.14

Figure 5: Comparison of BES data (shaded histogram) and
LUARLW Monte Carlo data (black histogram) tuned for 2.2 GeV
scan point.

Different schemes for the radiative corrections were compared
[17–20], as reported in [12]. Below charm threshold, the four
different schemes agree with each other to within 1%, while
above charm threshold, where resonances are important, the

Figure 6: The cm energy dependence of the detection efficiency for
hadronic events estimated using the LUARLW generator. The error
bars are the total systematic errors.

agreement is within 1 to 3%. The radiative correction used
in this analysis is based on [20], and the differences with the
other schemes are included in the systematic error.

3.5. Luminosity Measurement

The integrated luminosity is determined from

L = Nobs

σ ε εtrg

using Bhabha events. The results obtained using γ γ and dimu
events were consistent. The luminosity systematic error in-
cludes contributions from cut variations, background uncer-
tainties, the cross section uncertainty, and the efficiency un-
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certainty. The luminosity systematic errors at some selected
scan energies are shown in Table II.

3.6. Trigger Efficiency

The trigger efficiency was measured by comparing different
trigger configurations in special runs at the J/ψ .

εBhabha = 99.96%

εµµ = 99.33%

εhad = 99.76%

The error on the efficiencies is 0.5%.

3.7. BES Results

The BESRmeasurement results [12, 21] are shown in Figure
7 along with the results from γ γ 2, Mark I, and Pluto [22–24].
Systematic uncertainties are between 6 and 10% and are less
than half of the previous uncertainties. The average uncertainty
is 6.6%. Tables I and II list some of the values used in the
determination of R and the contributions to the uncertainty in
the value of R at a few typical energy points in the scanned
energy range, respectively.
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Figure 7: A compilation of measurements of R in the cm energy
range from 1.4 to 5 GeV. In addition to the BES results [12, 21],
results from γ γ 2, Mark I, and Pluto [22–24] are shown.

4. RECENT CLEO MEASUREMENT

The CLEO experiment measured R at Ecm = 10.52 GeV,
just below the ϒ(4S), and obtained R = 3.56 ± 0.01 ± 0.07
[25]. This very precise measurement (2%) obtained an error
similar to that of all previous results in this energy region com-
bined, R̄ = 3.579 ± 0.066, corresponding to a 1.8 % error
[26]. Fig. 8 shows the measurements in this region prior to
CLEO [26].

Figure 8: R measurements in the 7 to 10 GeV energy region. Plot
from [26].

The CLEO error is smaller than that obtained by BES. A
breakdown of the error components is given in Table III, along
with the corresponding errors at 3.0 GeV from BES. Why does
CLEO do better? CLEO has much better solid angle coverage
and a higher detection efficiency, as well as a state of the art
detector. They also ran with a higher luminosity, 1.521 ±
0.015) fb−1, and obtained 4 million events. With a much bigger
sample, both statistical and systematic errors are reduced.

5. CURRENT STATUS OF R MEASUREMENTS

Burkhardt and Pietrzyk have updated their analysis from
1995 [9] with new results from CMD-2, CLEO, BES, and 3rd
order QCD for Ecm > 12 GeV [6]. They find α−1(M2

Z) =
128.936 ± 0.046, and �α(5)had = 0.02761 ± 0.00036. In 1995,

�α
(5)
had = 0.0280 ± 0.0007. The improved experimental ac-

curacy is primarily due to BES [6]. Figure 9 shows their
current summary ofR measurements below 10 GeV. The error
in the 2 to 5 GeV region is greatly reduced because of the BES
measurements. Figure 10 shows the breakdown of the error in
�α(M2

Z) by energy region. The biggest error contribution to

�α
(5)
had still comes from the 1 < Ecm < 5 GeV region!

FUTURE R MEASUREMENTS

J.H. Kühn has used the new BES results to test PQCD, but
calls for even better precision (2%) [2]. Certainly, the precision
of R in the 1–2 GeV cm region must be improved. This is
extremely important to improve the precision of both aµ and
α(M2

Z). The KLOE and PEP-N experiments are candidates
for measuring R in this region.
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Table III Comparison of R systematic error contributions between
BES (at 3.0 GeV) and CLEO (at 10.52 GeV).

BES (%) CLEO

Source Error (%) Error (%)

Nhad 3.3 –

Backgd./Ev. Modeling – 0.7

L 2.3 1.0

1 + δ 1.3 –

εhad 2.7 –

εhad × (1 + δ) – 1.0

Sys. 5.0 1.8

Stat. 2.5 0.3

Total 5.6 2.0

As shown in Figure 10, the 2–5 GeV region is also very
important in the determination of�α(M2

Z). The candidates for
R measurements in this region are BES, PEP-N, and CLEO-
C. Also improved measurements in this region are important
to clarify the structure in the charm resonance region. The B
Factories may also contribute to both energy regions using ISR
events [27, 28].

The 5–7 GeV region is also very important. As shown in
Figure 9, the R values used by theorists in this region are the
unpublished Crystal Ball values [7]. CLEO-C could measure
points in this region.

What is needed to improve R value precision?

1. High luminosity → large sample

2. Good solid angle coverage

3. Excellent detector with good particle identification

4. Radiative correction to better than 1%

5. More effort on the event generator (LUARLW)

6. Large sample for tuning the generator

7. Measure exclusive channels at low energy

6. ENERGY REACH OF PEP-N

Although very difficult, extending the energy range to above
the mass of the ψ(2S) should be considered. Currently the
world’s largest sample (∼4 M events) is that of the BES ex-
periment. Some very good physics becomes accessible in this
region. ττ production at threshold can be measured to im-
prove the precision of the τ mass. Approximately one quarter
of ψ(2S) decays are to χc and ηc. Running on the ψ(2S) is a
good place to do χc and ηc physics, as well as to study ψ(2S)
hadronic decays. The study of the hadronic decays might pro-
vide a solution to the well known ρπ puzzle [29]. Being able
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Figure 9: Summary of current R values from [6]. Compare with
Figure 2.

to compare J/ψ and ψ(2S) decays is also very beneficial in
understanding the final states in these decays. Finally it will be
very useful to have some overlap between PEP-N and CLEO-C
as a check of systematics in measuring R in this region.

7. SUMMARY

Although the precision of R measurements has improved,
better R precision is still needed to improve the precision of
the theoretical standard model values of aµ and α(m2

Z) and to
test PQCD. There are many interesting possibilities for future
improvements ofR values from KLOE, PEP-N, and CLEO-C,
as well from the B factories using ISR events.
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The PEP-N project at SLAC [1] consists of a Very Low-Energy small electron Ring (VLER) that will collide with the low-energy 3.1 GeV
positron beam (LER) of PEP-II, producing center-of-mass energies between the 1.1 GeV and the J/ψ . The beams will collide head-on
and will be separated in the detector magnetic field which is part of the Interaction Region [2]. The IP β functions were chosen such as to
optimize both luminosity and beam-beam tune shifts, while keeping the LER tune shifts small. This paper describes the lattice design of
the VLER for the ‘baseline’ at 500 MeV.

1. INTRODUCTION

A proposal to build a new low energy electron storage ring
that will collide with the existing 3.1 LER e+ beam in the
IR12 straight section of PEP-II was made in September 2000
[3]. The energy range of the electron ring will be 100 to 800
MeV resulting in a center-of-mass energy ranging from 1.1
to 3.1 GeV. The expected luminosity at 500 MeV is about
1031 cm−2s−1. PEP-N is to be operated simultaneously with
the PEP-II collider and is designed to not interfere with the peak
luminosity operation of PEP-II for BaBar data collection. The
physics case [4] is mainly focused on the measurement of R,
the ratio between multi-hadron and muon pairs cross sections,
in an energy range where data are lacking or have large errors.
These measurements will also allow to reduce the error on
the calculated muon magnetic momentum gµ − 2. Due to the
asymmetry of the beam energies, the detector will also profit of
the particle boost to measure the Nucleon Form Factors in the
time-like region, which are poorly measured and understood.

2. MACHINE LAYOUT

The VLER storage ring has been designed in order to meet
the following requirements:

• to operate with an energy variable between 100 and 800
MeV;

• to provide the flexibility to keep the beam emittance
constant while varying the energy;

• to collide with LER without perturbing the BaBar oper-
ation;

• to fit in the Hall 12 (20 m × 7 m), leaving enough space
for the injection line from the Linac;

• to allow for head-on collisions with a minimum impact
on the detector.

All these requirements are fulfilled by the present 500 MeV
design. The ring circumference was chosen to be a multiple
of the LER bunch spacing. However, for lack of space, we
could not choose a VLER length that is a sub-multiple of the
LER length. As a consequence the e− bunches will collide
with many different e+ bunches. Possible implications of this
choice will be discussed later.

3. LATTICE DESIGN

The ring has a two-fold symmetry with a circumference of
45.36 m. This is 36 times the LER by 2 bunch spacing. The
beams collide head-on and are brought into and out of collision
by the detector magnetic field. The main lattice parameters
are summarized in Table 1. A RF voltage of 100 kV was
assumed. The emittance is the uncoupled one. Dipole fields
and quadrupole gradients refer to the maximum energy of 800
MeV.

The ring layout is sketched in Figure 1. The plot size is the
actual Hall 12 size (20 m × 7.16 m), the yellow circle is the
detector field.

Figure 1: Ring layout.
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Table I Lattice Parameters

E (GeV) 0.1–0.8 C (m) 45.36

I (mA) 10-140 L(cm−2s−1) ×1031 2–200

B field (T) 1.63 Max B′ (T/m) 10.

frev (MHz) 6.6 h/Nb 72/36

β∗
x (cm) 30. β∗

y (cm) 2.85

INT(ν + x) 3. INT(νy ) 3.

Max IR βx (m) 60.–80. Max IR βy (m) 100.

η∗
x (m) 0. Max ηx (m) 2.2–3.5

σ∗
x (µ) 274. σ∗

y (µ) 84.

εo(nm) 500. κ = εy/εx 1

αc .052 σ1(cm) 1.2–0.7

σE/Ex10+04 3.6 Uo(KeV/turn) .02.–22.

τx (ms) 1000 − 5 νs .011

The ring lattice consists of two straight sections and two
arcs. In the Interaction Region (IR), asymmetric with respect
to the IP since the detector field is centered at 25 cm from the IP,
the beam will collide with the LER beam. The focusing at the
IP and along the IR is provided by two QD-QF doublets. The
first quadrupoles in the doublets will be of a permanent magnet
type, to leave as much as solid angle to the detector. The IP
beta functions were chosen in order to optimize both luminosity
and beam-beam tune shifts: β∗

x = 30 cm, β∗
y = 2.85 cm. A

detailed description of the IR can be found in [2].

The other straight will house the injection kickers, septum,
feedbacks and one RF cavity. In the injection straight there are
four QD–QF doublets, which will be used for tune adjustments
and to keep almost symmetric optical functions between the
two arcs. The horizontal dispersion vanishes at the IP as well
as in the RF/injection region.

Due to the limited available space, a FODO cell solution as
in the LER and HER arcs of PEP-II was not easily feasible.
A compact arc design has been chosen which allows for both
emittance with energy tenability and dispersion suppression
in the RF/injection straight. Each arc houses four dipoles,
interleaved with 4 quadrupoles. The philosophy is to construct
eight 1.28 m long dipoles with a peak field of 1.635 T at 800
MeV. Each dipole is segmented into sixteen, 0.08-m-long steel
pieces, to allow the magnet length to be shortened to increase
the field at lower energies. The long magnet coils will not
change even though some of the segments are removed. The
segments will be removed when going to low energies, in order
to keep four symmetrical sub-magnets. Therefore we will keep
precisely the curvature of the beam trajectory, and thus the
vacuum chamber will not need to be changed, and the ring
circumference will not change significantly. This change will
allow for increased synchrotron radiation at low energies, thus
shortening the damping times, and for higher beam-beam tune
shifts, and corresponding higher luminosity. The possibility
to install a 7.5 T, 1-m-long super-conducting wiggler in the
RF/injection straight is also being studied.

The total number of normal conducting quadrupoles in the
ring is 24. They will be individually powered, to allow max-
imum lattice flexibility. Some extra space is available for
closed orbit correctors, emittance-coupling skew quadrupoles
and sextupoles.

Optical functions are presented in Figure 2 for the 500 nm,
500 MeV lattice.

4. BEAM DYNAMICS

4.1. Dynamic Aperture

Due to the high natural chromaticity and the limited space
available for the sextupoles the optimization of the dynamic
aperture has to be carefully studied. Four families of sex-
tupoles are foreseen: three for chromaticity correction in the
arcs, where the betatron functions in the two planes are quite
well separated and the dispersion is maximum, and one in the
injection straight to correct the beam tune shift with the par-
ticle amplitude. Due to space issues the phase shift between
sextupoles will probably not be optimized to exactly cancel
chromatic and geometric aberrations. The dynamic aperture
with a fast tracking program was computed [3] for a previous
version of the 500 MeV lattice, with a lower emittance. Par-
ticles with initial conditions confined in a region of (±10σ ∗

x ,
+10σ ∗

y ) at nominal coupling, and for three fixed energy devi-
ations, corresponding to 
p/p = (−10σE/E, 0,+10σE/E),
were tracked for 3 × 105 turns, corresponding to one trans-
verse damping time. Magnet errors and synchrotron oscilla-
tions were not studied. The results looked promising since the
stable area was larger than ±10σx .

4.2. Beam Lifetime

In an electron storage ring, the multiple Coulomb scattering
of the charged electrons within a bunch leads to the growth
of emittance in all three dimensions. The growth rates are
proportional to the fourth power of the inverse of beam energy
[5]. Hence, at the lower end of the energy range (100 MeV),
this effect could become the dominant factor in determining
the equilibrium beam size.

To estimate the effect of the intrabeam scattering, the growth
rates of emittance in all three dimensions as a function of en-
ergy were computed using MAD [6]. The lowest energy design
lattice was used in the calculation, as it is the more problematic
case for this effect. At all energies, the bunch length was fixed
at 1 cm, the horizontal emittance was kept at the constant value
of 250 nm, and the vertical emittance was assumed 10% of the
horizontal one. The values of the charge per bunch at different
energies were interpolated based on the design values. The
growth rate turns out to be small compared to the damping rate
due to the synchrotron radiation when the energy is larger than
200 MeV, and it increases rapidly once the energy drops below
200 MeV.

This result indicates that below 200 MeV it might be an issue
to maintain a reasonable beam size and beam lifetime since
there is no equilibrium distribution if the growth rate is larger
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Figure 2: Optical functions for the 500 MeV lattice (βx black, βy red, ηx green).

the damping rate. However the larger vertical emittance (50%
of the horizontal in the present design), and smaller damping
times can help in decreasing the growth rate. The lifetime of
the electron beam due to the Touschek effect was estimated
as a function of the VLER energy using the simple formula
by Le Duff [7] for flat beams. At all energies, the momentum
acceptance is calculated with a fixed RF voltage of 100 kV.
The result of calculation is shown in Figure 3 as a function of
the number of particles per bunch.
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Figure 3: Touschek Lifetime at different beam energies.

Each curve refers to an energy value, ranging from 100 MeV
(the lowest) up to 800 MeV in 100 MeV steps. Given the
design charge per bunch at each energy, the shortest beam
lifetime is larger than 2 hours for 100 MeV. Of course a tracking
of Touschek lost particles, taking into account the dynamic

aperture and the real lattice for each energy will be performed.
However even with a 30 minute short lifetime at the lowest
operating energy, a gain in integrated luminosity will come
from the possibility to inject in less than 5 minutes with the
detector on, by keeping low the injection background rate.

4.3. Beam–Beam

The large asymmetry of the two rings, and the fact that each
bunch in VLER collides with many LER bunches can lead to
instabilities due to barycentre coherent motion (dipole) [8].
We believe that a strong transverse bunch-by-bunch feedback
(as in PEP-II) can help. Very small (0.004) tune shifts in the
LER and a careful choice of tunes will also help. We also
know from PEP-II experience that the beam-beam force is a
strong damper. A beam–beam simulation is needed to check
this extreme weak–strong case.

5. OPEN ISSUES

The VLER design presents some special features that will
require dedicated studies:

• the lattice design at low (100 MeV) and high (800 MeV)
energies, with constant emittance;

• the chromaticity correction and the dynamic aperture;

• the Touschek lifetime can be a problem below 150 MeV.
Possible solutions: longer bunch length, larger RF mo-
mentum acceptance, fast and efficient injection;

• the long damping times at lower energies. The seg-
mented dipoles and a wiggler will help;

• the beam–beam case for asymmetric bunches.
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6. CONCLUSIONS

The PEP-N project is in its design phase. A ‘proof-of-
principle’design of the small ring for 500 MeV has been given.
The work on a high (800 MeV) and low (300 MeV) lattice is
in progress and looks promising. A Workshop on the Physics
Case was held at SLAC on April 30/May 1–2, 2001. A more
detailed project will be presented for discussion at SLAC in
September 2001.
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In this paper we present some results for the simulation of multihadron events in the PEP-N detector. Energies and angular distribution
for single particles are presented. Then the detection efficiencies for single particles and for reconstruction of some processes are given.

1. THE PEP-N DETECTOR

The PEP-N experiment is proposed to study e+e− colli-
sions occurring between the LER (SLAC Low Energy Ring)
positrons, which have a fixed energy of 3.12 GeV, and the elec-
trons stored in the VLER (Very Low Energy Ring) with energy
variable in the range 0.2 GeV to 0.8 GeV, which correspond to
center of mass energies from about 1.5 GeV to 3.1 GeV. Be-
cause of this, the e+e− center of mass (CM) system has a boost
in the e+ beam direction (forward direction). The PEP-N de-
tector (Figure 1) has been designed to fit into a dipole vertical
magnet and to have the highest possible acceptance for the re-
construction of the exclusive final states. Because of the boost
of the final state particles the detector is not symmetric: the
interaction point (IP) is located 25 cm upstream with respect
to the center of the magnet, to take advantage of a longer path
for the charged particles into the magnetic field.

Figure 1: 3D view of PEP-N detector. The dipole magnet surrounds
the detector system. LER and VLER pipes are shown with their
dipole and quadrupole magnets. A π+π−2π0 reaction is simulated.

1.1. Magnet

The simulated magnet is a vertical dipole magnet. The dis-
tance between the poles is 120 cm and the distance between
the vertical yokes is 240 cm; this is the space into which the
detector has to fit (see Figure 2). The pole diameter is 120 cm
and the field intensity is about 0.3 T.
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Figure 2: Front section of PEP-N detector. The dipole magnet
surrounds all of the detector. The TPC is centered between the poles
and the calorimeter system (BCAL + PCAL) gives complete
azimuthal coverage.

1.2. TPC

The TPC is box-shaped with dimensions 100 cm · 100 cm ·
85 cm. It is positioned in the center of the magnet poles (region
where the magnetic field is more homogeneous). Since the
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interaction point is located 25 cm upstream with respect to the
center of the magnet, the pad geometry is not symmetrical for
forward and backward tracks. In the simulation, a pad length
of 3 cm has been assumed; this results in a number of pad layers
varying from 24 (for particles going in the forward direction)
to 8 (for particles moving backward). The top view of the TPC
in the detector layout is shown in Figure 3.

The momentum resolution of the TPC has been estimated
under the hypothesis of 200 µm spatial resolution, assumed to
be constant for all track directions. It varies with the particle
momentum as well as with the number of hit pad layers. Some
results are collected in Table I.

Table I �p/p for the TPC as a function of the number of hit pad
layers and particle momentum. Multiple scattering is not included:
it contributes for an additional ∼ 1% (for He gas).

Transv. 22 points 22 points 6 points

p (forward + 1 point 14 points (backward

(GeV) track) at 120 cm track)

0.1 1.0% 9%

0.2 0.7% 0.3% 2.0% 17%

0.4 1.4% 0.7% 4.1%

0.6 2.0% 1.0% 6.1%

0.8 2.7% 1.4% 8.1%

1.0 3.3% 1.7%

1.2 4.0% 2.1%

1.4 4.6% 2.4%

1.6 5.3% 2.8%

1.3. Calorimeter system

The proposed calorimeters are sandwiches of scintillating
fiber layers (1 mm) and lead planes (1 mm), similar to the
ones used by KLOE [1]. Two kinds of calorimeters have been
simulated, with thickness varying according to the available
space:

• Forward (FCAL) and Barrel (BCAL) calorimeters
have a thickness of 25 cm (corresponding to about 15
radiation lengths). The efficiency is about 99% for
photon energy above 20 MeV. The energy resolution is
σ(E)/E � 5%/

√
E;

• Pole (PCAL) and Rear (RCAL) calorimeters have a
thickness of 10 cm, which is the available space between
the TPC plates and the magnet poles. The efficiency
for such a calorimeter is above 95% for photon energy
above 20 MeV and ∼98% for E>40 MeV. The energy
resolution is assumed to be σ(E)/E � 23% (constant
with E).

FCAL has a rectangular hole of 88 cm ·60 cm corresponding
to the LER and VLER beam pipes and focusing and bending
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Figure 3: Top section of PEP-N detector. The dipole magnet
surrounds all of the detector. The TPC is centered between the
poles. In the forward direction two aerogel detectors are present,
one tracking chamber, FCAL and an additional tracking chamber.
The LER and VLER pipes with magnets are also shown.

magnets; it is positioned between 125 cm and 150 cm from the
IP in the forward direction (Figure 3). BCAL modules are lo-
cated next to magnet yokes and PCAL modules are adjacent to
the magnet poles (Figure 2). RCAL is located in the backward
direction.

The hadron calorimeter has not been included into the sim-
ulation.

1.4. Aerogel

The separation between K± and π± in the momentum range
from 0.6 GeV to 1.5 GeV is performed with the aerogel de-
tector. Two layers of the aerogel detector are simulated in the
forward direction at a distance of 80 cm and 95 cm respec-
tively from the interaction point. Each one of them has a 5%
probability of misidentification of K± and 0.05% probability
of misidentification of π± [2]. For lower momentum parti-
cles, the separation could be performed looking at dE/dx in
the TPC or time-of-flight, so no aerogel detector is inserted in
side and backward direction, where a small fraction of charged
particles have a momentum reaching 0.6 GeV. As an example,
in the case of 2π+2π−2π0 at 2.0 GeV, about 85% of the π±
with momentum between 0.6 GeV and 1.5 GeV have θ < 35◦
(forward direction).

1.5. Forward tracking system

Two additional tracking chambers are inserted between the
aerogel and the forward calorimeter (120 cm from the IP) and
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after the forward calorimeter (160 cm from the IP). These can
be used to improve tracking resolution (Table I) as well as to
increase acceptance for charged particles at small angles.

2. FEATURES OF MULTIHADRON CHANNELS

A first evaluation of PEP-N detector acceptance can be ob-
tained applying a Lorentz boost to a uniform distribution of
charged particles and looking at the number of particles that
are lost into the beam pipe. From Figure 4 it can be noted that
the geometric acceptance for a 100 mrad cut in the forward di-
rection (which corresponds to the dimension of the beam pipe
at the far end of the TPC) is ∼98%.

Ecm = 2.0 GeV
Ecm = 1.5 GeV

Ecm = 2.5 GeV
Ecm = 3.0 GeV

(b)

(a)

Figure 4: Single particle θ distribution (a) and particle acceptance as
a function of the polar angle cut (b) for some values of the energy in
CM. Cutting at 100 mrad the acceptance turns out to be about 98%.

2.1. Charged particles

Figure 5 shows a typical momentum distribution for π±.
The high momentum particles are located mostly in the forward
direction. More than 70% of the charged tracks hit 20 or more
TPC pad layers: this leads to a �p/p between 1% and 5%
(from Table I). Particles moving close to the vertical direction
hit few TPC layers so their momentum cannot be measured. In
any case the fraction of particles being emitted at small angle
with respect to the vertical is very small: as an example, for
4π channel at 2.0 GeV, 0.5% of pions have a direction within
±10◦ from the vertical, 1.4% within ±15◦ and 2.4% within
±20◦.

Figure 5: Momentum distribution of charged pions from
2π+2π−2π0 reaction at 2.0 GeV CM energy.

Table II Fraction of photons going into each calorimeter for
different Values of CM energy.

CM Energy FCAL BCAL PCAL RCAL Not detected

1.5 GeV 42.2% 9.3% 30.5% 0.5% 17.5%

2.0 GeV 35.4% 13.6% 37.9% 0.5% 12.6%

2.5 GeV 31.2% 14.1% 44.5% 0.8% 9.4%

3.0 GeV 25.8% 17.8% 47.4% 1.2% 7.8%

2.2. Photons from π0 decay

Figure 6 shows a typical energy distribution for photons
coming from a π0 decay. The peak of the distribution is at
very low energy (below 300 MeV), moreover the high energy
photons (above 1 GeV) are located in the forward direction at
θ < 60◦. The distribution of photons in the various kinds of
calorimeter varies with the energy. The results are summarized
in Table II.

Moving BCAL modules closer to the IP the acceptance of
BCAL can be increased and, at the same time, the acceptance
of PCAL will decrease.

3. DETECTOR ACCEPTANCE FOR MULTIHADRON

Table III gives the proportions between several multihadron
final states. In all of the following, the Monte Carlo events for
R acceptance studies are simulated according to this table.

The first step is to analyze the acceptances for the various
channels exclusive final states. The hypothesis here is that the
final state could be completely determined even if one particle
is lost. In what follows a particle is considered to be detected
if:
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Figure 6: Energy distribution of photons coming from π0 decay
from 2π+2π−2π0 reaction at 2.0 GeV CM energy.

• π± or K±: 5 or more TPC pad layers hit. Identification
of π and K for p < 1.5 GeV is assumed to be done with
dE/dx or time of flight (TOF) (small p) or aerogel (high
p);

• γ : cut at 20 MeV and calorimeter efficiency applied.

Under these assumptions, two photons are requested to have
the π0 invariant mass, with a 3σ cut (see Figure 7), to tag the
π0 itself.

The capability of PEP-N detector to detect hadron reso-
nances has been studied producing ωπ0 (50%) and π+π−2π0

(50%). The reconstructed ω peak (Figure 8) has a width of
∼ 30 MeV.

4. EFFICIENCY FOR R MEASUREMENT

For a precision measurement of R, it is very important to
be able to determine with good accuracy the cross sections
of exclusive final states in order to get a small systematic er-
ror related to acceptances uncertainty. In the following we
summarize the results for the acceptance on R measurement
simulation performed with both exclusive and inclusive meth-
ods [3]. No background or channel misidentification are taken
into account in this study. All channels are simulated using
phase space distribution.

4.1. Exclusive method

Each channel should be measured and identified. Table IV
gives the detection efficiency in the two cases in which all
particles are detected or one particle is lost. For the detection

Table III Proportions between multihadrons final states at 1.5 GeV
and 2.0 GeV.

Final state 1.5 GeV 2.0 GeV

π+π− 3% -

π+π−π0 4% 1.5%

π+π−2π0 40% 21.5%

2π+2π− 36% 16%

2π+2π−π0 2% 1%

π+π−3π0 1% 0.5%

2π+2π−2π0 6% 24%

3π+3π− 1% 5%

π+π−4π0 2% 8%

K+K− 4% 1.5%

K+K−π0 1% 3%

K+K−π+π− - 8%

K+K−2π0 - 4%

KSKL - 0.5%

KSKLπ+π− - 4%

KSKL2π0 - 1.5%

Table IV Detection efficiency for some multihadron final states
when all particles of the final state are detected and when only one
particle is lost. For final states in which a K± is present, at least one
of them is required to be identified as kaon. The results are obtained
for a CM energy of 2 GeV. The overall detection efficiency for the
considered cahnnels (obtained weigthing with the various final
states relative cross sections in table III) in the case of at most one
lost particle is ∼ 88%.

Final state All detected 1 lost

π+π−π0 76.5% 98.8%

π+π−2π0 56.3% 94.1%

2π+2π− 89.4% 99.8%

2π+2π−π0 68.5% 97.9%

π+π−3π0 44.3% 86.9%

2π+2π−2π0 52.0% 82.8%

3π+3π− 82.5% 99.1%

π+π−4π0 30.2% 72.0%

K+K− 29.6% 29.7%

K+K−π0 54.1% 72.3%

K+K−π+π− 82.0% 90.9%

K+K−2π0 54.1% 85.9%

of channels with K±, at least one of the two is required to be
identified by dE/dx, TOF or aerogel.
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Figure 7: π0 reconstructed invariant mass. In this case both
photons are detected in FCAL or BCAL. If both γ are detected in
PCAL the width increases to ∼ 0.02 GeV.

Figure 8: ω reconstructed mass for ωπ0 events on π+π−2π0

background.

4.2. Inclusive method

In principle, the R measurement could be done by requiring
that at least one hadron be observed in the final state. Of
course this method leads to a greater systematic uncertainty
when evaluating the cross section of such a process related to
the difficulty of measuring the overall acceptance. Anyway this
is still a possibility that has to be considered, so an evaluation
of PEP-N detection efficiency for this kind of measurement
has been done. Since up to now the background is not known,
instead of requiring one hadron detected in the final state, an
event was accepted if it satisfied at least one of the following
cuts:

• nπ± ≥ 3

• nπ± ≥ 2 and nγ ≥ 1

• nπ± ≥ 1 and nπ0 ≥ 1

• nK± ≥ 1

• nπ± ≥ 1 and nKS ≥ 1

in this case the KS is assumd to be detected if there are high
energy depositions in calorimeter from KS decay.

The overall detection efficiency is 95.6% at 1.5 GeV CM
energy and 96.3% at 2.0 GeV. Inefficiencies are mostly due
to π+π− at low CM energy (always rejected from the former
cuts) and KSKLX at high energy. A more detailed analysis will
probably recover part of these inefficiencies.
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A vertical magnetic field is required at the PEP-N Interaction Point (IP) for both separating the LER and VLER bunches before and after
collision and to provide at the same time tools for momentum tracking for the Detector equipping the Interaction Region (IR). Design
considerations and simulation results are reported in this contribution which reflect the results of studies performed with the aim of matching
the often competing requirements from the Accelerator as well as from the Detector side.

1. THE PEP-N INTERACTION REGION

The low energy electron ringVLER is suppose to be installed
in the PEP-II long straight IR 12. Three rings will then create
the PEP-N environment:

• HER - 8.97 GeV PEP-II e− ring

• LER - 3.12 GeV PEP-II e+ ring

• VLER - 0.20 ÷ 0.50 (0.80) GeV New e− ring

Given the fixed e+ energy of the LER and the large energy
range desired for theVLER, the PEP-N complex will constitute
a very Asymmetric Collider with a CM energy

ECM = 1.58 ÷ 2.50 (3.16) GeV (1)

and a wide energy ratio

rE = ELER

EVLER
= 15.6 ÷ 6.2 (3.9). (2)

The relation (2) suggested the concept, already adopted at PEP-
II, of a magnetic separation of the colliding bunches. A vertical
magnetic field at the PEP-N IP was then sought as the best so-
lution to eliminate unwanted bunch encounters and to strongly
reduce long-range beam-beam effects.

A large central magnetic field with good spacial uniformity
is, at the same time, an indispensable ingredient to improve the
capabilities of the PEP-N detector.

Obvious difficulties exist to have the small dipole required
for beam separation coexisting with the central detector TPC
inside a solenoidal field. The solution was then retained of
making use of a large IP dipole to contemporarily satisfy both
the collider and the detector requirements.

2. REQUIREMENTS AND DESIGN CONCEPTS

The design of the magnetic structure of the PEP-N IP dipole
aims at providing high field uniformity in the gap region occu-
pied by the TPC, together with a considerable vertical aperture

in the forward direction and a large gap capable of hosting a
complex multi-task detector. A uniformity factor along (x) and
transversely (y) to the beam direction

ηx,y = Bz(x, y)

Bz(0, 0)
(3)

is used to compare the performance of different geometries.
Shims on the pole pieces are usually adopted to improve the

field uniformity. In our case this would have reduced the gap
height available to the detector components. A sort of “anti-
shims” approach has been modeled with excavations in the
poles [1] which proved successful in considerably improving
the uniformity (see Figures 1, 2).

To better exploit the CM boost in providing a longer field
region in the forward direction, the dipole magnetic center is
located 25 cm downstream the IP in the LER beam direction.
A wider gap is then foreseen to maintain the desired forward
vertical aperture.

An important ingredient in the design is represented by the
operation costs of the magnet. For a given induction Bo ≡
Bz(0, 0) and magnet gap g the DC power consumption scales
linearly with the current density δ in the coils:

PDC ∝ g Bo · δ. (4)

The excitation coils of the IP dipole are designed to carry low
current densities over the full operation range to contain the
exploitation costs within acceptable limits.

3. THE MODELED VERSIONS

Several dipole versions have been conceived and modeled
using the TOSCA code [2] to evaluate the field strengths and
estimate the uniformity factor (3). Their main characteristics
are collected in Table I where the gap, the pole geometry and
the forward vertical aperture �fw are given.

Field uniformity plots along the beam direction are shown
for the region occupied by the TPC (x = ±0.6 m) in Figures 1
and 2 for the DV.03 and the DV.06 dipoles.
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Figure 1: Dipole DV.03: field integral for x = ±0.6 m at
Bz(0, 0) = 0.30 T. Field uniformity: ηx(±0.6 m) = 81.1%.

Figure 2: Dipole DV.06: field integral for x = ±0.6 m at
Bz(0, 0) = 0.30 T. Field uniformity: ηx(±0.6 m) = 91.4%.
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Figure 3: Dipole DV.06: field integral along the beam pipe at
Bz(0, 0) = 0.30 T.

Figure 4: Dipole DV.06: field integral along the HER beam pipe
at Bz(0, 0) = 0.30 T.

3.1. The DV.06 version

The dipole version DV.06 represents at present the best so-
lution to the multiple requirements outlined in Section 2.

The total field strength along the beam axis is shown in
Figure 3 and a 3D view in Figure 5.

The physical length of the magnet is 1.60 m. The 1.30 m
maximum gap value is limited by the ∼ 3 m overall vertical
dimension of the iron, imposed by the 0.70 m height of the
HER beam w.r.t. the existing floor in IR 12.

Tapered pole pieces improve the vertical forward aperture
compared to previous versions and pole excavations provide a
91.4% field uniformity.

The lower pole-piece incorporates the HER vacuum pipe
for adequate shielding of the high energy electron beam. The
integrated field strength across the HER beam pipe is shown
in Figure 4. Although the residual dipolar field in the HER
pipe inside the pole-piece is negligible, the contribution to the

field integral seen by the HER beam from the lower coils will
require additional shielding.

4. OPERATIONAL SCENARIOS

In the scaling scenario, the IP magnetic field is suppose to
vary with the VLER energy. In this case the incoming and
outgoing trajectories of the VLER beam are frozen and the
IR layout is uniquely defined. This option presents several
disadvantages. Orbit kicks induced on the LER beam depend
on the VLER energy and their compensation will be difficult.
The accurate mapping of the magnetic field is also required to
be performed at several field levels.

Alternatively, a fixed field scenario is envisaged where the IP
dipole is operated at two field levels. The integrated strengths
needed to provide the right IR layout at the different VLER
beam energies are obtained by shielding. This solution offers
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the considerable advantage of reducing the number of magnetic
configurations in the IR and simplifies the field mapping task.
Two different IR layouts are probably to be envisaged to cope
with the large energy range of the VLER. The main parameters
associated to the two scenarios are collected in Table II.

5. OUTLOOK

A dipole magnet complying with multiple competing re-
quirements has been designed for the PEP-N Interaction Re-
gion. The present solution, retained among the several con-
ceived and modeled with the TOSCA code, is optimized to

satisfy the goals and is cost effective in terms of long term
operation.
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Figure 5: 3D view of the DV.06 dipole. The magnet is about 3 × 3 m (H × W) and 1.60 m long.

Table I Main characteristics of the modeled IP dipole versions. All magnets are conceived in H-type geometry. �fw is the forward vertical
aperture measured from the IP (not the magnet centerline). The DV.07 version is currently being finalized.

VERSION GAP POLE GEOMETRY �fw

DV.02 1.2 m Cyl. φ 1.6 m Flat ± 30◦

DV.03 1.2 m Cyl. φ 1.6 m Tapered / Flat ± 35.2◦

DV.04 (1.2 + 0.4) m Cyl. φ 1.6 m Tapered / Shims ± 35.2◦

DV.05 (1.2 + 0.4) m Square 1.6 m Tapered / Shims ± 35.2◦

DV.06 (1.3 + 0.3) m Square 1.6 m Tapered / Shims ± 37.4◦

DV.07 (1.3 + 0.3) m Square / Circ. Tapered / Shims ± 37.4◦

Table II Main parameters for the scaling and the fixed field scenarios.

ENERGY FIELD DV.03 DV.06 DV.07

ECM EVLER Bo I PDC I PDC I PDC
(GeV) (GeV) (T) (A) (kW) (A) (kW) (A) (kW)

1.935 0.300 0.180 478 35.0 478 56.0 521 72.0

2.498 0.500 0.300 796 96.0 796 155.0 868 200.0

2.922 0.667 0.400 1061 171.0 1061 276.0 1157 356.0

3.159 0.800 0.480 1274 246.0 1274 400.0 1390 512.0

Coils: Cu / 20 x 20 mm2 � 8mm Nc = 180 turns / coil Nc = 240 turns / coil Nc = 220 turns / coil
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Concept of Central Tracking in PEP-N Experiment
J. Va’vra
SLAC, Stanford University

The paper describes a proposal of the central tracking in the PEP-N experiment. It follows the presentation a given at the PEP-N workshop
in March 2001 at SLAC.

1. INTRODUCTION

The difficulties with various choices of tracking concepts in
the PEP-N dipole magnet can be summarized as follows:

• A classical wire chamber with wires parallel to beam
pipe would have very asymmetrical drift as a function
of cell azimuth.

• A classical wire chamber with wires parallel to magnetic
filed would have rather “ugly” vertex coverage, and a
large mass right in the vertex region caused by the wire
supporting end plate.

• A classical TPC with the electric field aligned with the
magnetic field would have very large distortions because
E versus B angle was as much as 18° at radial distance
of 50 cm in the initial design, and possibly large low
energy background, which normally goes through the
beam pipe, can follow the magnetic field into the TPC
active volume.

We have decided to pursue the TPC concept hoping that
the TPC distortions can be dealt with a choice of gas and so-
phisticated laser calibration system, and the large background
can be dealt with the robustness of the TPC concept if one
runs very low gas gain. Furthermore, it was believed that the
non-uniformity of the magnetic field would be improved by
modifications of pole shapes.

2. TPC DESIGN

2.1. Field Uniformity of the Dipole Magnet

At the time of the workshop there were three magnetic field
maps available: DV02 (initial design), DV03 (the first im-
provement) and DV06b (the best by the time of the workshop).
Figure 1 shows the successive improvements in the field uni-
formity. The improvement is characterized in terms of Br and

ahttp://pep-n.pd.infn.it/workshop/vavra.pdf

angle α between the magnetic field and the vertical electric
field direction. One can see that the α angle is almost 18° in
the DV02 design, and less than 5° in the DV06b design.

2.2. Calculation of TPC Distortions

The old Langevin theory [1] used in many TPC design pro-
posals is only an approximate method and it is quite outdated
today if one wants to do critical calculations such as large
distortions. It calculates the electron drift velocity using the
following equation:

�v = µ

1 + (ωτ)2

[
�E + ωτ

B
[ �E × �B] + (ωτ)2

�E · �B
B2 B

]
(1)

Its main weakness is not only that it does not have a capabil-
ity to predict ωτ , but, in fact, it turns out that there is no single
ωτ , which would explain all three drift velocity components.

I will use instead the Bagboltz-Monte program [2] to calcu-
late the drift velocity components vx,y,z (E,B) gas. This partic-
ular program is presently considered the most correct method
to calculate this problem, if one is dealing with the reasonably
conventional gases. Once one knows the drift velocity com-
ponents as a function of z-vertical (aligned with the dipole’s
field), one can calculate the distortions in the detecting plane
using the following numerical integration:

dx =
∫ t2

t1

vx dt =
∑

i

〈vx〉i (dz)i

〈vz〉

dy =
∫ t2

t1

vy dt =
∑

i

〈vy〉i (dz)i

〈vz〉 . (2)

In the following, I calculate the worst case distortion at
r = 50 cm for the total drift of 50 cm. Figure 2 shows an ex-
ample of such calculation for 80%He+20%CO2 gas, which is
considered a slow gas. The maximum distortion is less than 1
cm for the nominal field map DV02. Table I shows a summary
of all calculations. One can see that fast gases have distortions
at a level of up to 5 cm, the distortions in the slow gases can be
brought to a level of a few mm. The slow gases have clearly
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a) DV02 field map (initial design):

b) DV03 field map (iteration #1):

c) DV06b field map (the best design by the time of the workshop):

Figure 1: Prediction of magnetic field uniformity in the dipole magnet for three proposed solutions.

smaller distortions, however, one can utilize their advantage
only if the background is sufficiently low to allow the total
drift times up to 50µs, and the field cage has small distortions.
Otherwise, one should use the fast gas. Table 1 shows that for
the improved field map DV06, the ALEPH fast gas gives ∼ 1
cm of distortion.

Table II compares the PEP-N TPC distortions with other
typical TPC designs. The table also shows the final reduction
factor either already achieved to reach the final resolution. The
NA-45 experiment proves that with a very good laser calibra-
tion system and with a lot of software effort one can achieve
great improvements in the drift distortions [3]. To be able to
reach the planned resolution in PEP-N TPC, the experiment
needs to invest into (a) a good laser calibration system, (b)
good external tracking, (c) keeping electrostatic distortions to
minimum, and (d) keeping the systematic misalignments to
minimum.

One should say that the similar dipole geometry has been
tried in the past at LBL [4].

2.3. Expected Resolution Per Single Point

Following Bloom and Ronaldi [5], one arrives to the follow-
ing expression for the single resolution point in the TPC with
a typical wire & pad design:

σ 2
resol ≈ 1

N(h, w, b, σsingle)

σ 2
single

cos2 α

+b2(tan � − tan �)2 cos2(� − α)

12Neff(h, w, b, σsingle)
(3)

where

σsingle - single electron transverse diffusion,

h - pad length,

w - pad width,

b - wire pitch,
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(a)

(b)

(c)

Figure 2: Calculation of the drift velocity components using the
Bagboltz-MONTE program (a,b) and result of the subsequent
numerical calculation of distortions in the detecting plane for a drift
of 50 cm at radial distance of 50 cm, and for the magnetic field map
DV02.

N(h) - effective number of electrons per sample,

Neff(h) - effective number of clusters per sample.

Figure 3 shows the wire, pad and track geometry needed
to understand the resolution Equation (3) for the TPC de-
sign employing the standard wire/pad design. Figure 4 shows
the application of this equation to the PEP-N design, as-
suming the following parameters: 53 electrons/sample, 19
clusters/sample, drift of 50 cm, single electron diffusion of
450µm/

√
cm, wire pitch of 0.4 mm, pad length of 3 cm, pad

width of 0.5 cm and magnetic field of 0.32 T. One can see that
resolution blows up at large � and α angles as is typical in the
standard TPC designs. Table 3 summarizes the expected num-
ber of electrons and clusters in various gases, which is useful if
one would want to consider the He-based gases. If one would
use a conventional fast gas, it is possible to choose a smaller
pad size. The 3 cm pad length is probably necessary for the
He-based gases.

So far, we assumed the detector based on a standard TPC
readout based on the wires and pads such as STAR TPC [6].
However, recently new technologies emerged. For example, if

Figure 3: Track, pads and wires and angles needed to understand
the resolution calculation.

one would use a wireless design based on the GEM concept,
the second term in the resolution equation would not contribute
at all.

2.4. Triple-GEM Detector with Pads

In view of the resolution argument presented in the previous
section, it is tempting to propose the detection design with no
wires. On could consider, for example, a detector based on
three GEMs in tandem with a pad readout shown in Figure 5.
The GEM concept was pioneered by F. Sauli [7] and is be-
ing used in the COMPASS experiment [8]. Sauli’s group has
demonstrated rate capabilities up to 10 MHz/cm2, time resolu-
tion of 10 ns (rms) and radiation hardness up to 5C/cm2. The
author has also tested the quadruple-GEM with pad readout
successfully for the single electron detection [9]. One should
also mention that the LHC-b experiment [10] has a strong R&D
investigating the triple-GEM with pad readout concept.

In the following, we summarize the advantages and disad-
vantages of the GEM detection concept:

1. Advantages:

• No wires.

• No second term in the resolution equation.

• More simple construction.

• Less positive ions into the drift volume.
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(a)

(b)

Figure 4: Predicted resolution per sample in the PEP-N TPC in a
slow 80%He + 20%C4H10 gas a function (a) � and (b) α angles,
defined in Figure 3.

(b)

Figure 5: Triple-GEM with pad readout as tested by the HLHC-b
R&D effort.

2. Disadvantages:

• GEM foil can be permanently damaged.

• The gain uniformity could be worse.

To guard against damages, one would want to run at as small
gas gain as possible, i.e., less than 2−3×103. As an example,
PEP-N would have ∼ 3 × 53 electrons per 3 cm-long sample
in 80%He + 20%iC4H10 gas. With gas gain of 2 × 103, it will
have ∼ 3×105 electrons available to the amplifier input, which
should be possible to obtain a good measurement provided that
the electronics noise is kept near σnoise ∼ 1000el. In PEP-N
TPC, one can use longer shaping times (200–250ns).

The gating would be necessary only if the backgrounds
would be very large.

One could choose the COMPASS experiment size GEM foil,
which would fit well the field cage design proposed in the next
chapter.

2.5. Field Cage Design

The field cage design is extremely critical for the success-
ful operation of the PEP-N TPC, especially, if one decides to
use the slow gases. After considering several possible design
choices, I would propose to follow ideas from the ALICE TPC
design, which is the most recent TPC application. The main
reason is that it provides a very low mass for low energy par-
ticles, which is very important for the PEP-N experiment, and
also it provides a convenient way to introduce multiple laser
beams for the calibration purposes.

The proposed field cage design is shown in Figures 6 and
Figure 7. The aluminized Mylar strips are wound around four
ceramic rods. With a single layer of these strips, the expected
electric field distortions are expected to be less than 10−4 about
2 cm away from the strips in the ALICE design [11]. The TPC
high voltage central plane made of solid Nomex carbon fiber
structure, the effect of the grounded beam pipe is de-coupled
with field cage structure made of solid self-supporting carbon
strips. The laser beams are distributed into the TPC volume
by reflections from many mirrors placed in the ceramic rods.
The outer field cage is surrounded with a grounded cage made
of Hexel panels, which also served as gas envelope. Figure
7 shows the top view and indicates the modular structure of
the GEM detectors. The size is chosen to be that same as the
COMPASS experiment [8] to simplify the production. The
individual modules are identical to allow easy maintenance.

(b)

Figure 6: Field cage–a view along the beam pipe. The field cage is
assumed to be built as one unit around the trapped section of the
beam pipe to minimize the systematic misalignments. The central
HV plane is solid Nomex carbon fiber structure. There are two
identical detector sections, each containing nine segments of the
triple-GEM detectors with pad readout.
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(b)

Figure 7: Field cage–top view. The picture also shows the radial
pattern of the GEM readout strips (∼ 3 cm long, ∼ 5 cm wide),
carbon strips along the beam line, field cage with ceramic rods and
Mylar strips, and outer Hexel gas containing enclosure.

3. CONCLUSION

• Presented design seems to be practical.

• The detector is using a novel triple-GEM structure with
the pad readout, which would eliminate the wire-induced
E × B resolution degradation in the detecting plane. It
is proposed to use the COMPASS experiment [8] size
GEM foils, which would mean 2 × 9 × 3 of such foils
per entire PEP-N TPC readout.

• The maximum predicted distortions are less than 1 cm
for the fast gases using the DV.06b field map, and less
than a few mm for the slow gases. This means that the
fast gases are the option if necessary.

• The expected resolution is about 300µm per single point
in track.

• The typical track has 15 points, each sampled with a pad
length of 3 cm, which should allow to use the He-based
gases.

• The field cage design follows the ALICE design which
provides a low mass and easy entry of the laser calibra-
tion beams into the TPC volume.

• The capability of a TPC concept to handle a very large
number particle densities was clearly demonstrated by
the STAR [5] and NA-49 [12] TPC detectors. This is
because of a very low gas gain operation reducing the
avalanche saturation effects and the ion field distortions
to minimum.
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Table I Summary of distortion calculations by the author in the PEP-N TPC for electron drift of 50 cm at radial distance of 50 cm.

a) Distortions = f(gas choice):

Field E-drift dx dy

Gas map [V/cm] [cm] [cm]

80%Ar + 20%CH4 DV.02 400 −4.2 −4.9

80%He + 20%CO2 DV.02 400 −.07 −0.9

80%He + 19%CO2 + 1%CH4 DV.02 400 −0.1 −0.91

80%He + 15%CO2 + 5%CH4 DV.02 400 −0.12 −1.03

80%He + 15%CO2 + 5%iC4H10 DV.02 400 −0.1 −1.0

80%He + 20%iC4H10 DV.02 400 −0.3 −1.5

b) Distortions = f(TPC drift field):

Field E-drift dx dy

Gas map [V/cm] [cm] [cm]

80%Ar + 20%CH4 DV.02 400 −4.2 −4.9

80%Ar + 20%CH4 DV.02 200 −6.8 −4.2

80%He + 20%CO2 DV.02 400 −.07 −0.9

80%He + 20%CO2 DV.02 200 −0.1 −0.9

c) Distortions = f(field map):

Field E-drift dx dy

Gas map [V/cm] [cm] [cm]

80%Ar + 20%CH4 DV.02 400 −4.2 −4.9

80%Ar + 20%CH4 DV.03 400 −2.7 −2.9

80%He + 20%CO2 DV.02 400 −.07 −0.9

80%He + 20%CO2 DV.03 400 −.04 −0.5

80%Ar + 20%CH4 DV.06b 400 −1.0 −1.04

80%He + 20%CO2 DV.06b 400 −.08 −0.25

Table II Typical maximum distortion in various TPC designs
and a final reduction factor achieved to get a final required
resolution.

TPC Maximum distortion [cm] A final reduction
factor achieved

CRID ∼ 1 ∼ 10

STAR ∼ 0.2 − 0.3 ∼ 5

NA-45 ∼ 11 ∼ 600 within a fac-
tor of 2 of achieving
this)

PEP-N ∼ 1 fast gave, DV.06b) ∼ 50 (planned)

PEP-N ∼ 0.2 (slow gas, DV.06b) ∼ 10 (planned)

Table III Typical expected number of electron and clusters in
various gas candidates for the PEP-N TPC.

No. of electrons No. of clusters

Gas per 3 cm sample per 3 cm sample

80%Ar + 20%CH4 ∼267 ∼74

80%He + 20%CO2 ∼78 ∼28

80%He + 19%CO2+ ∼77 ∼28

1%CH4

80%He + 15%CO2+ ∼72 ∼27

5%CH4

80%He + 15%CO2+ ∼98 ∼36

5%iC4H10

80%He + 20%C4H10 ∼158 ∼58





Vector Mesons Spectroscopy

Session Chair: D Leith (SLAC)





T01

hep-ex/0106046

New Results in Diffractive Photoproduction
from E687 at FNAL

A. Zallo
On behalf of the E687 Collaboration
Laboratori Nazionali di Frascati dell’INFN, Frascati

A narrow dip structure has been observed at 1.9 GeV/c2 in a study of diffractive photoproduction of the 3π+3π− final state performed
by the Fermilab Experiment E687. Preliminary results on new structures in 2π+2π− final states are also given.

1. INTRODUCTION

The Fermilab Experiment 687 collaboration has collected a
large sample of high-energy photoproduction events, recorded
with the E687 spectrometer [1, 2] during the 1990/91 fixed-
target runs at the Wideband Photon beamline at Fermilab.
Although the experiment is focussed on charm physics, a
very large sample of diffractively photoproduced light-meson
events was also recorded. This paper reports on a study [3]
of the diffractive photoproduction of the 3π+3π− final state
and the observation of a narrow dip in the mass spectrum at
1.9 GeV/c2.

Preliminary results on diffractive photoproduction of
2π+2π− final states are also shown.

2. E687 SPECTROMETER

In E687, a forward multiparticle spectrometer is used to
measure the interactions of high-energy photons on a 4-cm-
thick Be target. It is a large-aperture, fixed-target spectrom-
eter with excellent vertexing, particle identification, and re-
construction capabilities for photons and π0’s. The photon
beam is derived from the Bremsstrahlung of secondary elec-
trons of ≈ 300 GeV endpoint energy, which were produced by
the 800 GeV/c Tevatron proton beam. The charged particles
emerging from the target are tracked by a system of twelve
planes of silicon microstrip detectors arranged in three views.
These provide high-resolution separation of primary (produc-
tion) and secondary (charm decay or interaction) vertices. The
momentum of a charged particle is determined by measuring
its deflections in two analysis magnets of opposite polarity
with five stations of multiwire proportional chambers. Three
multicell threshold Čerenkov counters are used to discrimi-
nate between pions, kaons, and protons. Photons and neutral
pions are reconstructed by electromagnetic (EM) calorimetry.
Hadron calorimetry and muon detectors provide triggering and
additional particle identification.

3. EVENT SELECTION
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Figure 1: Distribution of 3π+3π− invariant mass after applying a
cut on the total energy deposited in the calorimeters with respect to
the total energy in the spectrometer.

Pions are produced in photon interactions in the Be target.
The data acquisition trigger requires a minimum energy deposi-
tion in the hadron calorimeters located behind the electromag-
netic calorimeters and at least three charged tracks outside the
pair region. The microstrip system and the forward spectrom-
eter measure the six-pion final state (in this paper, 6π refers
to the 3π+3π− state) with a mass resolution σ = 10 MeV/c2

at a total invariant mass of about 2 GeV/c2. It is required that
a single six-prong vertex be reconstructed in the target region
by the microstrip detector, with a good confidence level. Such
a requirement rejects background due to secondary interac-
tions in the target. Exclusive final states are selected by also
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requiring that the same number of tracks be reconstructed in
the magnetic spectrometer. The six microstrip tracks and the
six spectrometer tracks are required to be linked, with no am-
biguity in associating the microstrip and spectrometer tracks.
Events with particles identified by the Čerenkov system as defi-
nite electrons, kaons, or protons, or as kaon/proton ambiguous
are eliminated and at least four out of six particles have to
be positively identified as π±. Particle identification is tested
by assuming that one or two out of the six tracks is a K±,
by computing all two-track invariant mass combinations, and
verifying that there is no evidence of a peak at the K∗ or at
the φ mass. We eliminated final states with π0’s by rejecting
events with visible energy in the electromagnetic calorimeters
that was not associated with the charged tracks. A cut in this
variable (Ecal/E6π ≤ 5%) is applied on the calorimetric neu-
tral energy normalized to the six-pion energy measured in the
spectrometer. The distribution of the six-pion invariant mass
after these cuts is shown in Figure 1. The plot shows a struc-
ture at 1.9 GeV/c2. In the following, only the 6π mass region
around this structure will be analyzed.

For diffractive reactions at our energies, the square of the
four-momentum transfer t can be approximated by the square
of the total transverse momentum P 2

T of the diffractively pro-
duced hadronic final state. Using this definition, the P 2

T dis-
tribution of diffractive events, Figure 2, is well described
by two exponentials: a coherent contribution with a slope
bc = 54 ± 2 (GeV/c)−2 consistent with the Be form fac-
tor [4] and an incoherent contribution with a slope bi =
5.10 ± 0.25 (GeV/c)−2.
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Figure 2: Tranverse momentum squared distribution showing the
diffractive peak.

Taking only events with P 2
T ≤ 0.040 GeV2/c2, we eval-

uated a contamination of about 50% from nondiffractive
events. This incoherent contribution shows no structure in
the 1.2 − 3.0 GeV/c2 mass range, Figure 3. The diffractive
mass distribution was obtained by subtracting this contribu-

tion, parametrized by a polynomial fit, and dividing the yield
by the detection efficiency.

The detection efficiency was computed by modeling diffrac-
tive photoproduction of a mass M , using the experimentally
found slope bc, and simulating the decay M → 6π according
to phase space [5]. There is no threshold or discontinuity for
the efficiency, particularly in the region of the dip structure.
At 1.9 GeV/c2, the (self-normalized relative) efficiency A var-
ied as dA/A/dM6π = 0.15/ GeV/c2. The efficiency and the
efficiency-corrected distribution of the six-pion invariant mass
for diffractive events, in the mass range 1.4 − 2.4 GeV/c2, are
shown in Figure 4. There was no evidence, albeit with large
combinatorial backgrounds, for resonance substructure, for ex-
ample, ρ0 → π+π−, in the 6π data below M6π = 2.0 GeV/c2,
either at the mass region of the dip or in nearby sidebands.
Similarly, the efficiency or acceptance exhibited no thresh-
old, edge, or discontinuity over the entire mass region ob-
served, when the six pion state was simulated as a sequence
of decays of intermediate two-body resonances, for example
a+

1 +a−
1 → (ρ0π+)+(ρ0π−) → (π+π−π+)+(π+π−π−),

even under extreme assumptions of full longitudinal or trans-
verse polarizations for the initial state.
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Figure 3: Distribution of 3π+3π− invariant mass in the
1.2 − 3.0 GeV/c2 mass range: coherent plus incoherent
contribution. Dotted distribution: incoherent contribution.

The presence of a dip at 1.9 GeV/c2 was verified by sev-
eral systematics checks. A Monte Carlo simulation of D0 →
π+π−π+π−π+π− photoproduction was performed to check
whether this could produce a bump at ∼ 1.85 GeV/c2 in the
selection of diffractive 3π+3π− photoproduction that could
simulate a dip nearby. Simulation showed that the detection
efficiency for D0 → π+π−π+π−π+π−, once our event se-
lection criteria were applied, is negligible. It was also checked
that demanding more stringent cuts (that is, requiring that all
six particles be identified as π±, applying a sharper cut on
the calorimeter neutral energy, or subtracting the incoherent
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contribution bin by bin) increases the statistical errors without
significantly affecting the behavior shown in Figure 3.
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Figure 4: Acceptance-corrected distribution of 3π+3π− invariant
mass for diffractive events after subtracting incoherent contribution.
Solid line: second-order polynomial fit. Dashed line: polynomial fit
with incoherently-added Breit-Wigner. Upper dot line: relative
detection efficiency (arbitrary normalization).

A three-parameter polynomial fit was performed, solid line
in Figure 4, to explore the hypothesis that any structure in this
distribution is a statistical fluctuation. The normalized residual
distribution, evaluated for each 10-MeV/c2 bin, is good in the
full invariant mass range, with the exception of the interval
centered at 1.9 GeV/c2, the region of the claimed dip, where a
poor ∼ 10−3 confidence level interval, is obtained, making it
highly unlikely that the observed dip is a statistical fluctuation.
Incoherently adding a Breit-Wigner to the fit does not improve
the fit quality much.

4. FITTING THE SIX-PION INVARIANT MASS
DISTRIBUTION

Because of the narrow width, the E687 spectrometer mass
resolution, σ = 10 MeV/c2 at 2 GeV/c2, was unfolded by
applying the method described in [6]: the experimentally ob-
served data distribution r(x) and the unfolded mass distribu-
tion a(x) are related by a(x) ∼ r(x) − 0.5σ 2 · r(x)′′, where
r(x)′′ is the second derivative with respect to M6π for the ob-
served distribution. This relationship results from applying a
Fourier transform and approximating the resolution function
by g(x) = exp(−(

√
2|x|)/σ ), which is marginally different

from a Gaussian. A fit similar to the following one is used to
obtain r(x)′′ from the unfolded data. The data after unfolding
are shown in Figure 5.
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Figure 5: Acceptance-corrected distribution of 3π+3π− invariant
mass for diffractive events. The mass resolution has been unfolded.
Fit parameters are listed in Table 1.

The dip structure at 1.9 GeV/c2 has been characterized by
a two-component fit, adding coherently a relativistic Breit-
Wigner resonance to a diffractive continuum contribution. The
continuum probability distribution FJS(M) has been modeled
after a Jacob-Slansky diffractive parameterization [7], plus a
constant term c0

FJS(M) = f 2
JS(M) = c0 + c1

e
−β

M−M0

(M − M0)2−α
.

The Jacob-Slansky amplitude fJS(M) is assumed to be the
purely real (φJS ≡ 0) square root of the probability function
FJS(M). For the fit, a relative phase factor eiφ , independent
of mass, and a normalizing factor ar multiplied a relativistic
Breit-Wigner resonance term, giving the overall amplitude

A(M) = fJS(M) + ar

−Mr�eiφ

M2 − M2
r + iMr�

.

Table I Fit results for a mass range from 1.65 to 2.15 GeV/c2

Mr (GeV/c2) 1.911 ± 0.004

� (MeV/c2) 29 ± 11

ar/fJS(Mr) 0.31 ± 0.07

φ (deg.) 62 ± 12

χ2/dof 1.1

Fit results are shown in Table I and in Figure 5 for a fitted
mass range from 1.65 to 2.15 GeV/c2, symmetric with respect
to the dip. Quantities shown are the mass and width of the
resonance, the amplitude ratio ar/fJS(Mr) between the Breit-
Wigner function and the Jacob-Slansky continuum, the relative
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phase and the χ2/dof. Fit values show consistent evidence for
a narrow resonance at Mr = 1.911 ± 0.004 ± 0.001 GeV/c2

with a width � = 29±11±4 MeV/c2, where the errors quoted
are statistic and systematic, respectively. The fit values shown
in Figure 5 and represented by the parameters of Table 1 are
stable with acceptable χ2/dof over varying mass ranges from
1.65 to 2.3 GeV/c2. We quote as systematic error the sample
variance of the fit values due to our choice of fit mass range.
The quality of the fit deteriorates somewhat as the upper limit
of the fit for this simple model is extended from 2.1 to 3.0
GeV/c2. However, the only fit parameter that is affected is the
width, which varies from 29 ± 11 MeV/c2 to 40 ± 20 MeV/c2.
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(data-fitted values) distributions (bottom). The solid line is the 3
P-Wave Breit-Wigner fit.

5. DIFFRACTIVE PHOTOPRODUCTION OF 2(π+π−)

EVENTS

About one million of 2(π+π−) events have been recorded
by E687 in the 1990/91 fixed target runs at the Fermi National
Accelerator Laboratory. Their analysis is in progress and in
the following only a preliminary presentation is given. As in
the 3π+3π− study, exclusive final states are selected based on
the total number of charged tracks seen in the spectrometer and
final states with π0’s are rejected by requiring no visible energy
in the electromagnetic calorimeters. The particle identification
has been done applying the same cuts described in Section 3.
The t-distribution shows a P 2

T slope of about 60 (GeV/c)−2, in
good agrement with the 3π+3π− sample. Taking only events

with P 2
T ≤ 0.0625 GeV2/c2, our 2(π+π−) sample remains

with a contamination of about 25% from nondiffractive events.
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Figure 7: (a) the M2π spectrum in the range 0.5-1.0 GeV/c2,
around the ρ(770) − ω(783) pole mass (top); (b) residual (fit-data)
once the mixing amplitude is fixed to 0; (c) residuals (fit-data) when
the interfering amplitude is included.

The acceptance corrected 2(π+π−) mass spectrum is shown
in Figure 6(top). Although we expect, to first order, that the
bump in the mass spectrum below 2.0 GeV/c2 is dominated
by the ρ(1450) vector meson, our fit is not good (solid line)
even when we add 3 P-Wave interfering Breit-Wigner: the χ2

is 467.0 for 274 degrees of freedom. As the acceptance is
almost flat for M4π ∼ 1.6 GeV2/c2, the deviations observed
should be of physical origin. The residuals (data-fitted values)
shown in Figure 6(bottom) clearly show structures with a non
negligible statistical significance. Their study is in progress.
For the time being, we can say that the ratio of the residuals to
the total yield in 4π is of the same order of the ρ − ω mixing
effect in 2π [8], shown in Figure 7.

6. CONCLUSIONS

The diffractive photoproduction of 3π+3π− has been stud-
ied by E687. Evidence has been found for a narrow struc-
ture near M6π = 1.9 GeV/c2. If this dip is characterized as
the destructive interference of a resonance with the continuum
background, then the parameters of this resonance would be
Mr = 1.911 ± 0.004 ± 0.001 GeV/c2, with � = 29 ± 11 ± 4
MeV/c2.

The possible presence of other structures in the 2(π+π−)

final state needs further study.
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Experimental Status Report on Vector Meson Spectroscopy
V. Ivanchenko
BINP, Novosibirsk

The experimental status of light vector meson spectroscopy is discussed. The last results of e+e− experiments obtained at the VEPP-2M
collider in Novosibirsk are described and the comparison with the old data in the mass region from 1 GeV to 2.5 GeV is performed.

1. INTRODUCTION

For the first time the e+e− spectroscopy study was per-
formed in Novosibirsk in 60th at the VEPP-2 collider. The
shape of the ρ(770) resonance have been measured [1]. Since
a lot of different experiments for spectroscopy have been done
[2] and as a rule the most precise data on vector meson param-
eters were obtained in e+e− production. The current status of
the vector meson spectroscopy is as follows:

• All main states of qq systems are established.

• Charmonium and bottomonium families are well known.

• Excitation states of qq system for u, d, s quarks are not
well established.

• There is evidence for the existence of KK or 4-quarks
states in the vector meson decays [3–6].

• There is evidence for the existence of NN or 6-quarks
states [7].

The main problems of the light vector meson spectroscopy con-
nect with the fact that in the mass region 2E = 1.4 ÷ 2.5 GeV
total integrated luminosity � 2 pb−1 was collected at DCI
and ADONE. This statistic is incompatible with that collected
in the energy regions of the charmonium and bottomonium
families.

At the contrary, in the low energy region from the hadron
production threshold to 1.4 GeV, the systematic studies have
been performed in Novosibirsk at the e+e− colliderVEPP-2M.
It was in operation from 1974 to 2000 and the total integrated
luminosity � 80pb−1 was collected. Important measurements
were done by OLYA [8, 9] and ND [10] experiments, but the
main part of integrated luminosity were taken by the CMD-2
[11] and SND [12] experiments. Now the experimental pro-
gram is finished, and the final data analysis is in progress.

2. PRODUCTION OF LIGHT VECTOR MESONS IN
ELECTRON-POSITRON COLLISIONS

Main advantages of the experiments on vector mesons pro-
duction in e+e− annihilation are following: clean initial state

with the well defined quantum numbers, high mass resolution,
good conditions for an exclusive reactions study. The main
problem of the e+e− data analysis connect with uncertainties
in the interference between several resonances that often intro-
duces model dependence into final results (for example [13]).
There are also model dependences of the data analysis [14–
18], which can be resolved only after significant increasing of
experimental statistic.

2.1. e+e− → π+π− cross section

The precise measurement of the two pion production cross
section have been performed for many years [2, 9, 19]. The sys-
tematic uncertainty of 0.6 % is achieved in the last CMD-2 ex-
periment [20] in the energy range below 1 GeV . For higher en-
ergies the results are not so precise, but DM2 data [21] strongly
emphasise the signal of ρ(1700) (Figure 1). There is some
wide enhancement in the the cross section around 1.25 GeV
which may be taken as an evidence for the ρ(1250) resonance,
but at the same time other models are discussed [15, 22].

2.2. e+e− → π+π−π0 cross section

The main contributions to three pion production cross sec-
tion at low energy come from the ω(782) and φ(1020) reso-
nances. It is well known that the interference between these
resonances are destructive [13]. For many years in the energy
region above 1 GeV the experimental data was not so precise
[10, 23]. The last SND measurement [24] shows that there
is a visible peak in the cross section at 1.25 GeV (Figure 2).
After applying the radiative corrections and the detection effi-
ciencies the total cross section was obtained in which the clear
resonance signal is seen. Taking into account the data below
1 GeV and the DM2 data [23] the set of fits were performed
[24]. The best fit (Figure 3) requires contributions of ω, φ,
ω(1200), and ω(1650) with the relative phases (+), (−), (−),
(+).
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Figure 1: The e+e− → π+π− cross section.

2.3. e+e− → π+π−π+π− cross section

The four charged pion production was studied by many
groups [2]. The most detailed investigation have been reported
by CMD-2 [25]. In this work the PWA analysis have been per-
formed and it was shown that the a1(1260)π intermediate state
dominates in the energy region below 1.4 GeV. The SND re-
sults [26] confirm the CMD-2 data (Figure 4).
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Figure 2: Visible cross section of the reaction e+e− → π+π−π0.
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Figure 3: The e+e− → π+π−π0 cross section.
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Figure 4: The e+e− → π+π−π+π− cross section with the recent
VEPP-2M data [26].

2.4. e+e− → π+π−π0π0 cross section

Using the PWA analysis of the reaction e+e− →
π+π−π0π0 CMD-2 obtained [25] that a1(1260)π and ωπ0

intermediate states dominate in the reactions mechanism (Fig-
sure 5, 6). The recent SND data [26] are in agreement with
the CMD-2 results within the systematic uncertainty of the
experiments (Fig.7).

2.5. e+e− → π+π−π+π−π0 cross section

The five pions production cross section have been stud-
ied by CMD-2 [27] and DM2 [23]. It was shown that tree
diagrams (Figures 8, 9) dominate in these reactions. In the
ωπ+π− cross section, the clear peak of the ω(1650) is seen
and probably some contribution of the ω(1200) exists. In the
ηπ+π− reaction the clear peak of ρ(1450) determines the
cross section shape but some contribution of ρ(1700) is not
excluded.
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Figure 5: The invariant mass of π+π−π0 in the reaction
e+e− → π+π−π0π0 [25].

2.6. e+e− → ωπ0 cross section

The main reaction channel e+e− → ωπ0 → π+π−π0π0 is
seen in the four pion final state but less systematic uncertainty
in the cross section measurement was achieved by SND using
the e+e− → ωπ0 → π0π0γ reaction [28]. Combining SND
data with the data of DM2 [29] and CLEOII [30] the fit of the
cross section was performed (Figure 12). Note, that there is a
systematic bias between the DM2 and CLEOII data, which can
be connected with a normalisation problem or with the bias in
the energy scale.

2.7. e+e− → ηγ cross section

The first indication of a radiative decay of radial excitations
of light vector mesons was found out by CMD-2 [31]. Two
events of the reaction e+e− → ηγ were identified. The esti-
mated production cross section is in agreement with the data of
CMD-2 [27] and DM2 [32] for the reaction e+e− → ηπ+π−.

2.8. e+e− → KSKL, K+K− cross sections

The preliminary SND results on the cross section e+e− →
KSKL [13, 33] together with the DM1 data [34] can be suc-
cessfully fitted if the contributions of the ρ, ω, φ, and φ(1680)

resonances are taken into account (Figure 13). The data on the
reaction e+e− → K+K− [8, 35] are in agreement with a such
model.
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Figure 6: The two pions invariant mass in the reaction
e+e− → π+π−π0π0 [25].

Energy, MeV

C
ro

ss
-s

ec
ti

on
, n

b

   SND (this work)
   CMD-2
   ND
   OLYA
   DM2

0

5

10

15

20

25

30

35

40

45

900 1000 1100 1200 1300 1400 1500 1600

Figure 7: The e+e− → π+π−π0π0 cross section with the recent
VEPP-2M data [26].

2.9. e+e− → KKπ cross sections

The PWA analysis of the e+e− → KKπ reaction have been
performed by DM2 [36]. It was shown that isoscalar process
φ(1680) → K∗K → KSK±π0 dominates. The cross section
e+e− → K+K−π0 is small. The 1.45 GeV vector state
observed in the hadron production [37] is not confirmed in the
e+e− production at VEPP-2M [33, 38].

3. THE LIGHT VECTOR MESON SPECTRUM

The classification (Table I) of the light vector mesons pro-
posed by PDG [2] cannot be accepted without a serious dis-
cussion. Some resonances included in the table are not well
established. On the contrary, the data on ρ(1250) and ω(1200)
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Table I The classification of vector mesons by PDG’00.
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Figure 11: The e+e− → ηπ+π− cross section.

are ignored. The difficulty of the existing data analysis con-
nect with the low statistical accuracy of the data above 1.4 GeV.
Moreover the model uncertainty of resonances mass and width
may exceed 200 MeV [18]. The quality of the experimental
data is demonstrated in Table II and the following conclusions
can be done after review of the current data:

• ρ(1250) is ignored by PDG but as pointed out by
D. Peaslee [39] there are several old and new experi-
ments (OMEGA [40], LASS [41], OBELIX [42, 43]) in
which some evidences for the ρ(1250) were obtained.

• ω(1200) is identified by π+π−π0 cross section [24].

• ρ(1450) is identified by π+π−π+π− and ηπ+π− pro-
duction in e+e− and in pp experiments.
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Figure 12: The e+e− → ωπ0 cross section.



78 e+e− Physics at Intermediate Energies Workshop

Table II The level of experimental significance of the vector mesons in selected reactions: + - well established states, * - not well established
states.

ρ(1250) ω(1200) ρ(1450) ω(1420) ρ(1700) ω(1650) φ(1680) ρ(2150)

e+e− → π+π− * * + *

e+e− → π+π−π0 + * * *

e+e− → 4π + +

e+e− → ωπ0 * +

e+e− → ωπ+π− * * + *

e+e− → ηπ+π− + *

e+e− → ηγ *

e+e− → KSKL * +

e+e− → K+K− * * * +

e+e− → K∗K * +

e+e− → K+K−π0 *

π−p → ωπ0n +

π−p → φπ0n *

pp, pn → hadrons * * +

γp → hadrons * +

10
-3

10
-2

10
-1

1

10

10 2

10 3

1 1.2 1.4 1.6 1.8 2 2.2

Center of mass energy, GeV

C
ro

ss
 s

ec
ti

on
, n

b

● --- CMD-2
■ --- SND
▲ --- DM1

Figure 13: The e+e− → KSKL cross section.

• ω(1420) has no solid ground.

• ρ(1700) is seen in the e+e− production in π+π−, ωπ0,
andπ+π−π0π0 final states. It is identified in the gamma
production [2] and in the pp production [44, 45].

• ω(1650) is identified by ωπ+π− cross section [23].

• φ(1680) is identified by the K∗K cross section [36].

• ρ(2150) is identified in the hadron production of ωπ0

by GAMS [46].

4. PROSPECTS FOR PEP-N

There are a set of questions which must be answered to clear
the situation with excited states of the light vector mesons:

• Do ρ(1250) exist? What is the nature of this object? Is
it 23S1 qq state or is it lowest 4-quark vector state?

• Do ω(1200) is 23S1 qq state or it is lowest 4-quark vector
state?

• Do ω(1420) exist?

• ρ(1700), ω(1650), and φ(1680) have practically the
same mass. They have to have common decay chan-
nels, so its real inputs are hidden in cross section shapes
because of the interference. Are there three resonances
ρ(1700), ω(1650), and φ(1680) or are there only two?

• Do other light quarks states exist?

The adequate e+e− collider for such a study is PEP-N. The
experiment at PEP-N is able to provide a good efficiency and
particle identification for hadron and radiative transitions be-
tween different states in the energy region 1 − 3 GeV . The
other methods using existing facilities are not able to solve
all problems of the spectroscopy of the light vector mesons
because of the following problems:

• Below 3 GeV the luminosity of existing e+e− colliders
fall down. The designed maximum energy of the VEPP-
2000 [47] is 2 GeV.

• Using the hadronic τ decays is not possible to establish
the spectrum of vector mesons above 1.3 GeV because
of kinematics.
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• The Initial State Radiation method [48, 49] is a very ef-
fective method to demonstrate the cross section shape
and to tag the most interesting phenomena, but the pre-
cision of this method is not known and some theoretical
and experimental limits can be foreseen.

• The previous experience shows us that experiments for
the hadron production, γ -production, and pp produc-
tion cannot substitute precise e+e− experiments for the
vector meson spectroscopy.

5. CONCLUSIONS

• The knowledge of the vector meson spectroscopy is in-
complete.

• The heavy quarkonium spectra are known much better
than the spectrum of the light vector mesons.

• It is required to measure a complete set of hadron pro-
duction cross sections in the energy region 1 − 3 GeV

with the integrated luminosity about 200 pb−1.

• This luminosity investment will provide an opportunity
to study as traditional and exotic states, hadronic and
radiative transitions.

• The two new e+e− projects VEPP-2000 [47] at Novosi-
birsk and PEP-N at SLAC intend to bring a light on the
light vector meson spectroscopy. These two projects
are complimentary in many aspects, so the realisation of
both is very well required.
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Study of e+e− Collisions in the 1.5–3 GEV C.M. Energy Region
Using ISR at BABAR

E.P. Solodov
Budker Institute of Nuclear Physics, Novosibirsk
for the Collaboration

A preliminary analysis of low-energy e+e− collision data produced via initial state radiation (ISR) has been performed using 22f b−1 of
BaBar data. The selection of data samples corresponding to the µ+µ−, π+π−,K+K−, pp̄,K+K−π0, 3π , 4π , 5π , 6π , 7π final states
accompanied by the emitted ISR hard photon has been demonstrated. The invariant mass of the hadronic final state defines the effective
collision c.m. energy, and so BaBar ISR data can be compared to the relevant direct e+e− measurements. The resulting distributions
are already competitive with DCI and ADONE data in the 1.4–3.0 GeV energy range. In particular, they do not suffer from the relative
normalization uncertainties observed for certain reactions when results from different experiments are combined. Eventually, such data
may be used to measure the energy dependence of R, the ratio of the e+e− → hadrons and e+e− → µ+µ− cross sections, in the
low-energy regime where precise measurements will have an impact on the interpretation of the new (g − 2)µ measurements.

1. INTRODUCTION

The possibility of using the initial state radiation (ISR) of
hard photons at B-factories to study hadronic final state pro-
duction in e+e− collisions at lower c.m. energies has been
discussed previously [1, 2]. Preliminary studies of some par-
ticular ISR processes have been performed with BaBar data
[3, 4]. This paper reports preliminary results from a relatively
simple pilot analysis of exclusive hadronic final states accom-
panied by a hard (1–9 GeV) photon assumed to result from
ISR. Events corresponding to e+e− → µ+µ−γ are selected
also, since these enable the normalization of the hadronic cross
section measurements. ISR photons are produced at all angles
relative to the collision axis, and it has been shown [1] that the
BaBar acceptance for such photons is around 10–15%. The
analysis samples are selected from 22f b−1 of BaBar ϒ(4S)
and continuum data collected in 1999–2000.

The ISR cross section for a particular final state f , with
e+e− cross section σf (s), is obtained, to first order, from:

dσ(s, x)

dx
= W(s, x) · σf (s(1 − x)),

where x = (2Eγ )/
√
s; Eγ is the energy of the ISR photon in

the nominal c.m. frame, and
√
s is the nominal c.m. energy.

The function

W(s, x) = β · ((1 + δ) · x(β−1) − 1 + x

2
)

describes the energy spectrum of the ISR photons;

β = 2α

πx
· (2ln

√
s

me
− 1),

and δ takes into account vertex and self-energy corrections. At
the ϒ(4S) energy, β = 0.088 and δ = 0.067.

For a hadronic final state, f , the normalized cross section
at c.m. energy squared s′, σf (s′), is obtained by relating
the observed number of events in an interval ds′ centered at
s′, dNfγ , to the corresponding number of radiative dimuon
events, dNµµγ , by means of

σf (s
′) = dNfγ · εµµ · (1 + δ

µµ
rad )

dNµµγ · εf · (1 + δ
f
rad)

· σe+e−→µ+µ−(s′),

where s′ = s(1−x); εµµ and εf are detection efficiencies, and

1+δµµrad , 1+δfrad are final state radiative correction factors. The
radiative corrections to the initial state, acceptance for the ISR
photon, and virtual photon properties are the same for µ+µ−
and f , and cancel in the ratio.

2. µ+µ−γ FINAL STATE AND EFFECTIVE LUMINOSITY

BaBar provides excellent particle identification (PID) in-
formation, and this permits the selection of two-prong events
containing a hard photon, for which at least one of the charged
tracks is well-identified as a muon.

Figure 1 shows the µ+µ− invariant mass distributions for
these events when at least one track is muon-identified (upper
histogram), and when both tracks are muon-identified (lower
histogram). In the upper distribution, the peak at 0.8 GeV is
due to e+e− → ργ → π+π−γ ; it disappears almost entirely
when the second track also is identified as a muon. A sharp
peak due to J/ψ decay to µ+µ− is present in both distribu-
tions.

Figure 2 is a close-up view of Figure 1 in the J/ψ region.
A fit using a Gaussian line-shape and linear background gives
∼ 2000 events from J/ψ decay, and there is a small signal due
to ψ(2S) decay at ∼ 3.7 GeV.
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Figure 1: The µ+µ− invariant mass distribution for two-prong
events with a hard photon, when one track is identified as a muon
(upper histogram), and when both tracks are muon-identified (lower
histogram).
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Figure 2: Figure 1 in the J/ψ region.

Theµ+µ−γ events can be used to normalize ISR production
of hadronic final states. The invariant mass of the muon pair
defines the effective collision energy, that is, the c.m. energy
of the virtual photon. The energy dependence of the integrated
luminosity, dL, for the interval dEγ ∗ centered at virtual photon
energy Eγ ∗ is then obtained from

dL(Eγ ∗) = dNµµγ (Eγ ∗)

εµµ · (1 + δ
µµ
rad ) · σe+e−→µ+µ−(Eγ ∗)

,

Eγ ∗ = m
µµ
inv

10

10 2

10 3

0 2 4 6

Mµ+µ- (Ec.m.), GeV

V
is

ib
le

 lu
m

in
os

ity
 n

b-1
/0

.1
 G

eV

BABAR

Figure 3: The visible (detected) integrated luminosity per 0.1 GeV
for ISR at BaBar with no correction for acceptance and final state
radiation when at least one track is muon-identified (upper
distribution), and when both tracks are muon-identified (lower
distribution).

where dNµµγ is the number of dimuon events observed in
this interval. Figure 3 shows the energy dependence of the
visible (that is, not corrected for acceptance and final state
radiation) luminosity integrated over 0.1 GeV intervals. The
upper distribution is obtained when at least one final state track
is identified as a muon, while the lower requires both tracks to
be muon-identified.

An advantage deriving from the use of ISR is that the en-
tire range of effective collision energy is scanned in one ex-
periment. This avoids the relative normalization uncertainties
which can arise when data from different experiments are com-
bined. The present BaBar data are equivalent to an e+e− ma-
chine scan in 0.1 GeV steps with a luminosity integral per point
varying from ∼ 100 nb−1 at 1 GeV to ∼ 1 pb−1 at 5 GeV c.m.
energy. A disadvantage is that invariant mass resolution limits
the width of the narrowest structure which can be measured
via ISR production. The resolution can be monitored directly
using the width of the J/ψ signal; by using a kinematic fit, a
value of ∼ 8 MeV can be achieved for µ+µ− events.

3. TWO HADRON FINAL STATES

3.1. π+π−γ selection

The general selection criteria are the same for π+π−γ and
for µ+µ−γ events. However, π+π− selection requires that
neither final state charged track be identified as a muon, kaon
or proton (charge conjugation is implied throughout this pa-
per, whenever relevant). The ρ peak dominates the resulting
dipion invariant mass distribution, but for mass greater than
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Figure 4: The uncorrected π+π− invariant mass distribution for
π+π−γ events from BaBar (top), compared to pion form factor
measurements from VEPP-2M and DCI (bottom).

2.0–2.5 GeV, dimuon feedthrough is the main contribution to
the spectrum.

Assuming the dipion contribution above 3.5 GeV to be neg-
ligible compared to that from dimuon background, the mass
distribution of Figure 1 can be normalized to this region and
used in a background subtraction over the entire mass range.

The resulting distribution is compared in Figure 4 (top) to
data on the pion form factor (bottom) [7]. The agreement is
very encouraging. The insets show the ρ − ω interference
region. The form factor data show clear evidence of e.m. mix-
ing, and although there is evidence of similar behavior in the
data from BaBar, it is less sharply defined as a consequence of
the poorer mass resolution (∼ 13 MeV at the ρ meson peak).
Nevertheless, the effect appears to be present.
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Figure 5: The uncorrected K+K− invariant mass distribution for
K+K−γ events from BaBar (top), compared to K+K− cross
section measurements from VEPP-2M and DCI (bottom).

3.2. K+K−γ selection

The requirement that at least one final state track be identi-
fied as a kaon, and that neither be identified as a muon, pion or
proton, leads to a rather clean sample ofK+K−γ events. The
resulting K+K− invariant mass distribution is shown in Fig-
ure 5 (top) in comparison to the corresponding cross section
measurements from VEPP-2M and DCI (bottom). Both distri-
butions show a clear φ peak. The upper BaBar data points are
obtained by requiring that at least one kaon be identified, while
the lower require that both be identified. The structure at ∼ 1.2
GeV in the upper distribution is due to feedthrough from the
ρ; it is almost entirely suppressed in the lower distribution, in-
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dicating the effectiveness of the kaon identification procedure.
The lower spectrum agrees quite well with the cross section
data (bottom), and it will be of interest to learn whether or not
the peaks in the BaBar data at ∼ 1.6 GeV and ∼ 2.0 GeV,
which are less clear in the cross section data, are real.
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Figure 6: The γ γ invariant mass distribution for π+π−γ γ events
(left); the combinations in the π0 region were used to construct the
three pion invariant mass distribution shown in the right-hand figure.

4. π+π−π0 AND π+π−η FINAL STATES

For events with several photons, the most energetic with
energy greater than 1.0 GeV is interpreted as an ISR candidate.
The remaining photons having energy greater than 100 MeV
are then used in a π0 and/or η search.

Two-prong events, with both tracks identified as pions, were
required to have three photons in addition to the ISR candidate.
The invariant mass distribution for the two softest photons from
such events is shown in Figure 6 (left). Peaks are observed at
the π0 and η mass positions. Defining a π0 candidate by
|mγγ −mπ0 | < 40 MeV, the three pion invariant mass distri-
bution is as shown in the right-hand plot. Clear peaks due to
the ω, φ and J/ψ mesons are observed, indicating that data
samples corresponding to the ISR production of these states
with subsequent three-pion decay can be readily selected.

5. FOUR PION FINAL STATES

5.1. π+π−π+π− final state

A relatively clean sample of four-pion candidate events is
selected by requiring that, in addition to the ISR candidate
photon, there be four charged tracks, none of which is iden-
tified as a kaon or proton. Figure 7 shows the mass distribu-
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Figure 7: The invariant mass distribution for four-prong ISR events
from BaBar when no track is identified as a kaon or proton (upper
histogram), and when in addition no track is identified as a muon
(lower histogram).

tion for the four charged tracks from such events (upper his-
togram). There is a narrow peak at the ψ(2S) due to the decay
ψ(2S) → π+π−J/ψ with J/ψ → µ+µ−; this is removed
by the additional requirement that no track be identified as a
muon (lower histogram).
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Figure 8: The two photon invariant mass distribution from
π+π−4γ ISR events (left) and the four pion invariant mass
distribution obtained when two distinct photon combinations are in
the π0 mass region.
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5.2. π+π−π0π0 final state

This final state is selected by requiring that two charged
tracks and five photons be produced. The most energetic pho-
ton is assumed to be due to ISR, and the mass distribution for
all possible pair combinations of the other four is shown in
Figure 8 (left). Peaks due to π0 and η production are seen.
The requirement that two distinct combinations be in the π0

mass range yields the four-pion mass distribution shown in
the right-hand plot. It is very similar to that obtained for four
charged pions.

The BaBar data can be compared to existing e+e− cross
section measurements for four-pion final states. Figure 9
compares four-charged-pion cross section measurements from
e+e− colliders (top) to the corresponding BaBar ISR data. A
similar comparison is made in Figure 10 for π+π−π0π0 data.
In general, the ISR data and the cross section data seem to agree
in shape, but it is clear that the former suffer much less from
the relative normalization uncertainties present in the latter.

5.3. Combined Analysis

For a multi-pion final state, it is important to understand the
mass structure present in the contributing multi-pion subsys-
tems, both from the standpoint of spectroscopy, and for the
understanding of acceptance effects. In this regard, it is very
useful to have information available for different isotopic spin
configurations. This has been demonstrated in a four-pion
analysis performed by the CMD-2 group [9], which was re-
cently confirmed by CLEO using τ decays [10]. Both analyses
demonstrate a1(1260)π dominance in four-pion production.

Further confirmation, and in fact more detailed study (be-
cause the phase space is not limited), can be obtained from
ISR production of four-pion final states. For example, Fig-
ure 11 shows the three-pion mass distributions resulting from
the ISR production of π+π−π+π− and π+π−π0π0 events
in the BaBar data. It is clear that an intermediate ωπ0 state
contributes to π+π−π0π0, and that both final states exhibit a
broad peak which may be due to the a1(1260) resonance.

6. HIGHER MULTIPLICITY FINAL STATES

The good resolution and PID characteristics of the BaBar
detector permit ready selection and study of even higher mul-
tiplicity final states produced exclusively (that is, with no
undetected final state particles) via ISR. For example, data
samples for the hadronic states K+K−π+π−, 2(π+π−)π0,
6π(charged), 2(π+π−π0) and 3(π+π−)π0 have been se-
lected, and already contain a few thousand events each. Nor-
malization to µ+µ−γ will enable cross section measurements
for these processes in the 1–5 GeV c.m. energy range. These
final states have not been studied at e+e− colliders, and so new
information on meson spectroscopy etc. is already contained
in the present BaBar data sample, with the prospect of a factor
of ten increase in statistics over the next few years.
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Figure 9: The c.m. energy dependence of the π+π−π+π− cross
section measured in e+e− experiments (top) compared to the
corresponding uncorrected mass distribution from BaBar ISR data
(bottom).

7. SUMMARY

• The good resolution and PID capabilities of the
BaBar detector permit the identification and measure-
ment of a broad range of final states produced at low
effective c.m. energy via ISR during data-taking in the
ϒ(4S) energy region.

• Specifically, the observation of low mass 1−− reso-
nances has been demonstrated, and it appears that a
great deal of additional information about meson spec-
troscopy can be extracted from the data.
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Figure 10: The c.m. energy dependence of the π+π−π0π0 cross
section measured in e+e− experiments (top) compared to the
corresponding uncorrected mass distribution from BaBar ISR data
(bottom).

• The present BaBar data in the 1.4–3.0 GeV mass range
are already comparable in quality and precision to direct
measurements from the DCI andADONE machines, and
do not suffer from the relative normalization uncertain-
ties which seem to exist for certain final states.

• If luminosity and efficiency can be understood with 2–
3% accuracy, ISR production with the BaBar detector
should yield useful measurements of R, the ratio of the
hadronic and dimuon cross section values, in the low-
energy regime of e+e− collisions.
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Figure 11: Three pion mass distributions for the π+π−π0π0 and
π+π−π+π− final states produced via ISR.
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An understanding of the confinement mechanism in QCD requires a detailed mapping of the spectrum of hybrid mesons. Understanding
confinement means understanding the role of gluons and it is in hybrid mesons that the gluonic degrees of freedom are manifest. High
statistics searches for such states with π and p beams have resulted in some tantalizing signals. There is good reason to expect beams of
photons to yield hybrid mesons with JPC quantum numbers not possible within the conventional picture of mesons as qq̄ bound states.
Meager data currently exist on the photoproduction of light quark mesons. At Jefferson Lab in Newport News, VA plans are underway to
upgrade the energy of the electron accelerator to 12 GeV. Along with this energy upgrade, a hermetic detector housed in new experimental
hall (Hall D) will be used to collect data on photoproduced mesons with unprecedented statistics [1, 2]. With 12 GeV electrons, a 9-GeV
linearly polarized photon beam will be produced using the coherent bremsstrahlung technique.

1. QCD AND EXOTIC HYBRID MESONS

1.1. Overview

In the early 1970s Nambu postulated that quarks inside
mesons are tied together by ‘strings’ in order to explain the
increase of meson mass with internal angular momentum. We
know now that quantum chromodynamics (QCD) describes
the strong interaction between quarks. Modern lattice gauge
theory (LGT) calculations show that indeed a string-like chro-
moelectric flux tube forms between distant static charges, as
shown in Figure 1. So Nambu’s conjecture was essentially
correct. This flux tube leads to quark confinement and to a po-
tential energy between the quarks that increases linearly with
the distance between them. Infinite energy is needed to sepa-
rate the quarks to infinity.

The ideal experimental test of this feature of QCD would be
to directly study the flux tube in a meson by anchoring a quark
and antiquark several fermis apart and examining the flux tube
that forms between them. By plucking the string one would
observe two degenerate first excited states. These are the two
longest wavelength vibrational modes of this system; π/r is
their excitation energy since both the mass and the tension of
this “relativistic string” arise from the energy stored in its color
force fields. The spectrum is shown in Figure 2. Such a direct
examination of the flux tube is of course not possible. In real
life we have to be content with systems in which the quarks
move. Fortunately, we know both from general principles and
from lattice QCD that an approximation to the dynamics of
the full system which ignores the impact of these two forms of
motion on each other works quite well—at least down to the
charm quark mass.

To extend the flux tube picture to yet lighter quarks, models
are required, but the most important properties of this system
are determined by the model-independent features described
above. In particular, in a region around 2 GeV/c2 (correspond-

r

q q 

Figure 1: A flux tube forms between two static quarks.

π/r

ground state

transverse phonon modes

Figure 2: The spectrum of the flux tube of Figure 1.

ing to the excitation energy of π/r), a new form of hadronic
matter must exist in which the gluonic degree of freedom of
mesons is excited. We refer to these mesons as gluonic ex-
citations. The smoking gun characteristic of these new states
is that the vibrational quantum numbers of the string, when
added to those of the quarks, can produce a total angular mo-
mentum J , a total parity P , and a total charge conjugation C

not allowed for ordinary qq̄ states. These unusual JPC com-
binations, like 0+−, 1−+, and 2+−, are called exotic, and the
states are referred to as exotic hybrid mesons. It is important to
note that in the light quark sector hybrid mesons should form
nonets just as conventional qq̄ mesons (flux tube in the ground
state) are arranged in nonets. Within the nonets we expect to
find strange and non-strange mesons as well as isoscalar and
isovector mesons. The unique feature of the hybrids is that
exotic quantum numbers are possible. The non-exotic hybrids
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Figure 3: The proposed detector for the hybrid search at Jefferson
Lab.

may mix with conventional qq̄ making identification difficult.
Establishing the hybrid nonets will depend on starting with
nonets whose quantum numbers are exotic.

1.2. Photoproduction of hybrids

Photon beams are expected to be particularly favorable for
the production of exotic hybrids. The reason is that the photon
sometimes behaves as a virtual vector meson (a qq̄ state with
the quark spins parallel, adding up to total quark spin S = 1).
When the flux tube in this S = 1 system is excited to its first
levels both ordinary and exotic JPC are possible. In contrast,
when the spins are antiparallel (S = 0), as in pion or kaon
probes, the exotic combinations are not generated. To date,
almost all meson spectroscopy in the light quark sector has
been done with incident pion, kaon or proton probes or in pp̄

annihilations. High flux photon beams of sufficient quality
and energy have not been available, so there are virtually no
data on the photoproduction of mesons with masses below 3
GeV/c2. Thus, up to now, experimenters have not been able to
search for exotic hybrids precisely where one might expect to
find them.

1.3. Evidence for gluonic excitations

There are some tantalizing hints that gluonic excitations
have been observed experimentally. Two exotic states, each
with JPC = 1−+, have been reported by the E852 collabora-
tion at Brookhaven Laboratory and confirmed in independent
experiments. The first state reported has a mass of 1.4 GeV/c2

and decays into ηπ− [3]. The interpretation of the data lead-
ing to this conclusion is not without controversy. The second
state reported is perhaps on firmer ground and has a mass of
1.6 GeV/c2 and decays into ρ0π− [4]. In both cases the ex-
otic signal is several percent of the more dominant signals
observed in the two modes. For example in the ηπ− channel,
the dominant signal is the a2(1320) and in the ρ0π− channel
the dominant signals are the a1(1260), a2(1320), π2(1670).

The presence of the exotic signal is not at all evident by a sim-
ple examination of the ηπ− or ρ0π− effective mass spectrum.
A partial wave analysis (PWA) must be performed. Such an
analysis involves a decomposition of the mass spectrum into
partial waves. The identification of a resonant wave depends
on both the line shape (amplitude) and the phase motion (in-
terference of a particular wave with other waves) as a function
of mass. Application of the PWA technique to identify small
signals puts stringent requirements on the detector. Exclusive
events must be kinematically identified implying the need for
a hermetic detector with excellent resolution and particle iden-
tification capability. With incident photons, maximum PWA
information comes from using linearly polarized photons.

2. MAPPING OUT THE HYBRIDS

2.1. Detector

Figure 3 shows a schematic layout of a hermetic detector to
study the photoproduction of mesons [5]. A photon beam im-
pinges on a 30-cm liquid hydrogen target that is located within
a large superconducting solenoidal magnet. The target is sur-
rounded by cylindrical array of scintillator strips and scintil-
lating fibers within an outer array of straw tube drift chambers.
All that is surrounded by a circular (barrel) calorimeter. Within
the solenoid and downstream of the target are planar tracking
chambers. Downstream of the solenoid is an atmospheric gas
Cerenkov counter followed by a time-of-flight wall and then
an array of lead glass that forms an electromagnetic calorime-
ter. The solenoidal magnet geometry is ideally suited for a
high-flux photon beam. The electromagnetic charge particle
background (electron–positron pairs) from interactions in the
target is contained within the beam pipe by the axial field of
the magnet. The solenoid already exists and will be transferred
to Jefferson Lab. The lead glass array was used for E852 and
is now at Jefferson Lab.

2.2. Photon Beam

The photon beam will be produced using the coherent
bremsstrahlung technique. At special settings for the orien-
tation of the crystal, the atoms of the crystal can be made to
recoil together from the radiating electron leading to an en-
hanced emission at particular photon energies and yielding
linearly polarized photons. The plot of Figure 4 shows the
expected flux (in arbitrary units) of bremsstrahlung photons
as a function of photon energy for an electron energy of 12
GeV. The radiator is a 20 micron-thick diamond crystal wafer.
The top curve shows the energy spectrum that is a combina-
tion of incoherent radiation with its characteristic 1/Eγ fall-off
(where Eγ is the photon energy) and coherent radiation giving
rise to an enhancement of flux at certain energies. The posi-
tion of coherent peaks changes as one adjusts the angle of the
crystal planes with respect to the electron direction. Moreover
there is a correlation of the angle of the emitted photon with
energy. This correlation can be exploited using collimation
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Figure 4: The flux of photons from a diamond crystal wafer with 12
GeV electrons, before and after collimation. The degree of linear
polarization in the tagged region is 40 percent.

to reduce the incoherent background. The plot shows the re-
sulting spectrum after collimation for a crystal orientation to
produce a primary peak at 9 GeV. The average degree of linear
polarization in the peak is 40 percent. In addition the photons
emitted in a 0.5-GeV-wide window will be tagged using a fo-
cal plane spectrometer. The energy resolution of the photon
tagger is 0.1 percent.

The optimal photon energy is set by several considerations.
The experiment is designed to concentrate on the meson mass
range from 1.0 GeV/c2 up to about 2.7 GeV/c2, the region
where light quark hybrids are expected to exist. Incident pho-
ton energies of 9 GeV are sufficient to access this mass range.
Photons of this energy will produce final state particles whose
momenta and energies can be measured with sufficient accu-
racy with the proposed solenoidal detector. In particular, the
charged particle momenta are low enough so there is no need
for an additional dipole magnet that would compromise ac-
ceptance. The degree of linear polarization of photons in the
coherent peak decreases as the position of the primary peak
approaches the electron energy. Starting with electrons whose
energy is 12 GeV, the optimal photon energy for this study is
9 GeV.

The quality of the electron beams at the CEBAF accelera-
tor at Jefferson Lab make possible the photon beams needed
to carry out the search in this proposed project. The electron
beam spot size and emittance allow one to use diamond wafers
and collimation. The high duty factor (essentially unity) im-
plies high rate capability. The search for the hybrid spectrum
becomes feasible with all these advances.

2.3. Performance of the detector

The performance of the detector and the flux and linear po-
larization of the photon beam determine the level of sensitivity
for mapping the hybrid spectrum. A double-blind exercise was
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Figure 5: Results of a Monte Carlo exercise to demonstrate the
performance of the detector and beam for the exotics search. The
smooth curve corresponds to the input signal and the points and
error bars correspond to the results after a PWA fit. Details are given
in the text.

carried out in which an exotic signal, a JPC = 1−+ state with
mass 1.6 GeV/cc decaying into ρπ , was generated along a mix
of three well-established non-exotic states also decaying into
ρπ . These non-exotic states have masses of 1.2, 1.3 and 1.7
GeV/c2. In this exercise the exotic signal was generated at the
level of 2.5% of the total sample—comparable to the mix ob-
served in the E852 experiment. The momenta of the particles
resulting from the decays of this mix were smeared according
to the expected resolution of the detector. The experimental
acceptance was also applied. The resulting dataset was passed
through the PWA software. The plot of Figure 5 shows the in-
put exotic wave (the smooth curve) with a mass of 1.6 GeV/c2

and a width of 0.170 GeV/c2.
The results of the PWA fit in finite bins in mass are shown

as points with error bars. The resulting fit to a Breit-Wigner
resonance form yields a mass of 1.598 ± 0.003 GeV/c2 and
a width of 0.173 ± 0.011 GeV/c2. The error bars shown in
the plot correspond to statistics expected for several days of
running. The establishment of the hybrid spectrum will involve
a PWA for a wide variety of decay modes, of which ρπ is one of
the more straight-forward modes. PWA fits will also be done as
a function of momentum transfer-squared from incident photon
to outgoing meson to establish the production characteristics
as well.

2.4. Energy upgrade of CEBAF

The CEBAF electron accelerator at Jefferson Lab employs
superconducting radiofrequency (SRF) technology and its suc-
cess makes possible the relatively simple and inexpensive dou-
bling of its top energy to 12 GeV. Figure 6 shows the layout of
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Figure 6: The configuration for the proposed 12 GeV upgrade of the
CEBAF accelerator.

the CEBAF accelerator and the configuration of the proposed
12 GeV upgrade [6].

Each of the two linear accelerating sections currently has
an empty space that can accommodate five additional SRF
cryomodules. Each of these new cryomodules has 7 cells and
fits in the same space as the older 5-cell modules. A trivial
modification of the bending magnets in the recirculating arcs
will accommodate the higher energies. An additional arc will
allow for one more pass through an accelerating section before
the electrons are delivered to Hall D.

3. CONCLUSIONS

The design of the Hall D project is being carried out by the
Hall D collaboration that currently consists of about 90 physi-

cists from 25 institutions. The overall technique and design of
the detector have successfully passed several reviews. Current
plans call for a construction start for the upgrade and the Hall
D project in 2004 with first physics in 2007. Data on the hybrid
spectrum are essential for an understanding of confinement in
QCD. The Hall D project makes use of recent developments
in beam and detector technology to definitively map out the
hybrid spectrum.
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The current situation for vector meson spectroscopy is outlined, and it is shown that the data are inconsistent with the generally-accepted
model for meson decay. A possible resolution in terms of exotic (hybrid) mesons is given. Although this hypothesis resolves some of the
issues, fresh theoretical questions are raised. It is argued that high-precision e+e− annihilation data provide an excellent laboratory for
studying many aspects of nonperturbative QCD.

1. THE PROBLEM

It is now 15 years since it was first suggested [1, 2] that
the ρ′(1600), as it was then known, is in fact a composite
structure, consisting of at least two states: the ρ(1450) and
ρ(1700). Their existence, and that of their isoscalar counter-
parts, the ω(1420) and ω(1650), and of an associated hidden-
strangeness state, the φ(1680), is now well established [3].
The key data in determining the existence of the two isovector
states were e+e− → π+π− [4] and e+e− → ωπ [5]. These
original data sets have subsequently been augmented by data on
the corresponding charged channels in τ decay [6–9], to which
they are related by CVC. These new data confirm the earlier
conclusions. The data on e+e− → π+π−π+π− [10, 11] and
e+e− → π+π−π0π0 [10, 12] (excluding ωπ ) and the cor-
responding charged channels in τ decay [7, 8] are consistent
with the two-resonance interpretation [13, 14], although they
do not provide such good discrimination. Itwas also found
that the e+e− → ηπ+π− cross section is better fitted with
two interfering resonances than with a single state [15]. Inde-
pendent evidence for two JP = 1− states is provided in a high
statistics study of the ηππ system in π−p charge exchange
[16]. Decisive evidence for both the ρ(1450) and ρ(1700) in
their 2π and 4π decays has come from the study of p̄p and p̄n

annihilation [17]. The data initially available for the study of
the ω(1420) and ω(1600) were e+e− → π+π−π0 [11, 18]
(which is dominated by ρπ ) and e+e− → ωπ+π− [18]. The
latter cross section shows a clear peak which is apparently
dominated by the ω(1600). The former cross section is more
sensitive to the ω(1420). More recent and more precise data
[19] on e+e− → π+π−π0 below 1.4 GeV confirm [14] the
ω(1420).

However, although there is general consensus on the ex-
istence of these states, there is considerable disparity on the
masses and widths of these resonances. Information on the
vector states comes principally from e+e− annihilation and τ

decay, but there are problems with much of the data:

• inconsistencies, even in recent high-statistics data

• restricted energy ranges, e.g. Novosibirsk and CLEO

• poor statistics in some channels and missing channels

• inadequate knowledge of multiparticle final states

•
∑

σexclusive > σinclusive

In fact the only channel with really consistent data sets over
a wide energy range is the ππ channel, although even that
runs out of statistics at the upper end of the energy range. The
comparatively low statistics of the older data, the restricted
energy range of the newer data with higher statistics, and per-
sisting inconsistencies in data from different experiments rule
out precision fits.

There are also theoretical uncertainties which affect the anal-
ysis of e+e− annihilation and τ decay, and which present data
are insufficiently precise to resolve. Firstly there is the “tail-
of-the-ρ” problem. In some channels, most notably ππ and
πω, there is strong interference between the high-energy tail
of the ρ and the higher-mass resonances. The magnitude and
shape of this tail are not known with any precision. They can
only be specified in models and strictly should be part of the
parametrisation. Different models yield different results for
the masses and widths of the resonances. A related problem is
the question of the relative phases. These can be specified in
simple models, but we know that these models are not precise
and leaving the phases as free parameters has a major effect.

Thus only the qualitative features emerge, and apparent pre-
cision is in reality the result of implicit, or explicit, theoretical
assumptions.

Despite these difficulties, the existence of the higher-mass
states is not in doubt, and a natural explanation for them is
that they are the first radial, 23S1, and first orbital, 13D1, ex-
citations of the ρ and ω and the first radial excitation of the
φ, as the generally-accepted masses [3] are close to those pre-
dicted by the quark model [20]. However this interpretation
faces a fundamental problem. The data on the 4π channels
in e+e− annihilation are not compatible with the 3P0 model
[21–24], which is accepted as the most successful model of
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meson decay. The model works well for decays of established
ground-state mesons:

• widths predicted to be large, are found to be so

• widths predicted to be small, are found to be so

• calculated widths agree with data to 25 − 40%

• signs of amplitudes are correctly predicted

As far as one can ascertain the 3P0 model is reliable, but it
has not been seriously tested for the decays of excited states.

The 3P0 model predicts that the decay of the isovector 23S1
to 4π is extremely small:

�2S→a1π ∼ 3 MeV �2S→h1π ∼ 1 MeV (1)

and for the isovector 13D1 the a1π and h1π decays are large
and equal:

�1D→a1π ∼ �1D→h1π ∼ 105 MeV (2)

As h1π contributes only to the π+π−π0π0 channel in e+e−
annihilation, and a1π contributes to both π+π−π+π− and
π+π−π0π0, then after subtraction of the ωπ cross section
from the total π+π−π0π0 the 3P0 model predicts:

σ(e+e− → π+π−π0π0) > σ(e+e− → π+π−π+π−) (3)

This contradicts observation over much of the available
energy range. Below ∼ 1.6 GeV σ(π+π−π+π−) ≈
2σ(π+π−π0π0), although at higher energies σ(π+π−π0π0)

is the larger. Further, and more seriously, it has been shown
recently by the CMD collaboration at Novosibirsk [25] and
by CLEO [8] that the dominant channel by far in 4π (exclud-
ing ωπ ) up to ∼ 1.6 GeV is a1π . This is quite inexplicable
in terms of the 3P0 model. So the standard picture is wrong
for the isovectors, and there are serious inconsistencies in the
isoscalar channels as well. One possibility is that the 3P0
model is simply failing when applied to excited states, which
is an intriguing question in itself. An alternative is that there
is new physics involved.

2. A SOLUTION

A favoured hypothesis is to include vector hybrids [26, 27],
that is qq̄g states. The reason for this is that, firstly, hybrid
states occur naturally in QCD, and secondly, that in the relevant
mass range the dominant hadronic decay of the isovector vector
hybridρH is believed to bea1π [27]. The masses of light-quark
hybrids have been obtained in lattice-QCD calculations [28–
31], although with quite large errors. Results from lattice QCD
and other approaches, such as the bag model [32, 33], flux-tube
models [34], constituent gluon models [35] and QCD sum rules
[36, 37], show considerable variation from each other. So the
absolute mass scale is somewhat imprecise, predictions for the
lightest hybrid lying between 1.3 and 1.9 GeV. However it does
seem generally agreed that the mass ordering is 0−+ < 1−+ <

1−− < 2−+.

Evidence for the excitation of gluonic degrees of freedom
has emerged in several processes. Two experiments [38, 39]
have evidence for an exotic JPC = 1−+ resonance, ρ̂(1600)

in the ρ0π− channel in the reaction π−N → (π+π−π−)N .
A peak in the ηπ mass spectrum at ∼ 1400 MeV with
JPC = 1−+ in π−N → (ηπ−)N has also been interpreted
as a resonance [40]. Supporting evidence for the 1400 state in
the same mode comes from p̄p → ηπ−π+ [41]. There is evi-
dence [42] for two isovector 0−+ states in the mass region 1.4
to 1.9 GeV; π(1600) and π(1800). The quark model predicts
only one. Taking the mass of the 1−+ ∼ 1.4 GeV, then the 0−+
is at ∼ 1.3 GeV and the lightest 1−− at ∼ 1.65 GeV, which
is in the range required for the mixing hypothesis to work. Of
course if hybrids are comparatively heavy, that is the ρ̂(1600)

is the lightest 1−+ state, and the π(1600) presumably the cor-
responding 0−+ hybrid (or at least with a significant hybrid
component) then the vector hybrid mass ∼ 2.0 GeV making
strong mixing with the radial and orbital excitations unlikely.

Two specific models for the hadronic hybrids are the flux-
tube model [27, 34] and the constituent gluon model [43, 44].
There are some substantial differences in their predictions for
hybrid decays. For the isovector 1−− the flux-tube model pre-
dicts a1π as essentially the only hadronic mode, and a width of
∼ 100 MeV. The constituent gluon model predicts dominant
a1π , but with significant ρ(ππ)S and ωπ components, and a
larger width. For the isoscalar 1−− the flux-tube model pre-
dicts ρπ as essentially the only hadronic mode, with a width
of ∼ 20 MeV. The constituent gluon model predicts dominant
ρπ , a significant ω(ππ)S component and a larger width.

The general conclusion is that the e+e− annihilation and
τ -decay data require the existence of a “hidden” vector hy-
brid in the isovector and isoscalar channels (assuming that the
3P0 results are qualitatively reliable). The mixing required is
non-trivial, although schemes can be devised which are qualita-
tively compatible with the data [45]. The unseen physical states
are “off-stage”, in the 1.9 to 2.1 GeV mass region. Nonethe-
less, it appears difficult to achieve quantitative agreement with
data (within the constraint of specific models) unless the hy-
brids and the 13D1 states have direct electromagnetic coupling.
At the simplest level they do not, but these couplings can be
generated by relativistic corrections at the parton level [20] or
via intermediate hadronic states, for example hybrid → a1π

→ “ρ” → e+e−.
To extract the information will require excitation curves for

a wide range of hadronic final states:

ππ ωπ a1π h1π ρρ ρ(ππ)S KK̄ K∗K̄ · · · (4)

Note that the nn̄ states can decay to KK̄ , K∗K̄ etc. with
significant partial widths:

�2S→KK̄ ∼ 30MeV �1D→KK̄ ∼ 40MeV (5)

so isospin separation is necessary in these channels, and there
can be mixing between the isoscalar nn̄ states and the ss̄ states.

Radiative decays allow a clean separation of the 2S and 1D
states. Preliminary widths in keV are [46]:

Obviously the f2γ channel selects the ρS state uniquely.
Additionally, these decays are a much more direct probe of
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�(ρS) �(ωS) �(ρD) �(ωD)

a1γ ∼ 80 ∼ 750 ∼ 200 ∼ 1800

a2γ ∼ 100 ∼ 900 ∼ 10 ∼ 100

f1γ ∼ 650 ∼ 70 ∼ 1700 ∼ 200

f2γ ∼ 1200 ∼ 130 ∼ 120 ∼ 15

wave functions, and hence of models, than are hadronic decay
modes.

3. SUMMARY

Despite 15 years of work we do not yet understand the light-
quark vectors. Present data raise tantalising questions which
go to the heart of nonperturbative QCD but are incapable of
answering them. These questions include:

• How many light-quark vector mesons are there?
• What are their masses, widths, decay channels?
• Do standard models of hadronic decay fail?
• What hybrid states are hiding in there?
• What is the nature of hybrids: flux tube or constituent

gluon?
• Are the masses of hybrids compatible with lattice QCD?
High-statistics, comprehensive e+e− annihilation data pro-

vides by far the best way to answer these and related questions.
The data are a unique JPC = 1−− laboratory.

Whatever the answers, new physics is guaranteed!
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The proposed experimental program (CLEO-c) for a charm factory based on a modification of the Cornell Electron Storage Ring is
summarized. The prospects for R measurements over the range 3 GeV ≤ √

s ≤ 7 GeV are examined in detail.

1. CLEO-C PROGRAM OVERVIEW

The CLEO collaboration is proposing a focused three-year
program of charm and QCD physics with the CLEO detector
operating in the range

√
s = 3 − 5 GeV. The CLEO-c physics

program includes a set of measurements that will substantially
advance our understanding of important Standard Model pro-
cesses and set the stage for understanding the larger theory in
which we imagine the Standard Model to be embedded.

Much of this program revolves around the strong interac-
tions and the pressing need to develop sufficiently powerful
tools to deal with an intrinsically non-perturbative theory. At
the present time, and for the last twenty years, progress in
weak interaction physics and the study of heavy flavor physics
has been achieved primarily by seeking those few probes of
weak-scale physics that successfully evade or minimize the
role of strong interaction physics. The preeminence of the
modeB → J/ψKS in measuring sin 2β stems almost entirely
from the absence of complications due to the strong interac-
tions. Similarly, the discovery of a previously unrecognized
symmetry in QCD, which led to Heavy Quark Effective Theory
(HQET), created an opportunity in heavy-to-heavy quark de-
cays where strong interaction effects are minimized. HQET’s
identification of the zero-recoil limit as the optimal kinematic
point at which to measure b → c�ν decays now dominates the
extractions of |Vcb| inB physics—not because it is experimen-
tally optimal (quite the opposite!) but because it offers a way
to minimize the complications of strong interactions. If we
had similar strategies that would allow us to extract |Vub| from
b → u�ν measurements without form factor uncertainties,
|Vtd | from Bd mixing measurements without decay constant
and bag parameter uncertainties, or |Vts | fromBs mixing mea-
surements (or limits) without its corresponding decay constant
and bag parameter uncertainties, we would be well on our way
to understanding the CKM matrix at the few percent level.

∗Adapted from CLEO-c and CESR-c: A New Frontier of Weak and Strong
Interactions, the CLEO-c project description, by the CLEO Collaboration

In the current state of the field this is an unrealized dream.
Across the spectrum of heavy flavor physics the study of weak-
scale phenomena and the extraction of quark mixing matrix
(CKM) parameters remain fundamentally limited by our re-
stricted capacity to deal with the strong interaction dynamics.

Moreover, as we look to the future beyond the Standard
Model, and beyond the realm of today’s heavy flavor physics,
we anticipate that the larger theory in which the Standard
Model lives will certainly be either strongly coupled or will
have strongly coupled sectors. Both Technicolor, which is
modeled on QCD and is ab initio strongly coupled, and Super-
symmetry, which needs strongly coupled sectors to break the
supersymmetry, are prime examples of candidates for physics
beyond the Standard Model. Strong coupling is a phenomenon
to be expected: weak coupling is the exception in field theory,
not the norm. Nevertheless our ability to compute reliably in a
strongly coupled theory is far from developed, as evidenced by
the careful identification and exploitation of golden modes in
heavy quark physics. Techniques such as lattice gauge theory
that deal squarely with strongly coupled theories will eventu-
ally determine our progress on all fronts of particle physics.
At the present time absence of adequate theoretical tools sig-
nificantly limits the physics we can obtain from heavy quark
experiments.

Recent advances in Lattice QCD (LQCD), however, may
offer hope. Algorithmic advances, and, to a lesser extent, im-
proved computing hardware have produced a wide variety of
nonperturbative results with accuracies of order 10–20%. This
is particularly true for analyses of systems involving heavy
quarks, such as B and D mesons or the ϒ and ψ quarko-
nia. First-generation unquenched calculations have been com-
pleted for decay constants and semileptonic form factors, for
mixing and for spectra. There is strong interest within the
LQCD community in pursuing much higher precision, and
the techniques needed to reduce errors to a few percent exist.
A small number of calculations have achieved errors of 5%
or less, including calculations of heavy-quark masses and the
strong coupling constant; much more is possible within the
next few years. But the push towards high precision is ham-
pered by a lack of sufficiently accurate data against which to
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test and calibrate the new theoretical techniques.
CLEO-c proposes to address this challenge by confronting it

in the charm system at threshold where the experimental con-
ditions are optimal. With high statistics data obtained from the
decays of charmed mesons and charmonium, we will provide
unprecedentedly precise data to confront theory. We will sup-
plement the charmonium data with ∼ 4fb−1 of bottomonium
data to be taken by CLEO III in the year prior to conversion to
CLEO-c. Decay constants, form factors, spectroscopy of open
and hidden charm and hidden bottom, and an immense variety
of absolute branching ratio determinations will be provided
with accuracies at the level of 1–2%. Precision measurements
will demand precision theory.

The measurements proposed below are therefore an essential
and integral part of the global program in heavy flavor physics
of this decade and the larger program of the as yet unknown
physics of the next decade. By exploiting capabilities which
are unique to the charm sector and the charm energy region,
and programmatic opportunities that are unique to CESR and
CLEO, our measurements will explore a large set of critical
weak and strong interaction phenomena. These in turn will
drive theoretical advances that will both extend and enable the
full program of flavor physics targeted by BaBar, Belle, CDF,
D0, BTeV, LHCb, ATLAS, and CMS, and will lay the founda-
tion for strong interaction theory to meet the requirements of
future physics beyond the Standard Model.

1.1. Run Plan and Datasets

The CESR accelerator will be operated at center-of-mass
energies corresponding to

√
s ∼ 4140,

√
s ∼ 3770(ψ ′′), and√

s ∼ 3100(J/ψ) for approximately one calendar year each.
Taking into account the anticipated luminosity which will
range from 5×1032 cm−2s−1 down to about 1×1032 cm−2s−1

over this energy range, the proposed run plan will yield 3fb−1

each at the ψ ′′ and at
√
s ∼ 4140 above DsDs threshold, and

1fb−1 at the J/ψ . These integrated luminosities correspond
to samples of 1.5 million DsDs pairs, 30 million DD pairs,
and one billion ψ decays. As a point of reference, note that
these datasets will exceed those of the Mark III experiment by
factors of 480, 310, and 170, respectively. If time and lumi-
nosity allow, modest additional data samples will be obtained
at the �c�c threshold region, the τ+τ− threshold region, the
ψ(3684), and over a set of scan points for an R versus

√
s

determination
In addition, prior to the conversion to low energy operation,

we plan to take ∼ 4 fb−1 spread over the ϒ(1S), ϒ(2S), and
ϒ(3S) resonances to launch the QCD part of the program.
These datasets will increase the available bb̄ bound state data
by more than an order of magnitude.

1.2. Hardware Requirements

The conversion of the CESR accelerator for low energy oper-
ation will require the addition of 18 meters of wiggler magnets
to enhance transverse cooling of the beam at low energies. In

the CLEO III detector the solenoidal field will be reduced to
1.0 T, and the silicon vertex detector may be replaced with a
small, low mass inner drift chamber.

No other changes are needed to carry out the proposed pro-
gram.

1.3. Measurements

The principal measurement targets include:

1. Leptonic charm decays: D− → �−ν andD−
s → �−ν.

From the muonic decays alone the decay constants fD
and fDs can be determined to a precision of about 2%.
The decay constants measure the nonperturbative wave
function of the meson at zero inter-quark separation and
appear in all processes where constituent quarks must
approach each other at distances small compared to the
meson size. Note that while fπ and fK are known to
0.3% and 0.9% respectively, fDs and fD are only known
to about 35% and 100% respectively, and fB and fBs are
unlikely to be measured to any useful precision in this
decade.

2. Semileptonic charm decays: D → (K,K∗)�ν, D →
(π, ρ, ω)�ν, Ds → (η, φ)�ν, Ds → (K,K∗)�ν, and
�c → ��ν.
Absolute branching ratios in critically interesting modes
like D → π�ν and D → K�ν will be measured to
∼ 1%, and form factor slopes to ∼ 4%. Form factors
in all modes can be measured across the full range of
q2 with excellent resolution. Semileptonic decays are
the primary source of data for the CKM elements |Vub|,
|Vcb|, |Vcd |, and |Vcs |, but these CKM elements cannot
be extracted without accurate knowledge of form factors.
Currently, semileptonic branching ratios are known with
uncertainties that range from 5% to 73%—in the cases
where they are known at all—and form factor measure-
ments are limited by resolution and background. Inclu-
sive semileptonic decays such as D → eX, Ds → eX,
and �c → eX will also be examined and branching ra-
tios will be measured to a precisions of 1–5%. Currently,
such quantities are known with uncertainties that range
from 4% to 63%.

3. Hadronic decays of charmed mesons.
The rate for the critical normalizing modes D → Kπ ,
D+ → Kππ , and Ds → φπ will be established to a
precision of order 1–2%. Currently these are known with
uncertainties that range up to 25% and are even larger
for other hadronic decays of interest. Many important
B meson branching ratios are normalized with respect
to these subsidiary charm modes.

4. Rare decays, DD mixing, and CP violating decays.
CLEO-c can search for rare decays with a typical sen-
sitivity of 10−6, study mixing with a sensitivity to
x = M/M and y = �/2� of under 1%, and de-
tect any CP violating asymmetries that may be present
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with a sensitivity of better than 1%. CLEO-c will also
search for evidence of new physics within τ decays.

5. Quarkonia and QCD.
With approximately one billion J/ψ’s produced,
CLEO-c will exploit the natural glue factory, ψ →
γgg → γX, to search for “glueballs” and other glue-
rich states. The region of 1 < MX < 3 GeV/c2 will
be explored with partial wave analyses for evidence of
scalar or tensor glueballs, glueball-qq mixtures, exotic
quantum numbers, quark-glue hybrids, and other evi-
dence for new forms of matter predicted by QCD but
not yet cleanly observed.

(a) Masses, widths, spin-parity quantum numbers, de-
cay modes, and production mechanisms will be
established for any states that are identified.

(b) Reported glueball candidates such as the ten-
sor candidate fJ (2220), and the scalar states
f0(1710), f0(1500), and f0(1370) will be ex-
plored in detail and spin-parity assignments clari-
fied.

(c) The inclusive photon spectrum in J/ψ → γX

will be examined with < 20 MeV photon energy
resolution. States with up to 100 MeV width and
inclusive branching ratios above 1 × 10−4 will be
identified.

The ∼ 4 fb−1 of CLEO bb̄ resonance data (to be taken
prior to conversion to low energy operation) will also be
exploited to survey the physics of theϒ(1S),ϒ(2S), and
ϒ(3S), resonances. We will measure leptonic widths
(related to decay constants of mesons with open flavor)
and photonic transition matrix elements (related to form
factors in semileptonic decays of open flavor mesons).
Comparing experimental results with LQCD predictions
for the ϒ (and ψ) spectra, leptonic widths and form
factors test both the heavy-quark action that is used for
LQCD simulations ofB’s andD’s, and the specific tech-
niques used to analyze B and D decay constants and
form factors in LQCD. CLEO-c will also make spec-
troscopic searches for new states of the bb̄ system and
for exotic hybrid states such as cgc̄ and perhaps bgb̄.
Analysis ofϒ(1S) → γX will play an important role in
establishing or debunking any glueball candidates found
in the J/ψ data.

6. Spot checks of R.
The ratio R = σ(e+e− → hadrons)/σ (e+e− →
µ+µ−) will be measured at various values of

√
s with

a precision of 2% per point. The R measurements are
critical to interpretation of precision electroweak data
and the g − 2 experiment.

1.4. Unique Features of the CLEO-c Program

Many of the measurements described above have been done
or attempted by other experiments such as Mark III and BES,

and many are accessible to the B-factory experiments operating
at the ϒ(4S). What makes CLEO-c unique?

Compared to the Mark III and BES experiments which have
taken data on the same ψ resonances as we propose here,
CLEO-c will have:

1. Vastly more data.
As noted above the CLEO-c data sample will be
∼200–500 times larger than the corresponding Mark III
datasets. Compared to BES, CLEO-c will have 270
times as much D and Ds data, and 20 times as many
ψ(3100) decays. One order of magnitude opens new
vistas; two orders of magnitude can change a field.

2. A modern detector.
Mark III was built twenty years ago, and BES was mod-
eled on Mark III. Detectors have gone through several
generations of development since then. In every reso-
lution and performance parameter—hit resolution, mo-
mentum and energy resolution, mass resolution, particle
ID capability, solid angle coverage—CLEO III is supe-
rior to these other detectors by substantial margins. Pho-
ton energy resolution, for example, is factors of 10–20
times better (depending on Eγ ); charged particle mo-
mentum resolution is 2–3 times better (depending on
pT ). Particle identification with the RICH detector, aug-
mented by energy loss (dE/dx) measurements in the
drift chamber, give tens to hundreds of sigmaKπ sepa-
ration across the full kinematic range. A 25% increase
of solid angle coverage relative to BES gives CLEO-c
a huge advantage in analyses such as double-tag mea-
surements that require every particle to be reconstructed.
The gains go as 1.25n where n is the total track and
photon multiplicity of the event. This implies a typi-
cal effective luminosity gain of 8 in such analyses. For
studies that involve partial wave analysis, the increase
in solid angle coverage means angular distributions can
be measured across the full angular range without large
variations in efficiency. This translates to substantial
gains in the reliability and precision with which JPC

can be measured for a given state.

On the other hand, CLEO-c will not have any advantage in
statistics or in detector performance when compared to BaBar
and Belle. The three detectors are all similar, and with an
anticipated 400fb−1 ofϒ(4S) data, BaBar and Belle will each
have about 500 million continuum e+e− → cc̄ events. Yet
the data CLEO-c takes at charm threshold has distinct and
powerful advantages over continuum charm production data
taken at the B-factories, which we list here:

1. Charm events produced at threshold are extremely
clean.
The charged and neutral multiplicities inψ(3770) events
are 5.0 and 2.4, compared with 11.0 and 5.6 in ϒ(4S)
events. This alone substantially reduces combinatorics,
but in addition the ψ(3770) decays are spherical, dis-
tributing decay products uniformly in the detector solid
angle. Low multiplicity in CLEO-c translates to high
efficiency and low systematic error.
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2. Charm events produced at threshold are pure DD̄.
No additional fragmentation particles are produced. The
same is true for ψ(4140) decaying to DD̄∗, DsD̄s and
DsD̄s

∗
, and also for threshold production of�c�̄c. This

allows the use of kinematic constraints such as total can-
didate energy and beam constrained mass, and also per-
mits effective use of missing mass methods and neutrino
reconstruction. The crisp definition of the initial state is
a uniquely powerful advantage of threshold charm pro-
duction that is absent in continuum charm production.

3. Double-tag studies are pristine.
The pure production of DD̄ states, together with the
low multiplicity and high branching ratios characteristic
of typical D decays permits effective use of double-tag
studies in which oneD meson is fully reconstructed and
the rest of the event is examined without bias but with
substantial kinematic knowledge. These techniques, pi-
oneered by Mark III many years ago allow one to make
absolute branching ratio determinations. Backgrounds
under these conditions are heavily suppressed. Very
low background conditions minimize both statistical and
systematic errors.

4. Signal/Background is optimum at threshold.
The cross section for the signal ψ(3770) → DD̄ is
equal to the cross section for the underlying continuum
e+e− → hadrons background. By contrast, for cc̄ pro-
duction at

√
s = 10.6 GeV the signal is only 1/4 of

the total hadronic cross section. In addition, the cc̄ frag-
mentation distributes the final states among many charm
hadron species.

5. Neutrino reconstruction is clean.
For leptonic and semileptonic decays the lost neutrino
can be treated as a missing mass problem and in the
double tagged mode these measurements have low back-
grounds. The missing mass resolution is under a pion
mass. For semileptonic decays this also means that
the resolution on q2 is excellent, about 3 times better
than is available in continuum charm reconstruction at√
s = 10.6 GeV.

6. Quantum coherence.
For D mixing and some CP violation studies, the fact
that the D and D̄ are produced in a coherent quantum
state in ψ(3770) decay is of central importance for the
subsequent evolution and decay of these particles. The
same is true for the CP = +1 mode ψ(4140) → γDD̄.
The coherence of the two initial-state particles allows
simple methods to measureDD̄ mixing parameters and
check for direct CP violation.

In addition to the advantages of studying open-charm decays
at threshold, the CLEO-c program includes the opportunity to
use a huge charmonium data sample in searches for glueballs,
hybrids, and exotic states. If found—or if not found—these
states will present a powerful challenge to QCD calculations.
Furthermore, CLEO will have the unique ability to compare
results between both high statistics J/ψ and ϒ data sets, and

further cross check with the 25fb−1 of existing two-photon
data. These corroboratory measurements will be used to elim-
inate spurious glueball candidates. Theory, moreover, will be
forced to confront precision data in both open- and hidden-
flavor charm and bottom mesons simultaneously.

Taken together, these technical and programmatic features
constitute formidable advantages for the CLEO-c proposal.

2. THE IMPACT OF CLEO-C

The measurements of leptonic decay constants and semilep-
tonic form factors, together with the study of QCD spec-
troscopy both in the cc̄ and bb̄ quarkonium sectors will yield
an extensive set of 1−2% precision results that will rigorously
constrain theoretical calculations. The calculations which sur-
vive these tests will be validated for use in a wide variety of
areas where the interesting physics cannot be extracted with-
out theoretical input. This broader impact of CLEO-c results
extends beyond the borders of CLEO-c measurements and af-
fects most of the core issues in heavy flavor physics. We list
here some of the areas that will be most notable:

1. Extraction of |Vub|.
Currently limited by form factor calculations to an es-
timated 25% accuracy, and unlikely to improve beyond
10% in present-day extrapolations. Pinning down form
factor technology in the closely related charm decays
such as D → π�ν and with D → ρ�ν, CLEO-c data
will open the door to 5% or better precision in |Vub|.

2. Extraction of |Vtd | and |Vts|.
Currently limited by ignorance of fB

√
BBd and

fBs
√
BBs , our only prospect for separately extracting

|Vtd | and |Vts | from B mixing measurements is through
improving decay constant calculations to the percent
level. Determinations of the charmed decay constants
fD and fDs will underwrite the required theoretical ad-
vances and open the door to ∼ 5% determinations of
|Vtd | and |Vts |.

3. Extraction of |Vcd | and |Vcs|.
Currently known only at the ∼ 10% level by direct mea-
surement, CLEO-c will provide absolute branching ratio
measurements of leptonic and semileptonic decays from
which |Vcd | and |Vcs | can be extracted to ∼ 1% accu-
racy. Here as elsewhere, form factor and decay constant
calculations must be advanced to a comparable level of
precision and validated by the entire range of CLEO-c
measurements for CKM determinations at the percent
level to be valid.

4. Extraction of |Vcb|.
Currently limited by a variety of both experimental and
theoretical inputs. Prominent among these are the theo-
retical control of the form factors and the experimental
determination of B(D → Kπ). CLEO-c will drive form
factor technology, and measure the normalizing branch-
ing ratios at the sub-percent level.
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5. Unitarity tests of CKM.
Currently poorly satisfied by the first two rows of the
CKM matrix, which fail both orthogonality and or-
thonormality conditions at the 2 − 3σ level. Unitarity
conditions can be probed with 1% precision when |Vcd |
and |Vcs | are provided at this level by CLEO-c.

6. Over-constraining the Standard Unitarity Triangle.
Provided |Vub| and |Vtd | have been determined at the 5%
level, as discussed in items 1 and 2 above, the triangle
sides will have been measured with precision compara-
ble to the phase quantity sin 2β—thereby allowing for
the first time meaningful comparison of the sides of the
unitarity triangle with one of the angles.

7. New forms of matter.
In the quarkonium studies new forms of gluonic matter
may be identified. Current results in this field are murky
and contradictory. The high statistics data sample, high
resolution detector, and clean initial state will be an un-
precedented combination in this field, and offer the best
hope for incisive experimental results.

3. MEASUREMENTS OF R

CLEO-c can approach measurement of R in two ways. The
first involves an explicit scan over

√
s to measure R directly

at different energies. The second involves the use of radiative
returns to determine an average R over a range of energies
below those accessible directly by CESR-c.

3.1. R scanning

A scan of the energy range between 3 and 5 GeV will clar-
ify the energy dependence of R just below the open charm
threshold, from J/ψ to ψ(3770), and above it where several
relatively broad cc̄ resonances exist. A possible scenario is to
scan this energy range with steps of 100 and 20 MeV, below
and aboveψ(3770) respectively, collecting about 104 hadronic
events per point. Such a scan will require an integrated lumi-
nosity of about 100 pb−1. It will also serve as an introduction
to a more detailed potential study of the cc̄ resonances in this
energy range as well asD∗ andDs mesons copiously produced
in their decays

The previous experience of CLEO (which measured R with
an accuracy of 2% in the vicinity of the ϒ(4S) resonance [1])
and recent progress in the calculations of radiative corrections
together with the hermeticity of the CLEO-III detector allows
one to expect a systematic uncertainty of about 2%. After that
a scan of the energy range from 5 to 7 GeV will be needed to
solve the dramatic contradiction between the old measurement
of MARK-I [2] and the unpublished results of Crystal Ball [3].
Here a scan in steps of 100 MeV with 104 events per point will
be adequate, requiring an integrated luminosity of 50 pb−1. At
an average luminosity of 3 × 1032 cm−2s−1 it will take one
week of collection time to scan the entire energy range between
3 and 7 GeV.

3.2. Radiative returns

The second approach to measuring R at CLEO-c will be
to use radiative return events [4, 5]. Such events would allow
CLEO-c to measureR in the 1–3 GeV energy range which is of
crucial importance to reduce the overall uncertainty in α(MZ)

and (g− 2)µ. Recent experience of BaBar confirms statistical
feasibility of such R measurements [6]. While running at the
ψ(3770) one can expect ∼ 104 fully contained radiative return
events in the range 1–3 GeV per 1 fb−1 of data. However, it is
still unclear whether systematic errors can be controlled well
enough to make the radiative return measurements meaningful,
that is, to reach an uncertainty of less than 5%.

Various dedicated experiments have recently been proposed
to improve our knowledge of R in the crucial 1–3 GeV energy
range [7]. If they are approved, the CLEO-c measurements
would be most valuable as an independent check of the dedi-
cated experiments.

A 2% measurement of R between 3 and 7 GeV will signif-
icantly reduce the uncertainty of the hadronic contribution to
(g − 2)µ and especially α(MZ). If radiative return events can
be utilized to reach the 5% accuracy between 1 and 3 GeV, re-
markable improvement is expected. For example, the α(MZ)

uncertainty would be a factor of 2 smaller than it is at present.

3.3. ‘Modern’ R Measurements for Charm Spectroscopy
Studies

Although cc̄ states below strong decay threshold (3.7 GeV)
were studied at e+e− machines some time ago, higher mass
states are very poorly defined. Most quark model analyses [8]
find 3 poorly defined L=2 states above a mass of 4 GeV based
on low statistics R data from 30 years ago. A detailed study
of the properties of these states will test the long-range qq̄
potential in a controlled way. In addition, the mass region from
4–5 GeV is where lattice calculations have predicted charmed
hybrids to be, as detailed in other sections of this document.

Thus, a means to study this spectroscopy with more detail
than the previous experiments is required. CLEO-c proposes
a study that will provide a direct look at the states through
a scan of the mass region 3.7–5 GeV. Because very little is
known about the states above DD̄ threshold, a broad look is
appropriate. However, the complexities of extraction above
the inelastic threshold require more detailed information about
the final state. The proposed study will be similar to the R
measurement described above. However it will measure the
final state whenever possible by reconstructing D mesons in
that the dominant decay modes will be DD̄, D∗D̄, D∗D̄∗,
and D∗∗D̄. Previous measurements of these decay rates are
strongly in disagreement with quark model calculations [8],
but the data is of poor quality.

Data would be collected with a loose trigger in the region
3.7–5 GeV. Similar to anRmeasurement, runs will be at closely
spaced energies (steps of 20 MeV). However, the runs need
to be much longer (∼100,000 events) than is typical [9]. Al-
though the BES data have higher statistics than the older SLAC
experiments, no attempts have been made to analyze the com-
position of the final state because of detector limitations. With
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the larger event samples and the acceptance of CLEO, one
would be able to reconstruct at least one D meson in about
10% of the events. This would be sufficient to characterize the
final state and measure the angular distribution. The overall
efficiency (summed decay branching ratio times detection effi-
ciency) is about 16% forD0 mesons and 6% forD+ mesons for
prominent decay modes. At a luminosity of 3×1032 cm−2s−1,
each step would require about 2 days of data taking.

Existing quark model calculations for charmed hybrid
mesons [10] assume the quarks to have orbital angular momen-
tum 1. For decay mechanisms normally used in quark models,
decays to DD̄ mesons will be suppressed. If this symmetry is
correct, a state with very low decay rate to DD̄ would signal
the possibility of a hybrid. Total widths are about 10–30 MeV
in these models, similar to the conventional cc̄ states at the
same mass.

This measurement is related to other CLEO-c measurements
outlined in this document. It is closely related to the R mea-
surement discussed in the previous section, but will require
much larger statistics.

4. SUMMARY

The high-precision charm and quarkonium data we propose
to take will permit a broad suite of studies of weak and strong
interaction physics. In the threshold charm sector measure-
ments are uniquely clean and make possible the unambiguous
determinations of physical quantities discussed briefly above,

and at greater length in the chapters that follow. The advances
in strong interaction calculations that we expect to drive will in
turn underwrite advances in weak interaction physics not only
in CLEO-c, but in all heavy quark endeavors and in future
explorations of physics beyond the Standard Model.

CLEO-c stands to make a significant impact upon the R
determination in 3–7 GeV range, with direct 2% measurements
appearing feasible with a fairly detailed scan. In addition,
the use of radiative returns may provide a useful crosscheck
for direct low energy measurements at other facilities if the
systematic uncertainties can be controlled at the 5% level.
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We report on the measurement of the hadronic cross section below 1 GeV at the electron-positron-collider DA�NE, using the multiple
purpose detector KLOE. The radiative return, which is due to initial state radiation (e+e− → γ + hadrons), allows us to obtain the cross
section for variable center-of-mass-energies of the hadronic system from the 2mπ threshold up to 1.02 GeV. This measurement can be
performed while DA�NE is running with a fixed accelerator energy on the φ mass (1.02 GeV). For the exclusive process e+e− → π+π−γ ,
the status of the analysis and first preliminary results of the invariant mass spectrum of the two-pion-state are presented.

1. HADRONIC CROSS SECTION AT DA�NE

1.1. Motivation

The measurement of the hadronic cross section at low en-
ergies is of great importance for the improvement of the theo-
retical error of the anomalous magnetic moment of the muon,
aµ = (gµ − 2)/2. The hadronic contribution ahadr

µ is given by
the hadronic vacuum polarization and cannot be calculated at
low energies in the framework of perturbative QCD. Following
a phenomenological approach, the hadronic contribution can
however be evaluated from the measurement of R through a
dispersion relation.
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A. Andryakov, A. Antonelli, M. Antonelli, F. Anulli, C. Bacci, G. Barbiellini,
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ahadr
µ = (

αmµ

3π
)2

∫ ∞

4m2
π

ds
R(s)K̂(s)

s2 , (1)

where R(s) = σ(e+e−→hadrons)
4πα2(s)

3s

and the kernel K̂(s) is a

smooth bounded function growing from 0.63 at threshold to
1 at ∞. Due to the 1/s2 dependence in the integral, hadronic
data at low energies are strongly enhanced in the contribution
to ahadr

µ . The error of the hadronic contribution is therefore
given by the limited knowledge of hadronic cross section data.
This error is the dominating contribution to the total error of
atheo
µ (δatheo

µ ≈ δahadr
µ ).

We refer to [1], [2], [3] for a detailed discussion of the sub-
ject and the interpretation of the actual discrepancy between
the theoretical and the experimental value for aµ: atheo

µ =
(11659159.7 ± 6.7) × 10−10 [2], a

exp
µ = (11659202.0 ±

15.0) × 10−10 (world average including E821 measurement1

[4]). In the value shown for atheo
µ , τ decays have been in-

cluded for the evaluation of the dispersion integral under the
assumption of conserved vector current and isospin symme-
try. The value for ahadr

µ under these assumptions is: ahadr
µ =

(692.4 ± 6.2) × 10−10 [2]. An updated analysis [5], which in-
cludes e+e− data only, finds ahadr

µ = (697.4 ± 10.5) × 10−10,
where the error can be reduced to ≈ 6 × 10−10 if the hadronic
cross section is measured with an accuracy of ≈ 1% in the
energy range below 1 GeV.

1The final goal of the E821 collaboration is a measurement of aµ with a
precision of ca. 4 × 10−10
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1.2. Radiative Return

We present in this paper a complementary approach for the
measurement of the hadronic cross section, which uses the
radiative process e+e− → hadrons + γ , where the photon
has been radiated by one of the initial electrons or positrons
(Initial State Radiation, ISR) [6]. The DA�NE collider is
operating with a fixed center-of-mass-energy on the φ reso-
nance2. Hence, the hadronic cross section in the energy range
(2mπ)2 < Q2 < (mφ)2 is accessible by radiative return (Q2 is
the invariant mass of the hadronic system). In order to deduce
the differential cross section dσ(e+e− → hadrons)/dQ2 from
the measurement dσ(e+e− → hadrons + γ )/dQ2, a precise
theoretical understanding of the initial state radiation process
(radiation function H) is mandatory:

Q2 · dσhadrons+γ

dQ2 = σhadrons · H(Q2, 	i). (2)

The knowledge of the function H(Q2, 	i) (which depends
on Q2 and the experimental acceptance cuts 	i) at a preci-
sion better than 1% is a challenging task. However, radiative
corrections were computed by different groups up to next-to-
leading-order for the exclusive hadronic state π+π− [7], [8],
[9], [10]. We concentrated in our analysis on this important
state (e+e− → ργ → π+π−γ ) since it is the dominating
hadronic reaction below the φ mass and the respective pro-
cess e+e− → ρ → π+π− accounts for 62% of the hadronic
contribution to aµ (see formula (1)).

We would like to stress that the radiative return method—as
presented here—has the merit against the conventional energy
scan, that the systematics of the measurement (for example,
normalization, beam energy) have to be taken into account
only once while for the energy scan they have to be known for
each energy step.

1.3. Suppression of FSR

An important issue for the radiative return method is the
suppression of events, where the photon has been emitted by
one of the pions (Final State Radiation, FSR). The choice of
a phase space region, where FSR is low, can reduce this kind
of background to an acceptable limit. We found from Monte
Carlo studies [11], that cutting on Eγ and 	γ (energy and polar
angle of the photon) effectively suppresses FSR, while the ISR
cross section remains high. ISR events are strongly peaked
at small angles 	γ , while FSR events essentially follow the
sin2 	π distribution of the pion tracks. It is therefore essential
to measure π+π−γ events with an upper acceptance cut for
	γ at small angles. A cut on Eγ additionally suppresses FSR
due to the fact that the decay via the ρ resonance (that is,
ISR) leads to an enhancement of the photon energy spectrum
at ≈ 220MeV which is not visible in the case of FSR. For

2An energy scan at DA�NE requires a non trivial modification of the
interaction region which has been designed especially for the φ mass region.

the following acceptance cuts—which are the ones used in our
analysis—we find that FSR is suppressed below 1%:

5o < 	γ < 21o, 159o < 	γ < 175o (3)

Eγ > 10 MeV (4)

55o < 	π < 125o (5)

pT
π > 200 MeV (transv. momentum). (6)

The effective cross section with these acceptance cuts is
4.2nb. The description of FSR is model dependent and in the
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Figure 1: The charge asymmetry (formula (7)) is shown for 2
angular regions of the photon polar angle: (a) 60o < 	γ < 120o,
where we see a sizable effect of the charge asymmetry due to larger
FSR and (b) 5o < 	γ < 21o, where FSR and hence the charge
asymmetry are small.

actual version of [8] a point like pion is assumed. The model
dependence can be tested for π+π−γ events by looking at the
charge asymmetry of the produced pions:

A(	i) = Nπ+
(	i) − Nπ−

(	i)

Nπ+
(	i) + Nπ−

(	i)
. (7)

This charge asymmetry arises from the interference between
ISR and FSR and is therefore linear in the FSR amplitude. We
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measured the charge asymmetry for (a) large photon angles
(60o < 	γ < 120o), where FSR is assumed to be large, and
(b) for small photon angles (5o < 	γ < 21o). The results
are illustrated in Figure 1 and show a very good agreement
between data and Monte Carlo, indicating that the point like
model describes well the process of FSR within the error bars.

2. EVENT SELECTION

In this chapter we present the event selection for the mea-
surement of the π+π−γ final state. After a very brief descrip-
tion of the KLOE detector, the selection algorithm for this
signal is presented.

2.1. The KLOE Detector

KLOE [12] is a typical e+e− multiple purpose detector
with cylindrical geometry, consisting of a large helium based
drift chamber (DC, [13]), surrounded by an electromagnetic
calorimeter (EmC, [14]) and a superconducting magnet (B =
0.6 T). The detector has been designed for the measurement
of CP violation in the neutral kaon system, that is, for a pre-
cise detection of the decay products of KS and KL. These
are low momenta charged tracks (π±, µ±, e± with a momen-
tum range from 150 MeV/c to 270 MeV/c) and low energy
photons (down to 20MeV ).

The DC dimensions (3.3 m length, 2 m radius), the drift cell
shapes (2×2 cm2 cells for the inner 12 layers, 3×3 cm2 cells
for the outer 46 layers) and the choice of the gas mixture (90%
Helium, 10% Isobutane; X0 = 900m) had to be optimized for
the requirements prevailing at a φ factory. The KLOE design
results in a very good momentum resolution: σp⊥/p⊥ ≤ 0.3%
at high tracking efficiencies (> 99%).

The EmC is made of a matrix of scintillating fibres em-
bedded in lead, which guarantees a good energy resolution
σE/E = 5.7%/

√
E(GeV) and excellent timing resolution

σt = 57ps/
√

E(GeV) ⊕ 50ps. The EmC consists of a barrel
and two endcaps which are surrounding the cylindrical DC; this
gives a hermetic coverage of the solid angle (98%). However,
the acceptance of the EmC below ≈ 20o is reduced due to the
presence of quadrupole magnets close to the interaction point
and does not allow us to measure e.g. the photon of π+π−γ

events with low 	γ angles (as required for FSR suppression).
It will be shown in the following, that an efficient selection

of the π+π−γ signal is possible, without requiring an explicit
photon detection. The relatively simple signature of the signal
(2 high momentum tracks from the interaction point) and the
good momentum resolution of the KLOE tracking detector
allow us to perform such a selection.

2.2. Selection Algorithm

The π+π−γ events are selected using the following 4 steps.
The selection is based on the measurement of the charged pion
tracks by the DC, while the photon is not required to be detected

in the EmC. Calorimeter information is however used for the
π/e-separation (likelihood method).

Charged vertex in DC

We require 1 vertex in the DC with 2 associated charged

tracks close to the interaction point:
√

(x2
V + y2

V ) ≤ 8 cm and
|zV | ≤ 15 cm.

Likelihood Method for π/e-Separation

A fraction of radiative Bhabha events e+e−γ enters the
kinematical selection (see next selection cut), giving rise to
a non negligible background. In order to reject those events, a
likelihood method has been worked out for an effective π/e-
separation. The method is based on the shape and energy
deposition of the EmC clusters produced by the charged tracks
and has been developed using independent control samples for
the pion information (π+π−π0 events) and for the electron
information (e+e−γ events). 98% of all π+π−γ events are
selected if at least one of the two tracks has been identified as
a pion by the likelihood method. In Figure 2 the effect of the
likelihood method is demonstrated in the track mass (MTrack)
distribution3. π+π−γ events are peaked at MTrack = mπ ,
radiative Bhabha events at smaller values.

Kinematic Cut: 130.2 MeV < MTrack < 149.0 MeV

We perform a ±9.6 MeV (±2σ ) cut on the kinematical vari-
able MTrack, which is peaked at MTrack = mπ for π+π−γ

events (see again Figure 2). Background of π+π−π0 events
(with MTrack mostly > 150 MeV), µ+µ−γ (with MTrack
peaked at mµ) and the bulk part of radiative Bhabha events
e+e−γ (MTrack < 100 MeV) are mostly rejected (see subsec-
tion 3.1 on background).

Acceptance Cuts

The missing momentum of the 2 accepted charged tracks is
calculated and associated with the photon under the assumption
of a π+π−γ event: 	pDC

γ = 	pφ − 	p+ − 	p− 4. The acceptance
cuts of formulae (3)-(6) are then applied, where the photon
related variables are taken from the DC missing momentum
(photon is not explicitly measured).

3The MTrack variable is obtained solving the 4-momentum-conservation
and resolving for the particle mass.

4 	pφ is the φ boost due to the beam crossing angle.
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Figure 2: A likelihood method has been developed to separate electrons from pions. The kinematic variable track mass before and after the
application of this method is shown. π+π−γ events are peaked at MT rack = mπ , radiative Bhabha events at much smaller values. Other
background channels are also visible (µ+µ−γ and π+π−π0).

3. EVENT ANALYSIS

The π+π−γ cross section measurement contains the fol-
lowing terms:

dσhadrons+γ

dQ2 = dNObs − dNBkg

dQ2 · 1

εSelεAcc

· 1∫ Ldt
. (8)

It requires the study of the various background channels
(NBkg , see following subsection), the selection efficiencies
(εSel) and the systematic effects due to the acceptance cuts
applied (εAcc). Finally the counting rate measurement has to
be normalized to the integrated luminosity

∫ Ldt in order to
achieve a cross section measurement. All these terms will be
obtained from data.

Preliminary results concerning εSel are presented in the fol-
lowing subsection. The detector smearing and the systematic
effects, arising from there have been studied in detail from MC
[11]. No limititations have been found for a high precision
measurement on the percent level. However, more studies—
including data—have to be done. We will also report on the
KLOE luminosity measurement (Bhabha scattering at large
angles).

3.1. Background

e+e−γ , µ+µ−γ

Radiative Bhabha events are mostly suppressed by the
MTrack cut (chapter 2.2 (ii)). The remaining background due to
events with a high value for MTrack and due to electrons, which
had not been rejected by the likelihood method, is peaked at
large Q2 (above 0.7 GeV2) and corresponds to a contamination
below the percent level in this Q2 region.

Events of the kind µ+µ−γ are not efficiently rejected by
the likelihood method, because they release energy in the EmC
with a similar signature like pions. After the cuts of formulae
(3)–(6) and after the MTrack cut, the remaining µ+µ− cross
section is low (≈ 10−2nb), such that we expect only a small
contamination (< 1% in the high Q2 region > 0.7 GeV2).

π+π−π0

An important background for our signal is the decay φ →
π+π−π0 (B.R. 15.5%, σ tot

π+π−π0 ≈ 500nb). π+π−π0 and
π+π−γ events are separated in the KLOE standard reconstruc-
tion scheme by a cut in the 2-dimensional plane MTrack − Q2.
At small Q2, the MTrack values for the 2 channels are very sim-
ilar and a part of the π+π−π0 events appear as a background.
The MTrack cut and the acceptance cut of formula (6) 5 reject
a big part of these events.

In order to estimate from data the remaining contamination,
we modified the standard cut in the MTrack − Q2 plane by ex-
panding the π+π−π0 selection region. We see then the tail
of π+π−π0 events entering the MTrack selection interval. We
perform this study in bins of Q2. The π+π−π0 background is
negligible in most of the Q2 region and gives only a contami-
nation at the lower end of the spectrum between 0.3 GeV2 and
0.4 GeV2. The effective π+π−π0 cross section after all the
selection steps is < 0.01nb. It increases considerably if we
select π+π−γ events at larger polar angles of the photon.6

5The pion tracks have on the average a lower momentum asπ+π−γ events.
6This behaviour can be easily explained by the missing momentum of

π+π−π0 events (in this case the π0), which is peaked at large angles.
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3.2. Selection Efficiencies

We shortly summarize the various efficiencies which con-
tribute to the total selection efficiency:

• Trigger: The trigger efficiency has 2 contributions: the
probability of a π+π−γ event to be recognized by the
KLOE trigger (between 95% to 99% depending on Q2)
and the inefficiency which arises from a trigger hardware
veto for the filtering of cosmic ray events. The second
contribution causes an inefficiency for π+π−γ events at
large Q2 (30% at 1 GeV2) which decreases with lower
Q2 (fully efficient at ≈ 0.7 GeV2). These values have
been obtained from data by looking at the individual
probabilities for π+ and π− to fire 1 trigger sector and
1 cosmic veto sector.

• Reconstruction Filter: A software filter is implemented
in the KLOE reconstruction program for the filtering of
non-collider physics events, like e.g. machine back-
ground and cosmic ray events. The inefficiency for
π+π−γ events caused by this filter is ≈ 2% (taken from
MC).

• Event Selection (see subsection 2.2): The DC vertex ef-
ficiency (≈ 95%) is obtained from the Bhabha stream,
which is selected without requiring DC information.
The efficiency due to the likelihood selection is ≈ 98%
and is evaluated from data during the construction of the
likelihood method. The efficiency due to the MTrack cut
(≈ 90%) is evaluated from Monte Carlo at present.

3.3. Luminosity Measurement

The DA�NE accelerator does not have luminosity monitors
at small angles (like, for example, LEP) due to the existence
of focusing quadrupole magnets very close to the interaction
point. The luminosity is therefore measured using large angle
Bhabha (LAB) events, for which the KLOE detector itself can
be used. The effective Bhabha cross section at large angles
(55o < 	+,− < 125o) is still as high as 425nb. The number
of LAB candidates NLAB are counted and normalized to the
effective Bhabha cross section, obtained from Monte Carlo:

∫
Ldt = NLAB(	i)

σMC
LAB(	i)

· (1 − δBkg). (9)

Hence, the precision of this measurement depends on:

• the theoretical knowledge of the Bhabha scattering pro-
cess including radiative corrections;

• the simulation of the process by the detector simulation
program.

For the theory part we are using 2 independent Bhabha event
generators (the Berends/Kleiss [15] generator, modified for
DA�NE in [16] and BABAYAGA [17]).

We use a selection algorithm for LAB events with a reduced
number of cuts, for which we expect a very good description by

the KLOE detector simulation program. The acceptance region
for the electron and positron polar angle (55o < 	+,− < 125o)
is measured by the EmC clusters produced by these tracks,
while the energy measurement (E+,− > 400 MeV) is per-
formed by the high resolution drift chamber. Taking the actual
detector resolutions, we expect the systematic errors arising
from these cuts to be well below 1%. Moreover, the back-
ground from µ+µ−(γ ), π+π−(γ ) and π+π−π0 is cut to a
level below 1% and can be easily subtracted. All the selection
efficiencies concerning the LAB measurement (Trigger, EmC
cluster, DC tracking) are above 98% and are well reproduced
by the detector simulation.

As a goal we expect to measure the DA�NE luminosity at
the level of 1%. The very good agreement of the experimen-
tal distributions (	+,−, E+,−) with the existing event genera-
tors and a cross check with an independent luminosity counter
based on e+e− → γ γ (γ ), indicate a good precision. How-
ever, more systematic checks (e.g. the effect of a varying beam
energy and of a non centered beam interaction point) are still
to be done.

3.4. Comparison with Monte Carlo

We analyzed a data sample of 16.4pb−1 and present in Fig-
ure 3 the preliminary result for the differential cross section
dσ(e+e− → π+π−γ )/dQ2. The plot shows the effective
cross section after all acceptance cuts (formulae (3) to (6) ).
The solid line is the prediction of our π+π−γ event genera-
tor ([8], called EVA) after the detector simulation and after the
correction for the various selection efficiencies (see subsection
2.2). Up to Q2 ≈ 0.9 GeV2 we obtain an overall good agree-
ment between data and MC. The deviation for Q2 > 0.9 GeV2

is due to a systematic effect connected with the definition of
the fiducial volume for 	γ . This deviation will disappear by
moving the lower border of the fiducial volume from 5o to 0o

(not possible with the actual version of the event generator; see
summary chapter).

The statistical error of the data points in the ρ peak region is
≈ 2%. The actual version of the event generator has a system-
atic uncertainty of the same size. By comparing the data and
MC distributions we conclude that the accuracy of our cross
section measurement is on the level of a few percent, which
will be considerably improved with the ongoing analysis.

4. SUMMARY AND OUTLOOK

We presented in this paper the measurement dσ(e+e− →
π+π−γ )/dQ2 for Q2 < 1 GeV2 using the radiative return
method. The data sample7 (16.4pb−1) shows a good agree-
ment with the existing event generator. We conclude that the
experimental understanding of efficiencies, background and

7This corresponds to about one half of the full data set which KLOE has
taken in 2000.
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Figure 3: The differential π+π−γ cross section as a function of the pion invariant mass. The solid line is the prediction of the theoretical
event generator EVA of [8].

luminosity are well under control. We further conclude that the
radiative return is a competitive method to measure hadronic
cross sections, while the center-of-mass-energy of the accel-
erator is fixed. This could be proved for the first time in a
systematic way with the results presented in this paper.

Data has been taken as a by-product of the KLOE φ physics
program and no specific runs were necessary to perform this
measurement. We stress the advantage of the radiative return,
that systematic errors, like luminosity and beam energy, en-
ter only once in this case and do not have to be known for
individual energy points.

For the future we plan to refine the actual analysis and to
change the acceptance cut for the photon polar angle from 5o to
0o. A comparison with MC will be possible in this case with the
new next-to-leading-order event generator [9] and will improve
the precision of the measurement due to a better systematic
control of the fiducial volume. Also from the statistical point
of view this modification will be helpful, since it corresponds
to an increase of the effective π+π−γ cross section of almost
a factor 4.

Moreover we are studying the possibility to enlarge the ac-
ceptance region for 	+,−, which increases the kinematical
acceptance of events at low Q2 (< 0.3 GeV2).

In order to improve on ahadr
µ and to be competitive with

results coming from the CMD-2 experiment in Novosibirsk
[18], a final precision for this measurement on the percent
level is needed. A statistical error on this level is achieved
with a total data sample of ≈ 200pb−1 which is in reach for

the months to come8.
We are also investigating the possibility to perform an in-

clusive measurement dσ(e+e− → π+π−(nγ ))/dQ2 without
any cut on the number nor on the kinematics of photon(s).
The radiative corrections for such a measurement are calcu-
lated with high precision (< 1%) and will allow to extract the
pion form factor more precisely. The background suppression
(π+π−π0) and the understanding of FSR need further exper-
imental and theoretical investigations.
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The status of the VEPP-2M collider is presented. Implementation of the Round Colliding Beams (RCB) concept in
the new collider VEPP-2000 is outlined, and potential advantages of RCB over the flat colliding beams are discussed.
The main design parameters and features of this VEPP-2000 collider are reported.

1. MOTIVATIONS

Since the end of 1992, the e+e− collider VEPP-2M in
Novosibirsk has been successfully running in the c.m. en-
ergy range from the threshold of hadron production up to
1.4 GeV. Since 1984, VEPP-2M has been operating with
the five poles superconducting wiggler with the maxi-
mum field B = 8 T, which increases the beam emittance
by a factor of � 3. The integrated luminosity of about 50
pb−1 was collected with two modern detectors SND [1]
and CMD-2 [2] allowing precise measurements of most
of the hadronic channels of e+e− annihilation. Together
with 24 pb−1 collected at VEPP-2M in the previous gen-
eration of experiments from 1974–1987, this integrated
luminosity is more than one order of magnitude higher
than about 6 pb−1 accumulated by various experimental
groups in Frascati and Orsay in the c.m. energy range
from 1.4 to 2 GeV. Thus, there is a serious energy gap be-
tween the maximum energy attainable at VEPP-2M and
2 GeV in which existing data on e+e− annihilation into
hadrons are rather imprecise. Accurate measurements of
hadronic cross sections in this energy range are crucial
for a better understanding of many phenomena in high
energy physics.

A recent decision to upgrade the VEPP-2M complex
by replacing the existing collider with a new one, in order
to improve the luminosity and at the same time increase
the maximum attainable energy up to 2 GeV, will signif-
icantly broaden the potential of experiments performed
at the collider. Following modern trends, the new project
was named VEPP-2000.

2. LUMINOSITY OF COLLIDERS AND ROUND
COLLIDING BEAMS CONCEPT

The basic parameter of a collider is its luminosity L
which in the case of short bunches is determined by the
formula:

L =
πγ2ξzξxεxf

r2
eβz

· (
1 +

σz

σx

)2
,

where ξz, ξx are the space charge parameters whose max-
imum values are limited by the beam-beam effects; εx is
the horizontal emittance of the beams, σz, σx are their
r.m.s. sizes at the interaction point (IP), and βz is the
vertical β-function at the IP; f is the frequency of col-
lisions at this IP, re is the classical electron radius, γ is
the relativistic factor.

The space charge parameter per interaction is:

ξx,z =
Nre

2πγ

βx,z

(σx + σz)σx,z
,

where N is the number of particles in the opposite bunch.
Colliding bunches with maximum values of ξz � 0.05 and
ξx � 0.02 are experimentally obtained on the VEPP-2M
collider [3].

Aiming at a very high luminosity due to raising the
ξ limits in the Novosibirsk Φ-Factory project [4, 5], col-
liding beams with round transverse cross-sections were
proposed (just “round beams” in what follows). During
the last decade at BINP, this approach evolved into the
concept of Round Colliding Beams (RCB) [6].

In the RCB case, the luminosity formula has the form

L =
4πγ2ξ2εf

r2
eβ

and the space charge parameters are now the same in
the two directions, so the horizontal parameter can be
strongly enhanced.

The evident advantage of round colliding beams is that
with the fixed particle density, the tune shift from the op-
posite bunch becomes twice as small as the tune shift in
the case of flat colliding beams. Besides, the linear beam–
beam tuneshift in the round beams becomes independent
of the longitudinal position in the bunch, thereby weak-
ening the action of synchro-betatron resonances.
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Figure 1: The VEPP-2000 collider layout
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Figure 2: Variation of the weak beam size versus the the
space charge parameter ξ: solid curve for the round colliding
beams, dashed curve for the flat beam option.

The main feature of the RCB is rotational symmetry
of the kick from the round opposite beam; complemented
with the X–Z symmetry of the betatron transfer matrix
between the collisions, it results in an additional inte-
gral of motion M = xz′ − zx′, that is, the longitudinal
component of the particle’s angular momentum is con-

served. Thus, the transverse motion becomes equivalent
to a one-dimensional (1D) motion. Resulting elimination
of all betatron coupling resonances is of crucial impor-
tance, since they are believed to cause the beam lifetime
degradation and blow-up.

The above arguments in favour of RCB have been
checked out by the computer simulations of the beam-
beam effects in the VEPP-2M collider lattice, modified
to the RCB option [7]. The main results of the simula-
tions [8] are presented in Figure 2, where the beam sizes
are plotted versus the space charge parameter ξ. One
can see that the beam blow-up for the round beam op-
tion is much weaker than what is simulated by the same
code for flat colliding beams (dashed line). The simu-
lations have also demonstrated stability of RCB against
the “flip-flop” effect, similarly to conclusions from simple
flip-flop models [9].

3. DESIGN OF VEPP-2000

3.1. Magnets

The lack of space for placing the new machine lead
to the demand of using strong dipole magnets. For the
energy of particles in the beam to be 1 GeV, the field of a
magnitude 2.3 T is needed. For this purpose it is planned
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to use the construction of magnets of booster BEP [10]
that works at the level of the magnetic field needed. The
parameters of magnets are shown in Table I.

Table I The main parameters of the bending magnets

Gap 40 mm

Bending angle 45◦

Bending radius 1.40 m

Maximal field 2.3 T

Number of coil turns 10

Current in coil 9 kA

Power consumption 900 kW

Accuracy 0.001%

Range of reconstruction with a beam 1.2

Time of reconstruction 100 s

Figure 3: The dipole magnet of the VEPP-2000

Construction of magnets with such a big field requires
the optimization of coils placement, a form of a pole and
magnet yoke for decreasing the effect of iron saturation,
power consumption and obtaining a sufficient region of
uniform field. The field nonuniformity at the edges of
a dipole magnet was also accounted for. Figure 4 shows
the guide field distribution versus longitudinal coordinate
s that was obtained by simulation of the dipole magnet
VEPP-2000 model with MERMAID code.

3.2. Solenoids

Focusing in the two interaction regions is performed
by SC solenoids, installed symmetrically with respect to
the IPs. Each solenoidal block consists of a main solenoid
which is longitudinally divided into two parts, and a com-
pensating solenoid with reverse field to adjust longitudi-
nal field integral and focussing. Such a scheme gives an
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Figure 4: The dependence of the guide field of dipole
magnet on the longitudinal coordinate (MERMAID). The
edge of a magnet and its coil are shown schematically.

Figure 5: The superconducting solenoid of VEPP-2000

additional possibility to control the β∗ value by feeding
only one half of the main solenoid at lower energies.

The solenoid coil is divided into three sections: the
inner section has a thickness of 30 mm and is made
of Nb3Sn wire 1.23 mm in diameter (50% Cu + 50%
Nb3Sn); the middle section has a thickness 20 mm and is
wound with a NbTi wire 1.2 mm in diameter (48% Cu +
52% NbTi) and the outer layer has a thickness of 10 mm,
made of NbTi wire 0.85 mm in diameter (48% Cu + 52%
NbTi). To feed this three-section coil we plan to use two
power supply units. The connection scheme implies that
the current in the outer section is the sum of currents in
the inner ones. The distribution of currents in the sec-
tions is: inner section – 145 A, intermediate section – 167
A, outer section – 312 A. The peak magnetic field is 12.1
T.

Magnetic flux is closed by the iron return yoke located
together with all the coils in a common LHe cryostat.
The aperture of the coil is 50.0 mm. The inner tube of
the helium vessel is a part of the collider vacuum cham-
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Table II The main parameters of solenoids

Solenoid Main Compensative

Magnetic field, T 12.7 9.0

Coil length, m 0.526 0.128

Inductance, H 14.3 1.2

Number of turns 26080 4940

Stored energy, J 346 27
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Figure 6: The critical parameters of the superconducting
wires used. I — (10.7 T, 165 A), II — (9.1 T, 220 A), III —
(7.6 T, 220 A), IV — (9.3 T, 214 A), V — (7.6 T, 214 A)

ber. A nitrogen vapour cooled liner is envisaged to pro-
tect the surface of the helium cryostat from heating by
synchrotron radiation.

3.3. RF System

Beam revolution frequency is 12.292 MHz. The ac-
celerating RF frequency was chosen at 14-th revolution
frequency harmonic, that is, 172 MHz. With accelerat-
ing voltage of 100 kV the bunch length is about σ = 3
cm at the energy of 1 GeV. Energy loss per turn is 64
keV, and with colliding beam currents of 2 × 0.1 A the
power delivered to the beams is 12.8 kW. The so-called
single-mode cavity is proposed to be used to ease suppres-
sion of coherent instabilities (see Figure 7). Two coaxial
damping loads are foreseen to absorb the energy from
high-order modes excitation. The fundamental mode is
isolated from the upper load by the tunable choke.

The RF field distribution of the accelerating mode on
the axis of the RF cavity is shown in Figure 8.

3.4. Vacuum System

The high-vacuum system consists of 16 ports with
ion-getter pumps PVIG-100, which are located at the
edges of bending magnets vacuum chambers; of ion-getter

Figure 7: Cross-section of the cavity

Figure 8: The RF field distribution of the accelerating mode
of RF cavity (upper picture). The field distribution on the
cavity axis (lower picture)

pump PVIG-250 connected to the RF cavity; of 4 cryop-
umps formed of cool solenoid surface. To prevent heating
cryosurface, which is under 4.2 K, by SR there is a plan
to use a perforated liner cooled with the liquid nitrogen.
The liners ports should provide a linear pumping rate of
5 l/s/cm for the nitrogen. The cool surface under 4.2 K is
an ideal pumping for all the residual gases but the hydro-
gen, because after accumulation of more than one cryos-
rpted hydrogen monolayer, the saturated vapor pressure
of the hydrogen reaches the value of 5× 10−7 Torr under
the given temperature. In spite of this circumstance our
calculations showed that in general the beam life time
will depend on residual CO pressure. Numerical simula-
tion of the pressure over the ring was performed under
the following conditions:

• Ip = Ie = 200 mA — electron and positron beam
currents
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Figure 9: Graph of CO pressure distribution for one quoter
the VEPP-2000 circumference.

Figure 10: The vacuum chamber of one quadrant of the
VEPP-2000

• S1, S2, . . . , S16 — lumped ports with the pump-
ing rate of 150 l/s, Sp = 5 l/s/cm — distributed
cryopumping

• Photon flux is 2.2 × 1019 photon/s/rad
• Coefficient of photostimulated disorption (for after

more than 100 Ah):

– for non-heated chamber sections — 3 × 10−5

molecule/photon
– for heated chamber sections — 3 × 10−6

molecule/photon

The graph of CO pressure distribution for one quarter of
the VEPP-2000 circumference is presented in Figure 9.

The vacuum chamber of the VEPP-2000 is shown in
Figure 10.

4. BEAM INJECTION

The injection of beams into the storage ring is planned
to be done in the horizontal plane into the long drift op-
posite to the RF cavity (see Fig. 1). The inflector plates
will be placed on the inner side of the vacuum chamber
in the bending magnets at the ends of the drift. The ad-
vantage of such a scheme is independence of the injected
beam trajectory on the solenoids field. This gives us
an opportunity to test different options of optics: usual
round beams, “Möbius”, and flat beams with zero rota-
tion of the betatron oscillation plane.

In Table III the main parameters of generators are col-
lected.
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Figure 11: Half period lattice functions. S = 0 corresponds
to IP

Table III The main parameters of kickers feed generators

Parameter Value

charging voltage up to 40 kV

Polarity of charging voltage positive

Amplitude of the output pulse up to 30 kV

Half-height pulse duration 80 ns

Pulse leading/trailing edge duration 60 ns

Output pulse polarity negative

Output impedance 12,5 Ohm

Each circuite of DSC impedance 6,25 Ohm

Thyratron current amplitude up to 4,8 kA

Repetition frequency 1 Hz

The BEP booster is capable of production beams with
the energy of up to 900 MeV. Thus, operation at lower
energies will be continuous, with injection of the beam
at the experiment energy. In the region from 900 MeV
to 1 GeV, the energy ramping from 900 MeV to the ex-
periment energy is required.

5. VEPP-2000 PARAMETERS

The optical functions of the round beam lattice of
VEPP-2000 are presented in the Figure 11.

An essential advantage of the found optics is zero dis-
persion in the IRs, RF cavity, and injection straight sec-
tions.

The chosen optics has another very useful feature.
Variation of the focusing strength of the solenoids
changes β∗ and the beam emittance in inverse propor-
tion, at fixed energy. Changing energy, we can squeeze
β∗, conserving the maximum beam size at the solenoids,
thus giving a possibility to tune optics for better perfor-
mance. Apparently, this feature provides the luminosity
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Table IV Main parameters of the collider at E=900 MeV

Circumference, m C 24.388

RF frequency, MHz f0 172.0

RF voltage, kV V 100

RF harmonic number q 14

Momentum compaction α 0.036

Synchrotron tune νs 0.003 (α = 0.04)

Emittances, cm·rad εx 2.2 · 10−5

εz 2.2 · 10−5

Energy loss/turn, keV ∆E0 41.5

Dimensionless δz 2.3 · 10−5

damping δx 2.3 · 10−5

decrements δs 4.6 · 10−5

Energy spread σε 6.4 · 10−4

βx at IP, cm βx 6.3
βz at IP, cm βz 6.3

Betatron tunes νx, νz 4.1, 2.1

Particles/bunch e−, e+ 1.0 · 1011

Bunches/beam 1

Tune shifts ξx, ξz 0.075, 0.075

Luminosity/IP, cm−2·s−1 Lmax 1.0 · 1032

scaling at lower energies approximately as γ2 (instead of
γ4 for the option with fixed β∗).

The main parameters of the new collider are given in
Table IV.

6. STATUS OF THE PROJECT

The designing of the main part of all the collider sys-
tems is finished. Manufacturing dipole magnets and

quads is in progress and planned to be finished this year.
Manufacturing and testing solenoids as the longest oper-
ation is planned to start this year and will continue the
next year. The commissioning of the VEPP-2000 collider
will start in the end of 2002.
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The project of upgrading the detector CMD-2 is presented. The upgraded detector is called CMD-2M and is going to take data with the
new collider VEPP-2000 at BINP. The general structure of the detector CMD-2 will remain as is but major parameters of the detector, such
as momentum and angular resolution for charged particle and energy and spatial resolution for photons, will be substantially improved.

1. INTRODUCTION

The general-purpose Cryogenic Magnetic Detector
(CMD-2) (Figure 1) [1] has been running at the VEPP-2M
electron-positron collider in Novosibirsk from 1992 to 2000
studying the centre-of-mass energy range from 0.36 to
1.4 GeV. The total integrated luminosity collected is about
25 pb−1. It allows the study, with high precision, of many
channels of e+e− annihilation to hadrons and rare decays of
the light vector mesons [2].

At present time, a modernization of the VEPP-2M
accelerator-collider complex is in progress. The main part
of the modernization is the creation of the new collider VEPP-
2000 [3] with centre-of-mass energy up to 2 GeV and lumi-
nosity up to 1032 cm−2s−1.

The change of the collider interaction point design and the
increase of its energy and luminosity require the upgrade of
the detector. The general structure of the detector will be the
same. The most expensive components of the CMD-2 detector,
such as BGO and CsI crystals, as well as a substantial part of
digitizing electronics and software will be used in the CMD-
2M detector. All systems of the detector will be upgraded or
replaced by new ones.

2. GENERAL DESCRIPTION OF THE CMD-2M
DETECTOR

The layout of the CMD-2M detector is shown on Figure 2.
The electron and positron beams collide at the center of

the vacuum chamber (1) which has an internal diameter of
34 mm. The central part of the vacuum chamber is a Be tube
with thickness of 0.77 mm (2.1 × 10−3X0). A set of masks
protects thin part of the vacuum chamber from synchrotron
radiation.

∗On behalf of the CMD-2M collaboration listed in appendix A.

The coordinate, angle and momentum of charged particles
are measured by the cylindrical drift chamber (2) with a hexag-
onal cell. The chamber diameter is 600 mm, its length 440 mm.
The charge division along the wires is used for measuring the
Z-coordinate of tracks.

The Z-chamber (4) produces a fast pretrigger signal for
charge trigger and measures the Z-coordinate of tracks with
high resolution.

The drift and Z-chambers are placed inside the supercon-
ductive solenoid (5) with a magnetic field of 1.5 T. The total
thickness of the solenoid is 0.18 X0. The collider focusing
solenoids (9) with a magnetic field of 13 T are almost inside
the detector but their influence on the magnetic field in the
volume of the drift chamber is small.

The coordinates and energy of photons are measured by
the barrel calorimeter based on liquid Xe (6) and CsI crystals
(7) and the endcap calorimeter based on BGO crystals (3).
Both the barrel and endcap calorimeters cover a solid angle of
0.94×4π steradians. The barrel calorimeter is located outside
the magnet. To minimize the amount of passive matter in front
of the calorimeter the liquid Xe calorimeter and the magnet are
placed into a common cryostat.

The iron flux return yoke (8) is octagonal in shape with a
length of 1660 mm and a height of 1800 mm. The range system,
based on plastic scintillator, is located outside the yoke.

The main parameters of the CMD-2M detector are listed in
Table I for comparison with the CMD-2 detector.

3. DRIFT CHAMBER

The drift chamber of the CMD-2 detector has a jet-like struc-
ture [4]. At energies above 1 GeV the event multiplicity in-
creases substantially. Events with at least 4 tracks have the
largest cross sections. To study those events, a drift chamber
with a uniform, relatively small cell, is well suitable. The cell
has a hexagonal shape with a diagonal distance of 17 mm. Also
this structure allows for high reconstruction efficiency for par-
ticles, decaying inside the sensitive volume, that is important
for KS-meson reconstruction.
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Table I Main parameters of CMD-2 and CMD-2M detectors.

System CMD-2 CMD-2M

Drift
chamber

512 sensitive wires
σR−φ = 250 µm, σZ = 5 mm,
σθ =15·10−3, σφ = 7 · 10−3,

σdE/dx=0.2·E

1218 sensitive wires
σR−φ = 140 µm, σZ = 2 mm,

σθ =7·10−3, σφ = 4 · 10−3,
σdE/dx=0.15·E

Z-chamber Double layers proportional chamber with cathode strips
anode wires are combined to 2×32 sectors, number of cathode strips - 512

σZ = 250 ÷ 1000 µm , σt=5 ns

Barrel
Calorimeter

892 CsI crystals in 8 octants
readout PMT

thickness 8.1 X0
σE/E = 8%, σθ,φ = 0.03÷0.02 rad

at Eγ = 100÷700 MeV

1152 CsI crystals in 8 octants
readout Si photodiodes

400 l LXe
thickness 5(LXE)+8.1(CsI)=13.1 X0
σE/E = 4.7 ÷ 3%, σθ,φ=0.005 rad

at Eγ = 100÷900 MeV

Endcap
Calorimeter

680 BGO crystals in 2 endcaps
readout vacuum phototriodes

thickness 13.4 X0
σE/E = 8 ÷ 4%, σθ,φ = 0.03÷0.02 rad

at Eγ = 100÷700 MeV

680 BGO crystals in 2 endcaps
readout Si photodiodes

thickness 13.4 X0
σE/E = 8 ÷ 3.5%, σθ,φ = 0.03÷0.02 rad

at Eγ = 100÷900 MeV

Range system Streamer tubes, 2 double layers, σZ=5 cm Plastic scintillator counters, σt <1 ns

Superconductive
solenoid

Magnetic field 1 T, thickness 0.38 X0 Magnetic field 1.5 T, thickness 0.18 X0

The number of cells for chosen geometry is 1218. The sen-
sitive wires of 15 µm diameter are made with gold-plated W-
Re alloy. The field wires of 80 µm diameter are made with
gold-plated titanium. The ratio between numbers of sensitive
and field wires is 1:2.

The gas mixture is Ar:iC4H10 (80:20), and the gas gain co-
efficient is about 105 at 2 kV applied voltage. The electric field
strength on the surface of the field wires is less than 20 kV/cm
which is safe from the point of view of aging. Maximum drift
time is 600 ns.

The frame of the chamber is made from carbon fibers. To
minimize the amount of passive matter in front of the endcap
calorimeter the flanges are spherical in shape with a radius
of curvature of 1515 cm (Figure 3). The flanges thickness is
7 mm, and the outer wall thickness 2 mm. The inner wall is
made from 0.2 mm kapton. The chamber thickness for 90 de-
grees tracks is 0.01 X0. The thickness of passive matter in
front of the endcap calorimeter is 0.04 X0.

The average spatial resolution in the cell is about 140 µm
taking into account the cluster effect and diffusion. According

to this spatial resolution and multiple scattering the momentum
resolution is shown on Figure 4.

The Z-coordinate of a track is determined with resolution
of about 2 mm by measurements of charges from both ends
of wires. Also the measurement of charges is used for dE/dx
measurement. Based on CMD-2 drift chamber experience,
estimated resolution will be 15%. It allows the separation of
kaons from pions in a momentum range up to 450 MeV/c.
The preamplifiers, designed for the KEDR detector, are used
for amplification of the signals. The digitizing electronics are
replaced by modern ones.

4. Z-CHAMBER

The Z-chamber of the CMD-2 detector is used in the CMD-
2M detector. The Z-chamber is a double-layer proportional
chamber with cathode strips [5]. The signals from the anode
wires are used for triggering. Signals from cathode strips are
used for measurements of the Z-coordinate of the tracks.
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Figure 1: Layout of the CMD-2 detector. 1 – vacuum chamber,
2 – drift chamber, 3 – Z-chamber, 4 – main solenoid,
5 – compensating solenoid, 6 – endcap calorimeter, 7 – barrel
calorimeter, 8 – range system, 9 – flux return yoke, 10 – storage ring
lens

The anode wires with a diameter of 28 µm are made with
gold-plated W-Re alloy. The step between wires is about
2.8 mm, and the total number of wires is 1408. To minimize
the number of readout channels, the anode wires in both layers
are combined in 32 sectors. The sectors in the outer layer are
rotated relatively to the sectors in the inner layer by half of the
angular size of the sectors.

Use of the fast gas mixture CF4:iC4H10 (80:20) allows to
achieve time resolution of better than 5 ns. Time between colli-
sions inVEPP-2000 collider is 80 ns. Therefore the Z-chamber
time resolution is enough for unambiguous synchronization of
events and beams collisions.

There are 256 cathode strips in each layer. The Z-coordinate
is measured by the centre of gravity of the induced charge
method. High resolution (0.25 mm for a 90 degree track and
1 mm for a 45 degree track) allow to perform absolute cali-
bration of the Z-coordinate measurements in the drift chamber
and calorimeter.

The upgrade of electronics is the only change. The anode
wires readout is the same with drift chamber. The analog elec-
tronics used to readout the cathode strips are of the same design
as of those used for the liquid Xe calorimeter, while the present
ADC cards remain.

5. ENDCAP CALORIMETER

The endcap calorimeter covers forward-backward angles
from 16o to 49o and from 131o to 164o. Its total solid an-
gle is 0.3×4π . For the energy of incident photons from 100
to 700 MeV the energy resolution is 8–4% and the angular
resolution 0.03-0.02 radians.

The endcap calorimeter of the CMD-2 detector con-
sists of 680 rectangular BGO crystals with the size of
25 × 25 × 150 mm3, arranged in two endcaps [6]. The thick-
ness of the crystals is 13.4 X0 for normal incidence. The trans-
verse dimensions of the crystals were chosen as a compromise
between the spatial resolution and the number of electronic
channels. All faces of the crystals are polished and light is col-
lected by total internal reflection. The total weight of crystals
is about 450 kg.

The light readout is performed by vacuum phototriodes. Sig-
nals from the phototriodes are amplified by low noise charge
sensitive preamplifiers [7]. The preamplifiers are placed di-
rectly on the phototriodes inside the detector for best noise per-
formance. After further amplification and filtration by shaping
amplifiers the signals come to an ADC.

The same BGO crystals are used in the CMD-2M detector
but the photosensitive devices have to be changed. The fo-
cusing solenoids of the VEPP-2000 collider cause nonuniform
magnetic field in the endcap calorimeter volume and limit the
available space from 204 mm to 179 mm. As a result vacuum
phototriodes cannot be used. The HAMAMATSU silicon PIN
photodiodes with sensitive area 1×1 cm2 looks like the best
choice. They are compact and insensitive to the magnetic field.
Additional features of silicon photodiodes are high quantum
efficiency, stability and reliability.

Silicon photodiodes have an order of magnitude larger ca-
pacitance compared to vacuum phototriodes. So new charge
sensitive preamplifiers have to be designed for better signal-
to-noise ratio. The rest of the electronics does not change.

Measurements with a prototype show a light yield of
600 e/MeV and electronic noise of 500 e. It gives an effective
noise 0.8 MeV which is about the same with the CMD-2 data
of 0.9 MeV. Therefore the expected resolution of the CMD-2M
endcap calorimeter is close to that obtained with the CMD-2
detector.

6. BARREL CALORIMETER

The barrel calorimeter covers polar angles from 38o to 142o.
Its total solid angle is 0.79×4π . It consists of 2 parts: liquid
Xe calorimeter and CsI crystal calorimeter. The thickness of
liquid Xe calorimeter is 5X0. The total volume of liquid Xe is
about 420 l (weight is about 1.2 t). It is a new system in the
CMD-2M detector. The CMD-2 detector barrel calorimeter
crystals with a thickness 8.1 X0 are used in the crystal part.
The number of crystals increases from 892 to 1152 because of
the extension of the internal radius by 15 cm.

Due to the increase of the calorimeter thickness the en-
ergy resolution will be substantially improved (Figure 5). The
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Figure 2: Layout of the CMD-2M detector. 1 – vacuum chamber, 2 – drift chamber, 3 – BGO endcap calorimeter, 4 – Z-chamber, 5 – main
solenoid, 6 – liquid Xe barrel calorimeter, 7 – CsI barrel calorimeter, 8 – flux return yoke, 9 – collider focusing solenoids.
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Figure 3: Layout of the drift chamber.

measurement of the coordinates of the conversion points will
achieve an angular resolution of about 0.005 radians.

6.1. Liquid Xe (LXe) Calorimeter

The LXe calorimeter project is based on successful R&D
in BINP during the last years [8]. It consists of a set of ion-
ization chambers with readout from both electrodes (see Fig-
ure 6). The cathode electrodes are divided on strips for mea-
surement of conversion point coordinates. The anode elec-
trodes have rectangular pads for measurements of an energy
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Figure 4: Momentum resolution of the drift chamber.

deposition. There are 7 cathode and 8 anode cylindrical elec-
trodes. The longitudinal segmentation uses dE/dx measure-
ments for KL/γ , π±/K± and π /e separation. The electrodes
are made with copper foil G10 plates with a thickness of 0.5 mm
(anode) and 0.8 mm (cathode). A gap size is 10.2 mm. Drift
time is 4.5 µs.

The conversion point coordinates are measured by the centre
of gravity of induced charge method. Both surfaces of cathode
electrodes are divided on 2 mm width strips spaced by 2 mm.
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The angle between strips on different surfaces of one electrode
is 90o. This structure is semitransparent: the induced charges
on both surfaces of the electrodes is almost the same. It mea-
sures both coordinates of a conversion point in one gap. This
feature is important to measure the angles of soft photons with
short range e+e− conversion pairs. To minimize the number of
readout channels, the strips are grouped in 4. The total number
of cathode channels is 2124.

The anode pads form towers with projections to the interac-
tion point. The LXe calorimeter is divided onto 8 rings along
the Z-axis and onto 33 sectors in the R-ϕ-plane. So it consists
of 264 towers with an angular size of about 11o×11o.

The capacitance of the cathodes strips and anode tower are
close to 500 pF. They are readout independently by similar
chains. Analog electronics consist of specially designed charge
sensitive preamplifiers and shaping amplifiers and are located
inside the detector. The shaping time of the cathode channels
is 4.5 µs in accordance with the drift time. The shaping time of
the anode channels 0.4 µs is chosen as a compromise between
the electronic noise and the geometry factor contributions to
the energy resolution. The electronic noise of the cathode
and anode channels is 350 e + 1.6 e/pF and 900 e + 2.1 e/pF
respectively. The ADC cards are the same as for the crystal
calorimeters.

6.2. CsI Calorimeter

The CsI calorimeter of the CMD-2M detector design is based
on experience with the CMD-2 detector barrel calorimeter [9].
It consists of 8 identical octants. Each octant contains 9 linear
modules (rows) by 16 crystals. The rows are oriented along the
beam axis. Seven central rows consist of rectangular crystals
with a size of 60 × 60 × 150 mm3. Two side rows are built
from special shape crystals to avoid gaps between octants.

The crystals are covered by diffuse reflector for light col-
lection. In the CMD-2M detector the light readout from CsI

Figure 5: Energy resolution of the barrel calorimeter (MC). Boxes –
CMD-2, circles – CMD-2M.

Figure 6: Design of electrodes of the LXe calorimeter.

crystals is performed by HAMAMATSU silicon PIN photodi-
odes with sensitive area 1 × 2 cm2 instead of PMTs as used in
the CMD-2 detector. The main reason of changing the readout
is high sensitivity of the PMTs to the scattered magnetic field
magnitude which is hard to keep under the control.

Figure 7: Layout of the range system.

Usage of photodiodes requires more sophisticated electron-
ics compared to the PMT readout. The analog electronics
consist of low noise charge sensitive preamplifiers designed
for endcap calorimeter and upgraded version of designed for
the KEDR detector shaping amplifiers. The ADC cards re-
main. Measurements with a prototype show a light yield of
2500 e/MeV and electronic noise of 800 e. It gives an effec-
tive noise of 0.3 MeV which does not affect the resolution.
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7. RANGE SYSTEM

The range system of the CMD-2M detector (Figure 7) con-
sists of 16 counters which are located outside the flux return
yoke. Beam muons with energy above 550 MeV will reach it
at all angles.

The counters are made from plastic scintillator sheets with
a thickness og 2 cm. The width and length of the counters is
40 cm and 150 cm respectively. The scintillator are viewed
from both ends by PMTs. The expected time resolution is
better than 1 ns. It is enough to separate cosmic muons from
beam produced ones.

8. CONCLUSION

The project of the upgraded detector CMD-2M for the new
collider VEPP-2000 built at BINP is presented.

Compared to the VEPP-2M collider, the new collider
VEPP-2000 will have a wider centre-of-mass energy range up
to 2 GeV and higher luminosity up to 1032 cm−2s−1.

The general structure of the detector CMD-2 and its most
expensive components, such as BGO and CsI crystals, as well
as a substantial part of electronics and software will remain
as they are. At the same time, all systems of the detector
will either be upgraded or replaced by new ones. After up-
grade, major parameters of the detector, such as momentum
and angular resolutions for charged particles and energy and
spatial resolutions for photons, will be improved substantially.
Improvement of the detector parameters and upgrade of the
accelerator-collider complex will carry research to a new level
of precision.
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The upgrade program of the Spherical Neutral Detector for future experiments at a new VEPP-2000 e+e− collider is
presented. Modernization includes upgrades of electromagnetic calorimeter, tracking system, detector electronics, data
acquisition system, and offline software. It is also planned to equip the detector with two new subsystems: particle
identification system based on aerogel Čerenkov counters and external electron tagging system for γγ physics.

1. INTRODUCTION

The Spherical Neutral Detector [1] was designed for ex-
periments at the VEPP-2M e+e− collider in the energy
range from 0.36 to 1.4 GeV. These experiments were car-
ried out from 1996 to 2000. The SND collected about
30 pb−1 of integrated luminosity which corresponds to
7, 4 and 20 millions produced ρ, ω and φ mesons, re-
spectively. The main physical goals of SND were precise
measurements of the magnetic dipole decays of ρ, ω and
φ, observation and study of the electric dipole decays
φ → a0γ, f0γ, ρ, ω → π0π0γ, measurement of the hadron
production cross sections e+e− → 3π, 4π, ωπ, KK̄
[2, 3]. The study of the hadron cross sections will be
continued at VEPP-2000 [4]. This machine is being built
in Novosibirsk and will cover a poorly studied energy re-
gion from 1.4 up to 2.0 GeV.

The current layout of the detector is shown in Figure 1.
The main part of SND is the electromagnetic calorime-
ter based on NaI(Tl) crystals. Inside the calorimeter
a tracking system is placed. It consists of two drift
chambers with a cylindrical scintillation counter between
them. The calorimeter is surrounded by a 12-cm-thick
iron absorber and a segmented muon system which pro-
vides both muon identification and cosmic background
suppression. Each segment of this system consists of
two layers of streamer tubes and a plastic scintillation
counter.

For experiments at VEPP-2000 a part of the detector
subsystems will be modified.

• The new design of the collider interaction region
requires a change of sizes of the tracking system.
The new drift chamber is being designed now.

• The dE/dx measurements in the drift chamber
can provide π/K separation only up to 1200 MeV
center-of-mass energy. To cover completely the en-
ergy region of VEPP-2000 we plan to install an
additional system for particle identification based
on aerogel Čerenkov counters.

• The new phototriodes will be installed in the third
calorimeter layer. The old ones significantly de-
graded during experiments at VEPP-2M.

• The high luminosity (up to 1032 cm−2s−1 at E =2
GeV) of the new machine and possible increase of
beam background require modification of the digi-
tizing electronics and new data acquisition system.

• The combination of the relatively low energy and
high luminosity at VEPP-2000 gives a good pos-
sibility for study of γγ physics at low invariant
masses Wγγ . For this task, the detector will be
equipped with a system for detection of the scat-
tered electrons.

2. CALORIMETER

The calorimeter has a spherical shape which provides
relative uniformity of response over the whole solid angle.
It consists of 1632 NaI(Tl) counters arranged in three lay-
ers. Pairs of counters of the two inner layers are sealed
in common 0.1-mm-thick aluminum containers and fixed
to an aluminum supporting hemisphere (Figure 2). Be-
hind it, the third layer is placed. The gap between the
adjacent crystals of one layer is about 0.5 mm. The total
calorimeter thickness is 13.4 X0 (34.7 cm) with 2.9, 4.8
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Figure 1: SND detector layout: (1) beam pipe, (2) drift chambers, (3) scintillation counters, (4) light guides, (5) PMTs, (6)
NaI(Tl) crystals, (7) vacuum phototriodes, (8) iron absorber, (9) streamer tubes, (10) 1 cm iron plates, (11) scintillation
counters, (12) and (13) elements of collider magnetic system.

and 5.7 X0 in the first, second and third layers, respec-
tively. The total mass of NaI(Tl) is 3.5 t.

The calorimeter covers polar angle between 18 and 162
degrees. The polar angle dimension of crystals is 9 de-
grees. The azimuthal angle dimension is 9 degrees in
“large” polar angle region 36◦ < θ < 144◦ and 18 de-
grees in the rest. Each calorimeter layer contains crystals
of eight different shapes.

The scintillation light signals from crystals are detected
by vacuum phototriodes. The light collection efficiency
varies from 7% to 15% for crystals of different layers.

Figure 2: NaI(Tl) crystals layout inside the calorimeter: (1)
NaI(Tl) crystals, (2) vacuum phototriodes, (3) aluminum
supporting hemispheres.

The phototriode quantum efficiency is about 15% and the
gain is about 10. The electronic channel of the calorime-
ter consists of the charge sensitive preamplifier, shaper
and 12-bit ADC. The equivalent sensitivity of electronic
channel is about 0.25 MeV per ADC bit. The equivalent
noise lies within the 150-350 keV range.

The calorimeter energy resolution is determined
mainly by the fluctuations of the energy losses in pas-
sive materials before and inside the calorimeter, leakage
of shower energy through the calorimeter and nonunifor-

Figure 3: Dependence of the calorimeter energy resolution
on the photon energy. The energy resolution was measured
using e+e− → γγ (dots) and e+e− → e+e−γ (circles)
reactions.
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Figure 4: Spectra of the invariant masses of photon pairs in
e+e− → γγγ events before (dots) and after (line) kinematic
fit.

mity of the light collection. The most probable value of
the energy deposition for photons is about 93% of their
energy. The dependence of the calorimeter energy reso-
lution on photon energy is shown in Figure 3 and can be
approximated as:

σE/E = 4.2/ 4
√

E(GeV)%.

The calorimeter angular resolution on photon energy
is described by the following formula:

σφ = 0.82◦/
√

E(GeV) ⊕ 0.63◦.

The crystal width approximately matches the transverse
size of an electromagnetic shower in NaI(Tl). Two show-
ers can be distinguished if the angle between them is
larger then 9 degrees. If this angle exceeds 18 degrees,
the energy of the showers can be measured separately
without a loss of accuracy.

The two-photon invariant mass distribution of e+e− →
3γ process in the energy region of φ meson resonance is
shown in Figure 4. The raw π0 and η mass resolutions
are 11 MeV and 25 MeV, respectively. In the analysis of
most parts of the physical processes at SND, the proce-
dure of kinematic fitting is used. This procedure allows
us to distinguish the different processes and improves the
energy resolution. The effect of kinematic fit to the in-
variant mass distribution is demonstrated in Figure 4.
The improvement of mass resolution by a factor 1.5 is
clearly seen.

The multilayer structure of calorimeter is used for e/π
[5] and KL/γ [6] separation.

3. TRACKING SYSTEM

The new tracking system consists of a drift chamber
and a proportional chamber in the common gas volume
(Figures 5 and 6). The gas volume has a cylindrical shape
with an inner radius of 2 cm and an outer radius of 10.3
cm. Its length varies from 30 cm to 26 cm.
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Figure 5: Side view of the SND tracking system.
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Figure 6: SND tracking system view across the beam.

Inside the gas volume there are 10 layers of sense wires.
The inner 9 layers contain the drift chamber consisting of
24 jet-type cells. The last outer layer is the proportional
chamber used for measurement of the Z coordinate. Both
cylindrical walls have copper cathodes divided into strips
transverse to wires with the step of 6 mm on their internal
side. Another side of the walls is used for cathode signal
output. The inner and outer cathodes have 128 and 152
strips, respectively. Both chambers contain 312 sense
and 984 field wires. The sense wires are made of gold-
plated tungsten with a diameter of 15 µm. The field
wires are 100 µm bronze-plated titanium wires. In the
drift chamber a ±0.3 mm staggering of the sense wires
in azimuthal direction is used to resolve the left/right
ambiguity. The chamber will operate with a 90%Ar +
10%CO2 gas mixture.

The drift chamber electronics have to provide the
drift time measurement and the amplitude measurements
from both ends of the sense wire under a very hard back-
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Figure 7: The top view of SND aerogel Čerenkov counter: (1) photomultiplier, (2) aerogel radiator, (3) wave length shifter.

ground condition. The expected background rate of each
individual wire is up to 50 kHz. For time measurement,
the front of the sum signal from both ends of the wire is
detected and the arrival time is digitized with 1 ns resolu-
tion. The results of two time measurements during 1 µs
trigger latency is written to minimize the dead time. For
amplitude measurement, a 10-bit 40 MHz FADC is used.
The total charge can be obtained as a sum of about 12
amplitude measurements. The FADCs of the same kind
are used to measure amplitudes of signals from cathode
strips.

The expected drift chamber spatial resolution in az-
imuthal plane is about 150 µm. Z-coordinate will be mea-
sured by the charge division method. The σz/l ∼ 0.5%
obtained in the test measurements with 40 MHz FADC
corresponds to a Z-resolution of 1–1.5 mm for different
chamber layers. The cathode strips provide two addi-
tional measurements of Z with an expected accuracy of
0.3–0.6 mm depending on the track polar angle. The
overall track system angular resolution is 0.2 degrees in
both azimuthal and polar directions.

The dE/dx measurements in the drift chamber give a
possibility to separate K and π mesons with momenta
up to 300 MeV/c.

4. PARTICLE IDENTIFICATION SYSTEM

The SND identification system is based on Čerenkov
threshold counters and should provide K/π separation in
the momentum region from 300 MeV/c to 870 MeV/c,
which is maximal K meson momentum at VEPP-2000.
The aerogel with a relatively large refractive index equal
to 1.13 was chosen as a Čerenkov light radiator. The
corresponding threshold momenta for K and π mesons
are 246 and 938 MeV/c, respectively.

The identification system is a 25-cm-long cylinder sur-
rounding the tracking system (see Figure 5). The inner
cylinder radius is 10.5 cm. The width is 2.8 cm. The

system consists of 9 equal counters with an azimuthal
size of 40 degrees (see Figure 7). For the Čerenkov light
collection, the wave length shifters (WLS) are used [7].
This method allows a number of the detector channels
to diminish, but leads to a possibility of misidentifica-
tion of particles struck into WLS. In the SND case, the
WLS azimuthal size is 3 mm and the possibility of par-
ticle misidentification is about 5%. The WLS light is
detected by a compact photomultipliers with microchan-
nel plates. For the SND geometry, the expected number
of the photoelectrons from an ultrarelativistic particle is
about 10.

5. ELECTRON TAGGING SYSTEM

The VEPP-2000 provides a good possibility for study
of γγ physics at low γγ invariant mass. The SND detec-
tion efficiency is about 50% for γγ → π0, η, π0π0 pro-
cesses. The integrated luminosity of 150 pb−1 at 2 GeV
(1 month at expected luminosity of 1032 cm−2sec−1) cor-
responds to 7.5 ·104π0, 2.5 ·104η, 1.8 ·104η′, 2000 f0, 1000
a0 produced in the photon-photon collisions. To success-
fully select two photon events from the beam background
and the events of e+e− annihilation we plan to install
the system for detection of the scattered electrons. The
project of the electron tagging system is under study now.
One of the possible designs is shown in Figure 8. The two
sets of the electron detectors are placed inside the bend-
ing magnets of the collider near the interaction region.
The electron detector can be a GEM (gas electron multi-
plier) based detector with a two-coordinate readout. The
presented system can provide the double tag efficiency of
15–25% in the γγ invariant mass region from 300 to 1000
GeV and the mass resolution of about 5 MeV.
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6. DATA ACQUISITION SYSTEM

The SND data acquisition system is based on
KLUKVA electronics standard [8] developed at BINP.
One KLUKVA crate holds up to 16 data conversion (DC)
modules, first level trigger interface (IFLT) and read-
out processor (RP) modules. The DC modules provide
fast logical and analog signals, which are transfered via
KLUKVA bus to IFLT modules for further use in FLT.
The digitized data are extracted from the DC modules
by RP with 100 ns cycle. The SND digitizing electronics
occupies 16 KLUKVA crates.

The first level trigger system uses the following infor-
mation:

• total energy deposition in calorimeter,

• 160 logical signals from calorimeter towers (25 MeV
threshold);

• 216 logical signals from drift chamber wires.

The FLT logic is implemented as a pipe line working at
40 MHz clock rate. The FLT decision latency is about 1
µs. The FLT rate in the experiments at VEPP-2000 is
expected to be about 1000 Hz.

The most part of KLUKVA modules including RP will
be modified for new experiments. The pedestal subtrac-
tion and zero suppression will be performed in the DC
modules. As a result, an average event size will be about
3 kB. The time needed for this event digitization and
reading into RP modules is about 30 µs. The new RP
module provides data exchange with online computer via
Ethernet network.

A schematic view of the SND data acquisition system
is shown in Figure 9. The raw SND data are read by the
Readout computer. The average data flow at this stage is
about 3 MB/s. The Readout computer builds events and
writes data into buffers on SCSI disks shared by several
computers. The L3 processes (4 or more) taking data
from buffers provide event packing, partial reconstruc-
tion, filtering and recording. This DAQ structure allows
an event processing rate to increase proportionally to the
number of L3 processes. The resulting output data flow
is expected to be about 0.1 MB/s.

7. OFFLINE SOFTWARE

Present FORTRAN-based offline programs will be re-
placed with an object-oriented framework, which sup-
ports simulation, reconstruction and analysis activities.
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The new framework exploits the experience obtained in
the work with the current offline and supports or extends
their essential features. Similar projects that exists in
HEP (e.g. BaBar framework) were also examined to find
out possible weak and strong features.

The main framework concept is a module, which is a
basic processing unit consuming some data and produc-
ing more data. Every module can be parameterized dur-
ing run time. Formalized description of modules is used
by a framework sequencer for the selection and ordering
of a minimal subset of modules for any given task. Data
persistency services are made sufficiently abstract to al-

low implementation for different persistency technologies.
The framework provides an interface for scripting lan-
guages. Together with a custom expression parser this
gives a support for extensible run-time histogramming.

8. CONCLUSION

For the experiment at VEPP-2000, a part of SND sub-
systems will be upgraded: the electromagnetic calorime-
ter, tracking system, electronics, online and offline soft-
ware. Two new subsystems will be added to the detector:
an aerogel Čerenkov counter and an electron tagging sys-
tem. All these changes significantly extend SND capabil-
ities for studies of the physical processes in new energy
domain.
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The PEP-N project is a proposed new e+e− collider at SLAC to operate in the center of mass energy range of 1.0 GeV to 3.1 GeV. PEP-N
consists of a new Very Low Energy electron Ring VLER (< 800 MeV) to collide with the PEP-II e+ Low Energy Ring LER (3.1 GeV)
parasitically to PEP-II operation for BaBar. Since the e+ ring has a fixed energy, the very low energy ring needs an energy range of 100
MeV to 800 MeV. This collider would likely be placed in Experimental Hall 12 of the PEP-II complex and have its own dedicated 800
MeV e− injector. The peak luminosity should reach 2 × 1031 cm2/s.

1. PEP-N COLLIDER

We discuss the parameters for an “e+e− → NN or multi-
hadrons” collider based at PEP-II [1,2]. The plan is to collide
the 3.1 GeV LER e+ beam against a 0.1 to 0.8 GeV electron
beam stored in a new very low energy ring (VLER). The PEP-
II LER is assumed to be operated for full BaBar operation
with design parameters. The small electron storage ring has
a circumference of 45.36 m and is located in straight section
IR12 of PEP-II. The electrons are injected from a 40 m-long
linac also located in IR12 of PEP-II. The luminosity of this
collider, called PEP-N, is estimated to be above 1031 cm2/s
at a VLER energy of 500 MeV without affecting BaBar data
collection. The location of PEP-N is shown in Figure 1.

PEP-N

 

Figure 1: PEP-II Layout with PEP-N location in IR12.

The collider straight section IR12 in PEP-II is relatively
large, has good floor space both inside and outside the radiation
enclosure, and has a large counting house. Both PEP-II rings

are relatively simple in this straight section. The hall is 20 m
along the beam line and about 12 m wide inside the radiation
wall.

A new 800 MeV linac would inject bunches of 3.6 × 109

electrons into every second ring RF bucket spaced 4.2 ns apart,
as in PEP-II. The linac would be mounted on the accelerator
floor of IR12 wrapped on itself to form four 12 m “girders.”
Injection could be at 120 Hz if needed but 1 Hz is planned. At
1 Hz, the injection time is 36 seconds.

The VLER circumference is about 45.3 m. The collision
point is located in the center of the IR12 straight, but could be
displaced a meter if the detector needs additional longitudinal
space. A large bore dipole at the IP is used to separate the
beams in the two rings and for detector momentum analysis.
The vacuum system is relatively simple as the synchrotron
radiation power is low.

The RF system is a single cavity (which exists as the proto-
type cavity for PEP-II). The VLER has two straights: one for
the IP and one injection-RF-feedback straight.

The LER ring would have to be slightly modified for this
collider. The present LER quadrupole at the location of the
collision point would be moved and reinstalled about 6.3 m
upstream. A new symmetrical quadrupole would be added 6.3
m downstream. The IP beta functions in the LER are about
a meter rather than about centimeters in traditional colliders.
Thus, the chromaticity in the LER will not change very much
and the present LER sextupoles are sufficient. The beam–beam
tune shifts for the LER from PEP-N will be very low, about
0.004, which should not affect PEP-II operations. PEP-N will
operate in a “parasitic mode” for about 9 months per year. If
the average peak luminosity over different energies is about
3 × 1030 cm2/s over the year and the ratio of average to peak
luminosity over long times including down times is about 0.5,
then an integrated luminosity of about 35pb − 1 is expected
each year.
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Table I PEP-N Parameters

Parameter LER e+ VLER e−
Beam energy (GeV) 3.1 0.8

Circumference (m) 2200 45.36

Number of bunches 1658 36

Total current (mA) 2140 140

Current per bunch (mA) 1.3 3.9

Bunch spacing (m) 1.26 1.26

Bunch length (mm) 11.0 10.0

�E/turn (KeV) 700 22

RF frequency (MHz) 476. 476.

Ion clearing gap (%) 5 0

RF voltage (MV) 4.8 0.1

Rel. energy spread (10−3) 0.61 0.36

Synchrotron tune 0.045 0.011

Emittance (x) 50 250

Betatron tune (νx/νy) 24.62/23.58 3.55/3.65

The intent is to install the PEP-N accelerator and the detector
in summer down times which are about two to three months
per year. Approximately, two to three down times are needed.

2. PEP-N COLLISIONS

The beam–beam interaction will ultimately determine the
peak luminosity of PEP-N. To determine the peak, the maxi-
mum beam–beam tune shifts are assigned to each ring. Then,
the beam parameters are adjusted to maximize the luminos-
ity within the tune shift limit constraints. The circumference
of the very low energy ring VLER had to be carefully cho-
sen. The harmonic number of the LER is 3492 which equals
2 × 2 × 3 × 3 × 97. Thus, to have each VLER bunch collide
with the same set of LER bunches always, the VLER circum-
ference should be 22.7 m (2200m / 97) or 61.1 m (2200 m /
2 / 2 / 3 / 3). The IR12 hall has a rectangular size of 20 m
by 7 m for a maximum possible circumference of about 54 m.
If one designs a ring with a realistic combination of bending
magnets, interaction point, and RF-injection-feedback straight
section, a minimum circumference of about 30 m is needed [3].
Thus, we could not keep the above clocking constraint and were
forced to choose a circumference in between. We chose 45.36
m which is 72 RF buckets. Therefore, every bunch in one ring
collides with every bunch in the other ring, eventually. Some-
times, a bunch has no collision on a given turn depending on
the location of the gaps in the LER bunch trains.

For PEP-N an important constraint is that the beam–beam
performance for PEP-II and BaBar should not be affected. This
implies that the LER of PEP-II should be operated for optimum
luminosity for the BaBar detector. For the LER, this assump-
tion translates into keeping the beam emittances, the number
of bunches, and the total charge the same as for the design of
PEP-II. The allowed parameters that can be adjusted are the
local beta functions at the collision point in IR12. The allowed

Table II PEP-N Collision Parameters

IR Parameter Design

C-M energy (GeV) 1.0–3.1

Crossing angle (mrad) 0.0

Luminosity (×1030 at 800 MeV) 20

Number of bunches 36

VLER current (mA) 140

LER current (mA) 2146

Beam–beam parameter (y + /−) 0.004/0.06

Beam–beam parameter (x + /−) 0.004/0.06

βy ∗ /βx∗ (cm/cm) VLER 3/30

βy ∗ /βx∗ (cm/cm) LER 44/151

Optimum coupling (%) VLER 100%

IP rms beam σy/σx(µm) VLER 85/274

IP rms beam σy/σx(µm) LER 26/272

�x, y (microns) 88/386

Detector dipole field (T ) 0.15

Detector dipole integrated field (T − m) 0.3

tune shift parameter for the LER should be small compared to
the ones measured in IR2 which is about 0.03 to 0.06. Thus,
we selected 0.004. In reality, the empirically determined max-
imum tune shift parameter may well be significantly higher,
which may allow a higher luminosity for PEP-N.

The optimized parameters for collisions in PEP-N are shown
in Table II for beam energy of 800 MeV [4,5]. The parameters
change with energy. The total beam current is varied in VLER
to keep the tune shifts constant for the LER. The beta functions
in the LER are varied with different VLER energies to keep
the VLER tune shifts constant.

Early in the days of B-Factory design, Keil and Hirata dis-
covered [6,7] that having rings of different diameters intro-
duces additional transverse beam–beam resonances. These
calculations do apply to PEP-N but, as understood at present,
are ameliorated by several features. The first is that the beam–
beam coupling in one of the rings is very small, LER, which
strongly reduces the resulting driving force. Second, because
of the very high order factors in the coupling, the tune spreads
in the beam will strongly damp the resonances. Every bunch in
each ring collides with every bunch in the other ring but only
after 97 LER turns or 4650 VLER turns. Third, both rings
have very strong active transverse bunch-by-bunch feedback
systems which would damp any coherent excitation.

The shortest beam lifetime for VLER from luminosity re-
lated particle loss is calculated for 500 MeV which is the worst
case. A 300 minute lifetime is expected.

3. PEP-N RF SYSTEM

The RF system for the VLER is much simpler than that of
PEP-II. Only a single cavity is needed to provide the required
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Figure 2: PEP-N layout in IR12 of PEP-II.

RF voltage of about 100–150 kV for a beam energy of 500–
800 MeV. A prototype RF cavity was built for PEP-II several
years ago. This cavity operated successfully at full PEP-II
parameters and produced 800 kV. With the addition of HOM
dampers this cavity is ready for PEP-N. At full beam energy,
the power the RF system needs to deliver to the beam is 3.0 kW
with a voltage of 100 kV. At 100 kV the RF power going into
the cavity wall is 1.32 kW and the reflected power is 0.68 kW.
Thus, the total power needed is about 5.0 kW. PEP-II klystrons
deliver 1.2 MW. So a much smaller power source is sufficient.
A voltage of 100 kV is sufficient to deliver the required bunch
lengths of about 0.8 to 1.3 cm.

4. PEP-N VACUUM SYSTEM

The vacuum system for the PEP-N VLER must provide for a
good beam lifetime, have a low beam impedance, and dissipate
synchrotron radiation power. This system must be as reliable
as the PEP-II system as the two systems are connected.

The vacuum system will likely be aluminum cylindrical
chambers with stainless-steel conflat flanges. The diameter
in the quadrupoles and drift sections will be 3.5 inches or 90
mm. This provides for a beam-stay-clear of over 10 sigma.
This size is the same as the PEP-II straight section chambers
allowing many common components. For example, VLER can
use the straight section bellows modules as-is. The chambers
in the dipole magnets will be flattened to 70 mm × 100 mm to
match the aperture.

The synchrotron radiation power is about 3000 W. Thus,
each dipole produces about 375 W. This power is distributed
over about 1 m of chamber or about 4 W per cm. At this power
level only modest water cooling is needed.

There will be six sputter ion pumps to hold the vacuum
pressure when PEP-N is not running. The dipole magnets will
have distributed ion pumps (DIP) used during operation. There
are sufficient spare DIP units from PEP-II HER construction to
build the eight units needed for PEP-N. The position monitor
buttons are the same. The injection and transverse feedback
systems need ceramic chambers. The PEP-II ceramic chamber
design works for VLER except shorter units are needed. The
ceramics will have an internal metal coating as in PEP-II.
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5. PEP-N INJECTION

The injection system for the VLER is an 800 MeV linear
accelerator combined with a pulsed thermionic gun. A layout
of the injection system is shown in Figure 2. The injection
straight section in VLER is shown in Figure 3. The electrons
are emitted from a gun and accelerated in four 12 m section
accelerators that exist at SLAC. Each four-section accelerator
is powered by a klystron and modulator removed from the linac
in Sector 20. Each section is SLEDed to produce 250 MeV
of acceleration as is routine in the SLAC linac. The linac is
mounted on the accelerator floor of the IR12 hall inside the
radiation shielding. There is one 180 degree bend in the linac.
The beam is injected into the ring using a transient orbit bump
in the ring with three pulsed dipoles. The injected beam enters
through a DC septum.

This injector needs to produce up to 3.6 × 109 electrons per
pulse in a single bunch. The gun and accelerator can easily
produce ten times the charge per bunch and accelerate several
such bunches simultaneously, if needed. The linac pulse rate
will be 1 Hz to save costs on the power source and radiation
shielding. The klystron and accelerator sections could be op-
erated up to 120 Hz if needed.
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The PEP-N project [1,2] consists of a small, very low-energy e− storage ring (VLER) located in one of the interaction-straight regions
of PEP-II. The small ring is brought into collision with the low-energy (3.1 GeV) e+ beam (LER). The center-of-mass energies from this
collision are between the � and J/ψ resonances. We achieve a head-on collision through the use of a central magnetic dipole field that
generates a large horizontal bending field. This field is also the central field of the detector. The large energy range of the VLER, in order
to maximize the center-of-mass energy range, complicates the collision point geometry. In order to maintain the beam orbits near the
collision point two techniques are used. The first is to scale the central dipole field up and down with the energy of the VLER and the
second is to use passive shielding to decrease the integral B·dl of the dipole field seen by the VLER. Changes in the orbit of the LER are
corrected with local bending magnets. Further details of the interaction region geometry as well as design issues that include synchrotron
radiation from the high-current positron beam are discussed.

1. INTRODUCTION

The SLAC, LBNL, LLNL, PEP-II B-factory [3] consists
of two storage rings located one above the other in the PEP
tunnel at SLAC. The low-energy ring (LER) of positrons is 89
cm above the high-energy ring (HER) of electrons. At design
operation, the LER beam current is 2.14 A in 1658 bunches
that are 1.26 m apart. The HER beam current is 0.75 mA. The
PEP-N proposal consists of a small storage ring of electrons
that collide with the LER to produce a center-of-mass energy
(Ecm) between the � and the J/ψ (approximately 1 GeV to
3 GeV). The very low-energy (VLER) electron storage ring
would be located in one of the old interaction region halls of
PEP-I (interaction region 12 is presently being considered).

2. INTERACTION REGION DESIGN

Three major collision designs were considered: 1) head-on,
2) a small angle collision, similar to KEKB, 3) and a very
large angle collision (> 100 mrads). The very large angle
collision design would be an interesting accelerator to build
but it was considered very risky and had a high probability
of not producing the required luminosity as well as introduce
perturbations on the LER that might adversely affect B-factory
running. The smaller angle collision (≈ 20 mrad total angle)
presents two difficulties. One is that the magnetic elements
needed for the VLER would take up most of the small angle
acceptance of the detector. This is important since the energy
asymmetry in PEP-N is very large over most of the Ecm range
of interest. The LER energy is held constant at 3.1 GeV while
the VLER has an energy range of about 100–800 MeV. The
detector angular acceptance in the forward boost direction is
100 mrad along the beam direction. In addition, a crossing
angle collision means that the beam must be brought back over
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Figure 1: Plot of the magnetic field from the central dipole magnet.
The field extends out to at least 2 m from the center. We will shield
the accelerator beam pipes as much as possible to minimize the
integrated strength of this magnet.

the LER beam in order to keep the small storage ring on one
side of the LER beam line. This is especially difficult because
it has to be done very soon after the collision. There is not
much space in the ±10 m long interaction region hall to get
the beam back to the other side of the LER. This left the head-
on solution as the best choice for the collision. The beams
are brought into collision and separated by a large horizontal
dipole field located at the interaction point that insures that
the VLER stays on the same side of the LER beam line. This
same magnetic field serves as the detector field. The present
working design uses a field model that has a maximum field
strength of 3 kG. Figure 1 is a plot of the field from this magnet
along the z axis.

The IP is located −25 cm from the center of the field. The
3 kG field corresponds to an accelerator design that has a
557 MeV beam energy for the VLER. Placing the collision
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point −25 cm from the center of the magnet increases the
amount of detector field in the boost direction and minimizes
the amount of upstream magnetic field. This lowers the amount
of upstream bending (and hence synchrotron radiation) in the
LER.

2.1. Downstream Beam Lines

The downstream side of the collision point is in the direction
of the LER. This is the side where most of the physics particles
go. On this side, the VLER is deflected horizontally 192 mrads
while the LER is deflected 34 mrads. This results in a sepa-
ration of 26.7 mm between the two beams at the first parasitic
crossing, 0.63 m from the IP, which translates into 38σx for
the VLER and 68σx for the LER. This large separation makes
any beam-beam effect from the parasitic crossing negligibly
small. The beams are separated enough to allow each beam to
enter a separate beam pipe about 1.3 m from the IP. The first
accelerator element after the central dipole field is a vertically
focusing quadrupole (QDI1) for the VLER located 1.5–1.7 m
from the IP. QDI1 is constructed from permanent magnet mate-
rial. The compactness of the permanent magnet design permits
this magnet to be 1.5 m from the IP and yet not have any effect
on the nearby LER beam. The small design also maximizes
the solid angle acceptance of the detector. Following QDI1 is
a horizontal bending magnet (B0VL). This magnet starts the
reverse bend on the VLER that brings the VLER back parallel
to the LER. The next VLER element is a horizontally focusing
quadrupole (QFI2) located 2.5–2.8 m from the IP. This magnet
is far enough away to no longer interfere with the LER and
it has only a minor impact on the detector solid angle. Fol-
lowing QFI2 is another quad QDI3 from 3.3–3.6 m. A reverse
bend horizontal dipole (B1VL) at 3.7–4.1 m straightens out
the VLER orbit to be parallel to and 40 cm from the LER fol-
lowed by one more matching quad (QFI4) at 4.2–4.5 m. The
downstream LER beam line includes 3 horizontal dipole bend
magnets to correct the orbit back to the nominal trajectory and
to match dispersion.

2.2. Upstream Beam Lines

The upstream side of the IP has very similar magnet place-
ment as the downstream side, however the beams are not sepa-
rated as quickly so the implementation is different. On this side
the beam separation at the first parasitic crossing is 22.8 mm
which is 32σx for the VLER and 58σx for the LER, still large
enough to make tune shifts from this parasitic crossing negligi-
ble. Moving out from the IP we find that the first accelerator el-
ement is a horizontal dipole magnet (1–1.3 m) that both beams
travel through. This magnet can be used to add or subtract to
the central dipole field and is used to maintain the VLER orbit
when the VLER energy is changed. The next element is QDI1
(1.5–1.8 m). However, on this side of the IP this large aperture
magnet is seen by both beams and is a normal steel magnet.
The center of this horizontally defocusing magnet is positioned
close to the LER beam minimizing the bend for this beam and

maximizing the bend for the VLER. The extra horizontal kick
from this magnet separates the beams enough so that the next
element (QFI2, 2.5–2.8 m) can be a septum quadrupole with
a field-free drift region for the LER. The rest of the magnets
in the VLER are essentially the same as the downstream side
with the VLER beam parallel to and offset from the LER de-
sign trajectory by 40 cm starting 4.1 m from the IP. The LER
beam line includes four horizontal dipole magnets to steer the
LER back to the nominal orbit and to close dispersion. Figures
2 and 3 are layout pictures of the interaction region.
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Figure 2: Layout of the interaction region. Please note the
exaggerated left-hand scale.
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3. CHANGING THE CENTER-OF-MASS ENERGY
OF PEP-N

The LER energy is fixed by PEP-II at 3.1 GeV. In order to
change the Ecm we must change the energy of the VLER. The
interaction region baseline design of PEP-N has a 557 MeV
VLER and a 3 kG central dipole field. In order to reach theJ/ψ
resonance the VLER energy must be increased to 780 MeV.
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In order to maintain the beam orbits and get the beams to
separate properly we proportionally increase the field of the
central dipole to 4.2 kG. Decreasing the VLER energy from
the 557 MeV design point is done differently. The detector
collaboration prefers a higher central magnetic field while the
accelerator designers prefer a lower central field. With this in
mind the present design tries to maintain 3 kG as a minimum
value for the central field. Therefore, in order to lower the
VLER energy and maintain the central field at 3 kG, passive
shielding is added to the beam pipe to subtract some of the
central field from the VLER beam. With this technique, we
achieve a VLER energy of 347 MeV.

In order to go still lower inVLER energy, the present strategy
would be to rebuild the beam pipes in the interaction region
allowing for a much larger angle of separation at 347 MeV
through the use of the unshielded central field of 3 kG. Once
again, we would add passive shielding to the VLER beam pipe
as the VLER energy is lowered from the 347 MeV starting
point. We note here that this strategy is still preliminary and
further refinements will no doubt be forth coming.
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Figure 4: Interaction region layout with the synchrotron radiation
fan from the B0L and B1L magnets of the LER. The fan strikes
some of the upstream beam pipes. The low critical energies of this
bending radiation argues that synchrotron radiation backgrounds
will not be an issue but a more complete study needs to be made to
insure that backgrounds are acceptable.

4. SYNCHROTRON RADIATION

The 780 MeV VLER design has the highest levels of syn-
chrotron radiation. However, the fact that the IP is −25 cm
upstream from the center of the main field and that we use the
offset QDI1 magnet to further separate the beams means that

the upstream LER has relatively weak bending magnets. The
main source of synchrotron radiation power comes from the
two closest of the four dipole magnets on the LER beam line.
The strength of these magnets for the 780 MeV VLER is 2.1
and 2.0 kG and they generate 465 and 1054 W respectively
with a 2.14 A LER beam. The critical energies of these bend
magnets are 1.36 and 1.3 keV. The power levels are low enough
to not pose a problem for beam pipe cooling. More complete
studies need to be made, but synchrotron radiation power does
not seem to be an issue and the very low critical energies ar-
gue that detector background levels from synchrotron radiation
will be low. Figure 4 shows the fan of radiation coming from
these magnets.

5. SUMMARY

The interaction region design of PEP-N employs a central
horizontal dipole field to bring the beams into collision and
serve as the central detector field. The collision point is shifted
−25 cm upstream in the LER in order to maximize the de-
tector field in the forward direction where most of the physics
particles travel as well as minimize the upstream bending mag-
net strengths that contribute to detector background issues. A
baseline design with a VLER energy of about 500 MeV has a
3 kG central field. In order to move the Ecm up to the J/ψ
we increase the VLER energy up to 780 MeV and scale up
the central field to 4.2 kG. This maintains the orbit separation
geometry. Lowering the VLER energy below the 557 MeV
baseline energy is accomplished by adding passive shielding
around the beam pipe. This allows the central field to remain at
3 kG down to aVLER energy of 347 MeV. Lowering theVLER
energy further involves modifying the orbit separation geome-
try. The central dipole field separates the beams so efficiently
(> 50σx) that there are virtually no beam–beam effects from
parasitic crossings ±63 cm from the IP. In fact, there is even
enough separation (> 14σx) at the halfway point (31.5 cm)
to allow the VLER bunches to be positioned at that location
which means the beams can be moved rapidly out of collision
by a change in the VLER RF phase.
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The PEP-N experiment requires a fast on-line luminosity monitor of modest accuracy plus an off-line method of determining integrated
luminosity with accuracy of 0.01 for each pb−1. We propose the PEP-2 monitor, based on observing single bremsstrahlung at zero degrees
to the positron direction at collision for the former and the use of Bhabha scatters at polar angles >.03 radians for the latter requirement.

1. ON-LINE LUMINOSITY

An on-line monitor is required for tuning and monitoring the
machine. It is desirable that it provide a measurement with 10%
or better accuracy, and fluctuations of less than 1% at a refresh
time of less than 1 second. The PEP-2 monitor, based on
observing single bremsstrahlung at zero degrees to the positron
direction at collision, described in [1] seems appropriate.

Single bremsstrahlung, or radiative Bhabha scattering, has a
differential cross section, integrated over electron and positron
angles, of:

dσ

dω
= 4αr2

0

ω

E − ω

ω
(V − 2/3)

[
ln

m

qmin
− 1/2

]
(1)

where V = E−ω
E

+ E
E−ω

and qmin = m
4γ 2

ω
E−ω

. Here E is the

initial electron or positron energy, γ = E/m and r0 = e2/m.
The angular distribution of the γ s is strongly forward with
angular width ∼ γ −1. dσ

dω
is a function only of ω/E so the

flux of γ s at ∼ 0◦ to the LER is independent of s. For PEP-N
conditions I have used the program BBBREM [2], provided
by Lew Keller, to estimate the cross section for ω > 400 MeV
radiation from the e+ beam to be 76 mb.

The momentum transfer for this process can be remarkably
small, corresponding to a very large impact parameter ρ and
leading to screening effects which must be taken into account.
If we choose E=3 GeV and ω > 300 MeV, qmin = 0.410−9

MeV and ρmax = 0.05 cm which is greater than the transverse
size of the beams in PEP-N. The consequence is that the cross
section is cut off at a momentum transfer ∼ qmin. This problem
has been treated by various authors and the following result by
Burov and Derbenev is quoted by [3] for the case for a Gaussian
beam density where the transverse beam size is smaller than
characteristic impact parameters:

dσ

dω
= 4αr2
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ω

E − ω

ω
(V − 2/3)
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�y�z

λC(�y + �z)

+ ln 2 + c/2 + V − 5/9

V − 2/3

]
(2)

where c = 0.577 and �y and �z are the rms transverse beam
dimensions. λC is the electron Compton wavelength (m−1).
The sensitivity of this effective cross section to variation of the
PEP-N beam is approximately a 3.5% increase for a doubling of
the radius. Despite this modest sensitivity, the dependence on
beam size and shape introduces uncertainty that is undesireable
for an absolute luminosity measurement. The background to
radiative Bhabhas at 0◦ is synchrotron radiation and beam-gas
bremsstrahlung. At PEP-II, a Cerenkov shower counter is used
with a threshold sufficiently high to be immune to the SR. The
beam-gas background is apparently not a problem.

The interaction region should be designed so that such a
monitor can be installed, which requires a clear aperture, suit-
able window, and space for the monitor. At PEP-2, the monitor
is installed at 8m from the interaction point. We also want this
monitor well downstream of the detector.

2. OFF-LINE LUMINOSITY

The accurate and precise determination of integrated lumi-
nosity required for the experiment will be obtained from QED
processes observed in the detector. We require a 1% or bet-
ter measurement for each inverse picobarn of running. The
available processes are Bhabha scattering and annihilations
into muon pairs and gammas. We consider them individually
in the context of the standard detector design. Our luminos-
ity determination will be similar to that of BABAR, described
for example in Touramanis’ talk at the 2/2001 BABAR Col-
laboration Meeting. The BABAR determination is based on
wide-angle (> 45◦) Bhabhas and muon pairs. The system-
atic error is contributed to by the Monte Carlo (1-2%) and cut
stability (1%), for an overall 2%. The annihilation to 2 pho-
tons has a greater systematic uncertainty, at least 3%, since the
event rate is sensitive to mass and the geometrical acceptance
is less well defined (angles for photons are not measured as
well as those for charged particles).

In PEP-N, the experimental situation is somewhat different.
Since the calorimeter has relatively course spatial resolution
(σ ∼ 2.5 cm), it is not possible to accurately define the accep-
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tance for photons, leading to an unacceptably large systematic
error for the 2 photon annihilation rate. Since the luminosity is
much smaller than for BABAR and we seek 1% uncertainties
on a point-by-point basis, we must accept Bhabha and espe-
cially muon pair events at smaller polar angles, which requires
good angular measurements at small angles to adequately de-
fine the acceptance. To obtain a 1% statistical error for each
inverse pb we require > 10, 000 events for an integrated cross
section of > 10 nb. On the other hand the PEP-N detector is
simpler and we may do better in the Monte Carlo simulation,
which is the dominant error for the BABAR luminosity. In
particular one particle for all Bhabha and muon pair events
will be seen by the forward planar tracking chamber and elec-
tromagnetic and hadron calorimeters.

2.1. Geometry

These (approximate) geometrical parameters are taken from
the current detector layout. The beam pipe is expected to have
a 5 cm radius and the default is 2.5 mm of aluminum. We
assume 4π tracking with 200 micron resolutiom for radii <

60 cm, planar forward tracking with 200 micron resolution at
z=120 cm with unhindered aperture of ±23◦, planar forward
electromagnetic calorimetry at z = 180 cm with ±36◦ aperture
and planar forward hadron calorimetry at z = 220 cm with
±27◦ aperture. The forward hadron calorimeter will be used
for muon ID.

Table I Cross sections for Bhabhas.

e− energy Ecm θl
min

θl
max cos(θcm

max ) cos(θcm
min

) σ (nb)

0.100 1.114 0.300 0.400 0.171 -0.120 280.499

0.200 1.575 0.300 0.400 0.477 0.222 174.436

0.300 1.929 0.300 0.400 0.618 0.404 152.080

0.400 2.227 0.300 0.400 0.699 0.517 143.612

0.500 2.490 0.300 0.400 0.752 0.594 139.480

0.600 2.728 0.300 0.400 0.789 0.650 137.151

0.700 2.946 0.300 0.400 0.816 0.692 135.706

0.800 3.150 0.300 0.400 0.837 0.725 134.748

0.900 3.341 0.300 0.400 0.854 0.752 134.080

1.000 3.521 0.300 0.400 0.868 0.774 133.596

2.2. Bhabhas

Both electron and positron can be identified at all an-
gles since we have nearly 4π tracking and electromagnetic
calorimetry. In order to get adequate statistics we must take
advantage of the large forward cross section and count events
in which one particle strikes the forward tracking chamber
and forward electromagnetic calorimeter. It will certainly be
helpful to identify the backward electron as well. The cross
section, as seen in Table I is well over 100 nb at all energies.

For good control of systematics, it will be useful to define an
acceptance at a relatively large positron angle. This avoids re-
lying on events in which the e+ passes very obliquely through
the beam pipe and reduces the angular accuracy and precision
required to define the acceptance. However we wish events
in which the forward track passes directly into the forward
tracking chamber, missing the barrel calorimeter, as shown for
example in Figure 2. We give cross sections integrated between
positron laboratory angles of 0.3 (17.2◦) and 0.4 (22.9◦). As
seen in Figure 3, the corresponding electron appears at 28◦-40◦
at

√
s = 1.4 GeV and 97◦-114◦ at

√
s = 3 GeV, and is detected

in the barrel calorimeter which extends backward to 157◦. We
will not be limited statistically in the Bhabha measurement.
The acceptance determination requires that we measure angles
to about 1.5 mr which should be relatively straightforward us-
ing the well defined interaction point and the forward tracking
chamber about 120 cm from the interaction point with spatial
resolution ∼ 200µm. Multiple scattering is a consideration
here. At 17.2◦, the effective thickness of the 2.5 mm Al beam
pipe is .095 radiation lengths for an rms multiple scattering
angle of 1.1 mr. We can’t tolerate a much thicker beam pipe.

Table II Cross sections for µ pairs.

e− energy Ecm θl
min θl

max cos(θcm
max) cos(θcm

min) σ (nb)

0.100 1.114 0.100 0.400 0.856 -0.120 62.416

0.200 1.575 0.100 0.400 0.925 0.222 25.226

0.300 1.929 0.100 0.400 0.950 0.404 14.103

0.400 2.227 0.100 0.400 0.962 0.517 9.093

0.500 2.490 0.100 0.400 0.969 0.594 6.372

0.600 2.728 0.100 0.400 0.974 0.650 4.721

0.700 2.946 0.100 0.400 0.978 0.692 3.641

0.800 3.150 0.100 0.400 0.981 0.725 2.895

0.900 3.341 0.100 0.400 0.983 0.752 2.358

1.000 3.521 0.100 0.400 0.985 0.774 1.958

2.3. Muon pairs

The muon pair cross section is much smaller and to obtain
adequate statistics we would have to accept events at much
smaller angles. Table II gives the integrated cross section be-
tween laboratory angles of 0.1 (5.7◦) and 0.4 (22.9◦). Even
so the statistics will be marginal at the largest center of mass
energies. The smaller angles would then require more precise
angular measurements for the acceptance determination, i.e.
about 0.5 mr. However the multiple scattering for a very for-
ward muon passing obliquely through the beam pipe is much
larger, i.e. at 5.7◦, the effective beam pipe thickness is about
28% of a radiation length and the rms multiple scattering an-
gle is about 2 mr. A substantially thinner beam pipe would
be required, or one with an angled window which is not obvi-
ously feasible at small angles. Muon pairs will be useful as a
rough check of the Bhabha measurement but it will hard to ob-
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tain a precise luminosity because of statistical and systematic
uncertainties.

2.4. Conclusion

Using Bhabhas, the PEP-N detector as proposed should pro-
duce integrated luminosity measurements with the desired 1-
2% accuracy for individual points representing about 1 pb−1

of integrated luminosity. Muon pairs will be useful as a check
although the muon pair luminosity will not generally have the
required statistical accuracy.
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Figure 1: Bhabhas:laboratory v. center of mass angles.
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Figure 3: Bhabhas: electron v. positron laboratory angles.
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The work is devoted to the development of the aerogel Cherenkov counters with the light collection on wavelength shifters and PMTs
(ASHIPH). The ASHIPH system has been developed for the KEDR detector. Tests of the counters have been carried out on the Dubna
accelerator, the π /K separation obtained is about 4σ . The ASHIPH system is suggested for the PEP-N detector.

1. INTRODUCTION

The collaboration of Budker Institute of Nuclear Physics and
Boreskov Institute of Catalysis has started the development of
aerogel Cherenkov counters in 1986 [1] at Novosibirsk. The
most important results of this work are the development of
ASHIPH counters, development of the Monte Carlo code for
simulation of Cherenkov light collection, and production of
aerogel with high optical parameters.

The idea of the ASHIPH method is to use light guides with
the wavelength shifting admixture for the light collection on
PMT [2]. As compared with the direct light collection on PMT,
theASHIPH method allows the number of PMTs to be reduced
essentially [3–6].

In order to simulate the processes of the light collection and
propagation inside the aerogel Cherenkov counter a special
code was developed in Budker Institute of Nuclear Physics
[1, 2, 7]. This code simulates the following processes:
Rayleigh scattering inside the aerogel, Lambert angular distri-
bution of the reflected light from the walls, Fresnel refraction
on the boundary of two continuous media, and a light absorp-
tion inside the aerogel and on the walls. Using this code we
optimize the counter design and calculate the number of pho-
toelectrons without production of series of prototypes.

We use the high optical properties aerogel SAN-96 [8–10]
produced at Novosibirsk by collaboration of Boreskov Institute
of Catalysis and Budker Institute of Nuclear Physics. The data
on the light absorption (Labs) and scattering (Lsc) lengths in
the SAN-96 aerogel are shown in Figure 1. The data for aerogel
samples produced at KEK(Japan) [11] are also presented [6].

2. ASHIPH FOR KEDR

2.1. Layout

The ASHIPH system [6] for the KEDR detector [12] is
shown in Figure 2. The system comprises 160 counters: 80
barrel (Figure 3) and 80 endcap counters (Figure 4). The total
volume of aerogel is 800 liters. The use of aerogel with the
refractive index 1.05 gives the possibility to separate pions and
kaons in the momentum range 0.6 ÷ 1.5 GeV/c.

An important feature of the project is a two-layer design.
The counter are arranged in such a way that a particle from the
interaction point with a momentum above 0.6 GeV/c does not
cross shifters in both layers simultaneously. It is possible to
use the information from both layers for the essential part of
the particles.

2.2. Reflector

We use the multi-layer PTFE film from Tetratex company
as a reflector. The results of measurement [3] of the reflection
coefficient for the different thickness of reflector are shown
in Figure 5. The PTFE teflon has four times larger radiation
length than the KODAK paint. Due to using teflon the amount
of material in front of the calorimeter is significantly decreased.

2.3. BBQ wavelength shifter

The absorption spectrum of BBQ is presented in Figure 6 to-
gether with the spectrum of collected Cherenkov photons and
the absorption spectrum of POPOP (KN-18). The production
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Figure 2: The KEDR ASHIPH system.

of plexiglass plates doped with BBQ was mastered in Institute
of Polymers at Dzerzhinsk. The cutting, polishing, and twist-
ing were organized in Budker Institute of Nuclear Physics [6].

2.4. Microchannel plate PMT

We use microchannel plate (MCP) PMTs with multialkali
photocathode produced in Novosibirsk by “Ekran” plant [5,
6]. The size of this device is small: 31 mm diameter and
17 mm thickness. The photocathode is 18 mm in diameter.
Our measurements of quantum efficiency (QE) of this PMT
and the FM PMT R6150 are shown in Figure 7. The shift
of spectral response to the region of longer wavelengths is the
essential advantage of MCP PMTs in respect of detecting BBQ
emission.

The decrease of MCP PMT multiplication gain in high mag-
netic field is not so strong as for fine mesh PMTs of Hama-
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Figure 3: The barrel ASHIPH counter.

matsu. In the magnetic field of 1.5 Tesla the gain drops in some
5 times.

2.5. Amount of material in the system

The amount of material in the KEDR ASHIPH system is
shown in Table I.

Table I The amount of material in the ACC system.

Density, g/cm3 X0, cm % of X0

Aerogel 0.243 112 6

Frame (Al) 2.7 8.9 4.3

WLS 1.49 34.4 0.3

PTFE 2.2 15.8 1.1

MCP PMT 0.2

Total 1 layer 11.9

Total 2 layers 24
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Figure 4: The endcap ASHIPH counter.
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Figure 5: Reflection R of PTFE teflon.

3. TEST BEAM RESULTS FOR THE KEDR ASHIPH

3.1. Layout of the experiment

The endcap counters of the KEDR detector were tested on
the particle beam at the Dubna accelerator. The counters were
filled with blocks of SAN-96 aerogel.

The tested counters were turned relative to the beam axis,
so that particles traverses the counter at the same angle as in
the KEDR detector. The time-of-flight counters with 30-m
base were used to separate beam particles. A hodoscope of
scintillation counters was used to determine coordinates, with
which a particle passes the counter. The measurements were
carried out with protons of 0.86 GeV/c–2.1 GeV/c momentum
and pions of 0.86 GeV/c–1.6 GeV/c momentum.
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Figure 6: The absorption spectra of BBQ and KN-18 (POPOP)
wavelength shifters, collected Cherenkov photons spectrum.
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Figure 7: Hamamatsu R6150 N◦ZH2673 and Katod MCP PMT
N◦1570 quantum efficiencies. POPOP and BBQ emission spectra.

3.2. Number of photoelectrons, counter homogeneity

The dependence of the detected Cherenkov light on momen-
tum was measured with pions (Figure 8). The theoretical fit
to the experimental point gives the resulting number of photo-
electrons at β = 1 as 10.6 pe.

The homogeneity of the light collection was measured with
the 0.83 GeV/c pions over the whole area of the counter. As
shown in the Figure 9, the signal varies from 7.1 pe up to
9.7 pe.

3.3. π /K separation

The data for kaons were obtained using protons with cor-
responding velocity. Figure 10 illustrates “kaon” and pion
amplitude spectra obtained from the counter at P=0.86 GeV/c.
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In Figure 11 the probabilities of kaon and pion misidenti-
fication are shown as a function of threshold for 0.86 and 1.2
GeV/c momenta. For 0.86 GeV/c at the zero threshold on the
amplitude the signal pion suppression factor is 860, with kaon
detection efficiency being equal to 94% (separation is 4.7 σ ).
And for 1.2 GeV/c pion suppression factor is 1300, with kaon
detection efficiency being 90% (4.5 σ ).

P, GeV/c
0.6 0.8 1 1.2 1.4 1.6

N
pe

0
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Figure 8: The number of photoelectrons for pions versus
momentum. The curve represents the theoretical formula fit.

We would like to note that the aerogel counters system of the
KEDR detector includes two layers and most of the particles
will cross two counters in good conditions. For these particles
the identification will be better.

4. ASHIPH FOR PEP-N

The PEP-N experiment is proposed for the investigation of
e+e− collisions in the c.m. energy from 1.4 to 3 GeV. The
Aerogel Cherenkov Counter system is provided for π /K sepa-
ration in the forward direction of the detector (Figs. 12,13).

The proposed system is analogous to the KEDR ASHIPH
system. Total volume of aerogel is 350 liters. We suggest
to use MCP PMTs in the counters. The refractive index of
aerogel is 1.05. This provides the π /K identification in the
momentum range from 0.6 to 1.5 GeV/c. Identification below
0.6 GeV/c is provided by dE/dX in coordinate system and TOF
measurements with calorimeter.

The Monte Carlo calculations were performed for the
e+e− → K+K−π+π− reaction at Ec.m. = 2 GeV. The
momentum distribution of kaons in laboratory coordinates is
shown in Figure 14. One can see that the identification region
of the ASHIPH system covers the main part of the events.

The results on identification acceptance for 4 track events is
presented in Table II. The tracker acceptance for this reaction
is 88% for 4 tracks and 12% for 3 tracks.
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Figure 10: Amplitude spectra for kaons (top) and pions (bottom),
P=0.86 GeV/c.

Table II Identification acceptance for 4 track events. NID is the
number of particles identified.

NID Identification systems Acceptance

4 dE/dX + TOF 2%

4 dE/dX + TOF + ASHIPH 48%

≥3 dE/dX + TOF 41%

≥3 dE/dX + TOF + ASHIPH 93%

The amount of material in the PEP-N ASHIPH system is
about 20% of X0.

5. CONCLUSION

The use of high transparency aerogel, ASHIPH method to-
gether with the detailed Monte Carlo calculations have helped
us to develop and construct the aerogel Cherenkov counters for
the KEDR detector. The counters have been tested on beam,
4σπ /K separation has been obtained.

TheAerogel Cherenkov Counters system is proposed for the
PEP-N detector. This system is analogous to one developed
for the KEDR detector. It provides 4σπ /K separation in the
momentum range 0.6 ÷ 1.5 GeV/c. Total volume of aerogel
is 350 liters, amount of material in front of the calorimeter is
about 20% of X0.
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Figure 11: Probability of misidentification for kaons and pions as a
function of threshold. P=0.86 GeV/c, 1.2 GeV/c.
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Figure 9: The number of photoelectrons in different points of the counter. The open rectangle designates the area where the π /K separation
was measured.

Figure 12: Top view of the PEP-N detector.
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Figure 13: Side view of the PEP-N detector.
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A preliminary design of the PEP-N electromagnetic calorimeter is given. The spatial, energy and time resolutions achievable using a
KLOE type electromagnetic calorimeter are presented.

1. PHYSICS REQUIREMENTS AND PERFORMANCE
GOALS

Figure 1: Angular (rad.) energy (GeV) photon correlation for
e+e− → 2π+2π−2π0.

The main goals of the PEP-N physics programs are :

• a measurement of R with a 2 % or better error.This condi-
tion requests the measurement of all exclusive channels.

• a measurement of the NN form factors.

• do spectroscopy in the energy range covered by the ma-
chine in order to study new possible final states.

At PEP-N energies, photons with energies lower that 100 MeV
are produced, as shown in Figure 1 for one of the channels
with higher cross section e+e− → 2π+2π−2π0. In order to
achieve these goals the electromagnetic calorimeter should be:

• hermetic.

• have high efficiency, till 20 MeV, for charged and neutral
particles.

• have good (few %) energy resolution for photons.

• have good time resolution in order to separateNN events
from other final states.

The KLOE electromagnetic calorimeter [1] was designed to de-
tect photons in the (20–500) MeV energy range with good time
resolution, so its performances have been taken as guidelines
in the design of the PEP-N electromagnetic calorimeter. This
detector can provide a fast and unbiased first level trigger,with
high acceptance for final states with low energy photons. A
good K/π separation is achievable and also some kind of π/µ

discrimination is possible.

1.1. The KLOE electromagnetic calorimeter

The KLOE calorimeter is a fine sampling lead and scintil-
lating fibers calorimeter. The barrel modules have trapezoidal
cross section, 4.3 m long, 60 cm wide and 23 cm thick. Each
module is obtained gluing 0.5 mm thick lead foils worked to
house the 1 mm diameter fibers. The resulting structure (Figure
2) has fiber:lead:glue volume ratio of 42 : 48 : 10, an average
density of 5 g/cm3, a mean radiation length 1.5 cm, and a sam-
pling fraction of ∼ 15% for minimum ionizing particles. The
readout granularity is ∼ (4.4 × 4.4) cm2, for a total number of
4880 read-out channels. A precision in measuring the photon
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Figure 2: Sketch of a lead-scintillating fiber module.

conversion point in the transverse plane of � 1 cm has been
achieved.The coordinate along the fiber is measured using the
relation: z = vf · (�T )/2, with �T the time difference at the
two module ends and vf the effective light propagation speed
in the fibers. The measured effective light propagation speed
is vf = 17.2 cm/ns. The z resolution is

σz = 1.24 cm√
E( GeV)

.

The obtained performances (Figure 3), are summarized as fol-
lows:
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Figure 3: Energy and time resolutions as function of the photon
energies.

• detection efficiency for photons with energy between 20
MeV and 500 MeV of about 99%.

• resolution in the photon conversion point position in the

transverse plane of � 1 cm and in the z coordinate

σz = 1.24 cm√
E( GeV)

.

• energy resolution

σE

E
� 5.7%√

E(GeV)
.

• time resolution

σt � 54 ps√
E(GeV)

+ 110 ps.

The calorimeter is inside a 0.6 T magnetic field with a conse-
quent residual magnetic field up to 0.2 T in the photomultipliers
(PM) area and with an angle with respect to PM axis up to 25°;
for this reason fine mesh photomultipliers, Hamamatsu R5946,
were specially designed for KLOE.

2. THE PEP-N ELECTROMAGNETIC CALORIMETER

In Figure 4 an exploded view of the calorimeter design is
shown. It consists of barrel, forward and backward detectors.

Figure 4: Exploded view of the PEP-N calorimeter.

• Each of the vertical sides of the barrel have 3 mod-
ules with rectangular cross section, 220 cm long, 55 cm
high and 25 cm thick, with fibers parallel to the beams
(BCAL detector). Also the horizontal sides have 3 mod-
ules 220 cm long, 50 cm wide, 15 cm thick, positioned
over and under the TPC chamber, in order to complete
the coverage of the azimuthal acceptance (PCAL detec-
tor). The angular region covered by the barrel modules
is 27◦ < θ < 135◦. The gamma energy resolution is

σE

E
� 11%√

E(GeV)

(Figure 5), because PCAL detector is only 15 cm thick.



A First Design of the PEP-N Calorimeter 151

Figure 5: PCAL energy resolution.

• The forward detector (FCAL) is made of modules (Table
1) with the same thickness as BCAL. They are located
at (130 < z < 155) cm, cover an area of 280×180 cm2,
with polar angle range 6◦ < θ < 27.5◦ (Figure 6).

• The backward detector (RCAL) is composed of 2 mod-
ules positioned at z = −140 cm. They are 120 cm long,
54 cm high and 15 cm thick (Figure 7), specifically de-
signed to detect very low energy photons. The total area
covered is 120 × 120 cm2 (135◦ < θ < 180◦).

In Table I the dimensions, number of modules and num-
ber of photomultipliers requested are summarized. We have
assumed the same readout granularity as KLOE, that is ∼
(4.4 × 4.4) cm2, so that the total number of photomultipli-

Figure 6: FCAL detector.
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Figure 7: RCAL detector.

Table I Sizes(cm),modules and photomultipliers for each detector.

DX DY DZ Modules Photom.

PCAL 50 15 220 6 60*6

BCAL 25 55 220 4 110*4

FCAL 280 40 25 4 80*4

110 10 25 1 20*1

90 10 25 1 20*1

110 10 25 2 20*2

RCAL 120 54 10 2 68*2

ers is 1350. With this configuration a precision in measuring
the photon conversion point in the transverse plane of � 1 cm
should be achieved. The inclusive photon energy distributions
in the four detectors, at Ecms = 2.25 GeV, is shown in Figure
8.

3. K − π SEPARATION USING PEP-N CALORIMETER

The PEP-N detector is equipped with an aerogel detector
for K − π separation in the (0.6 < Ptot < 1.6)GeV/c mo-
mentum range. The TPC chamber can be used to separate
particles with momenta lower then 0.6 GeV/c (dE/dX mea-
surement).Unfortunately the TPC measures badly the dE/dX
of particles hitting the pole calorimeter PCAL where, due to
lack of space, it is difficult to insert a specific particle identi-
fication detector. Because of very good time resolution,better
then 0.2 ns for m.i.p., PCAL can supply this information. Fig-
ure 9 shows the K−π separation as function of the momentum
after 1 m of path length. Pions and kaons are well separated
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Figure 8: Photon energy distribution in calorimeter detectors.

till 1 GeV/c momenta after 1 m of path. In Figure 10 the
time-momentum separation for the process KKππ is shown
for FCAL,BCAL and PCAL at Ecms = 2.25 GeV.A 3σ sep-
aration is shown for these process until 0.8 GeV/c momenta.

4. CONCLUSIONS

The present preliminary design of the electromagnetic
calorimeter fulfills all the physics requirements for PEP-N.The
energy resolution is acceptable, even compared to more ex-
pensive crystal detectors. The excellent timing resolution is
a very nice feature that could be used to reduce background
contributions and do also particle identification. The very high
efficiency for very low energy photons gives the possibility to
build a minimum bias first level trigger.
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Figure 9: K-π separation as function of momentum after 1 m of path length.

Figure 10: Time(ns)–momentum (GeV/c) correlation for KKππ events for FCAL, BCAL and PCAL at Ecms = 2.25 GeV.
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A very preliminary study for a trigger for the PEP-N experiment is presented. Its aim is to show the feasibility of a very efficient trigger
for multihadronic events based on energy releases in the electromagnetic calorimeter. Though the efficiency of such a trigger is very high
and simple topology requirements can be applied to reduce cosmic background, an accurate study of machine background is going to be
made to provide final trigger design and performance.

1. INTRODUCTION

The PEP-N experiment needs a very efficient trigger in or-
der to minimize the systematics. In particular, the exclusive
approach [1] is very demanding from this point of view, re-
quiring a well known efficiency for each channel. Moreover,
luminosity measurement [2] requires full efficiency for Bhabha
events.

On the other hand, background rejection is a crucial point
[3]. At this stage, machine background has not been exten-
sively studied. In this paper, a very preliminary evaluation
of trigger efficiency for multihadronic channels is presented.
Proposed trigger criteria still do not take into account the effect
of machine background; aim of this study is to demonstrate the
possibility to build a very efficient trigger and to apply some
simple topological criterium to cut cosmic background without
affecting the efficiency. A final trigger design will be heavily
driven by the machine background characteristics.

In the following, some results are shown for a simple trigger
based on energy deposits in the electromagnetic calorimeter.

2. MULTIHADRONIC EVENTS

The trigger efficiency for multihadronic events has been
studied generating some thousands of events for each channel
and following the particles up to the electromagnetic calorime-
ter. The energy release has been simulated according to the ex-
perimental data from the KLOE calorimeter [4] for forward and
barrel modules. An accurate Monte Carlo describing calorime-
ter modules, including lead, fibers and glue, has been used to
simulate the thin pole and backward modules, comparing re-
sults with the KLOE ones. Impact angles and border effects
have been taken into account. Signals coming from low energy
incident particles have been weighted according to the proper
efficiency.

As a minimum bias trigger criterium, two energy deposits
over a given threshold have been required. A few photo-
electrons can be seen by our calorimeter, that is fully efficient

yet for 40 MeV incident gammas. In our case, we accepted
events with at least two releases over 2 MeV in fibers (cor-
responding to about 15–20 MeV incident gammas). This re-
quirement is very realistic, being based on the behaviour of
the 4m-long modules of the KLOE calorimeter, which is now
working in Frascati. The different energy deposit in the pole
and backward calorimeter, which has a different thickness, has
been taken into account looking at the results of the simulation.
Low energy signals have been weighted taking into account the
efficiency of the calorimeter for the appropriate particle at that
energy.

In Figure 1 the results for the reaction e+e− → k+k−π+π−
are shown as an example. The trigger efficency for this channel
is plotted as a function of the VLER [5] beam energy (in MeV).

Figure 1: Trigger efficiency for the reaction e+e− → k+k−π+π−.

The trigger efficiency for the most significant hadronic chan-
nels at two energies is shown in Table I.
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Table I Minimum bias trigger efficiency for the most significant
hadronic channels at 1.58 and 2.1 Gev in the centre of mass.

Reaction VLER energy (MeV) Efficiency

π+π−2π0 200 .999

350 1

2π+2π− 200 .991

350 .995

π+π−4π0 200 1

350 1

2π+2π−2π0 200 1

350 1

k+k−π+π− 200 .972

350 .977

global 200 .994

350 .995

3. BHABHA EVENTS

Trigger efficiency on the Bhabha channel is very important,
in particular on the events concurring to the luminosity mea-
surement.

The production angles for electron and positron in a Bhabha
event in the laboratory system are strongly correlated (Figure
2).

Figure 2: Angular correlation of Bhabha events.

If we analyse the events with a particle between θ = 0.3 and
θ = 0.4 in the laboratory system (the ones used for the lumi-
nosity measurement, according to M. Mandelkern’s document
[2]), they are, depending on the energy of the electron beam,
both in the forward calorimeter, or one in the forward and the
other in the barrel or pole.

In the worst case, the lowest energy particle will hit the thin
pole calorimeter. The distribution of released energy for that

particles is shown in Figure 3.

Figure 3: Energy deposited in fibres by the low energy particle in a
bhabha event.

With our threshold, we have full efficiency. Also with higher
thresholds (∼ 10 MeV deposited per particle) the efficiency is
almost full.

4. COSMIC BACKGROUND

Though they are not the most important source of back-
ground, it is useful to show that cosmic rays can be reduced
by just applying simple topological criteria. Due to the boost
in the laboratory system and the angular coverage of the de-
tector, a very few events produce only two hits in the barrel or
pole calorimeter. If we choose not to trigger on these events,
a reduction factor of at least 3 in cosmic ray background is
expected.

According to the plot of Figure 2, luminosity bhabha can-
not be affected by this requirement. In Figure 4 the trigger
efficiency for the reaction e+e− → k+k−π+π− after cosmic
background reduction is shown.

A comparison with Figure 1 shows that the effect of the
topological criterium is negligible. This consideration applies
for all the hadronic channel. The overall efficiency for hadronic
processes is again .994 at 200 MeV of VLER energy and .995
at 350 MeV, to be compared with the results in Table I.

5. FINAL CONSIDERATIONS AND FURTHER WORK

The overall trigger rate at a luminosity 1031 cm−2 s−1 can
be anticipated to be the sum of the contributions in Table II.

Provided we can take under control the trigger rate due to
machine background, these rates are not challenging for a mod-
ern data acquisition system, considering an expected event size
of some kByte. Data can be processed and filtered online both
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Figure 4: Trigger efficiency for the reaction e+e− → k+k−π+π−
with cosmic background reduction.

with a hardware or a software second level trigger, thus low-
ering the background level.

Table II Trigger rates.

hadrons + muons ∼ 1 Hz

bhabha (cutting on θ = 0.16) ∼ 20 Hz

cosmics ∼ 150-200 Hz

machine background ?

Work is in progress to study the effect of the machine back-
ground. In general, we can expect many background events
firing the trigger. Background rejection could be improved
adding some topological information or requiring more hits in
the calorimeter for many-body events. In the latter case, an-
gular correlation provides the way to accept two-body events.

An accurate study of machine background characteristics
has been started to provide final trigger design and perfor-
mance.
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Two-point correlators of vector and axial currents, obtained from τ -decay data, are studied within the framework of perturbative QCD
and Operator Product Expansion. Various sum rules, obtained from Borel transformation of the correlators in complex plane, are used
to separate the contributions of different operators from each other. The analysis confirms the Q2-dependence of the correlators in the
space-like region, predicted by QCD+OPE. However the operator values are found to be in certain disagreement with the estimations,
obtained from other data.

1. OBJECTIVES

Precise measurements of vector V and axial A spectral func-
tions in hadronic τ -decays by ALEPH [1] and OPAL [2] col-
laborations provide us with the possibility to test various QCD
aspects. Perturbation Theory (PT) and Operator Product Ex-
pansion (OPE) are the most well-established ones. Here we
shall compare theoretical predictions with the data within the
framework of sum rules. Particular details of this analysis can
be found in [3, 4].

The 2-point correlators of charged vector and axial-vector
currents

J = V, A : Vµ = ūγµd , Aµ = ūγµγ5d

can be parametrized by 2 polarization functions �(q2):

i

∫
eiqx

〈
Jµ(x)Jν(0)†

〉
dx

= (qµqν − gµνq
2)�

(1)
J (q2) + qµqν�

(0)
J (q2). (1)

For q2 = s > 0 they have imaginary parts, the so-called
spectral functions

v1/a1(s) = 2π Im �
(1)
V/A(s + i0) (2)

which have been measured from hadronic τ -decays for 0 <

s < m2
τ , the plots can be found in [1, 2]. The scalar axial

polarization function �
(0)
A is basically saturated by single pion

decay channel. Its imaginary part a0 is delta-function, which
can be easily separated from a1/v1.

It turns out to be convenient to consider the sum and dif-
ference v1 ± a1 instead of v1 and a1 separately. Indeed, the
sum v1 + a1 is known with better accuracy, while the differ-
ence v1−a1 does not contain perturbative terms in the massless
quark limit. The QCD expressions for appropriate polarization

functions can be written in the following form:

�
(1)
V (s) − �

(1)
A (s) =

∑
k≥2

OV −A
2k

(−s)k
(3)

�
(1)
V (s) + �

(1)
A (s) = − 1

2π2 ln
−s

µ2 + higher loops

+
∑
k≥2

OV +A
2k

(−s)k
. (4)

The 2k-dimensional constants O
V,A
2k are the vacuum expecta-

tion values of the operators, constructed from the quark and
gluon fields [5]. They have been computed up to dimension
D = 8. The numerical values of O2k cannot be determined
within the perturbation theory.

Obviously the expressions (3,4) are not valid for all values
of s. Exact polarization operator �(q2) is known to be an
analytical function of s = q2 with a cut along positive real
semiaxes. So it is convenient to study the QCD predictions
(3,4) in the whole complex s-plane. These series are not valid
for small |s|, where effective degrees of freedom are hadrons
rather than quarks. Moreover, the higher loop perturbative
terms in (4) have an unphysical cut starting from some s =
−Q2

0 < 0. The OPE series with a finite number of operators
does not have a cut along positive real semiaxis, but has very
singular behavior at s = 0. Based upon these speculations one
may draw schematic Figure 1, displaying the region of validity
of the series (3,4).

Another drawback of QCD is that these series are likely to
be asymptotic, i.e. divergent for any fixed s. The way to deal
with divergent series is to apply Borel transformation

BM2� = pert. terms +
∑
k≥2

O2k

(k − 1)! M2k
(5)

which improves the convergence by suppressing the higher
terms. It is not clear, whether it improves the perturbative
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series, which is an expansion in inverse powers of ln (−s),
rather than s itself. However the expansion in 1/ ln M2 might
be convergent.

The primary goal of the investigation is to find the numerical
values of input theoretical parameters, such as αs(m

2
τ ) and

few operators of lowest dimensions. We shall compare the
QCD result for the Borel transform (5) of the series (3,4) with
the experimental values, computed by exploiting the analytical
properties of exact polarization functions. In order to separate
the operators from each other, we shall consider the Borel
transform (5) at complex values of the argument M2eiφ . This
can be alternatively understood as the Borel transformation
applied to the polarization function, taken at the angle φ w.r.t.
the real negative semiaxes in the s-plane (see Figure 1. We
shall also try to find the lowest value of the Borel mass M2, at
which the comparison of QCD to the experiment can be made.

2. V − A SUM RULES

We start the analysis from the V −A case (3) which is purely
nonperturbative. The dispersion relation for the difference of
polarization functions does not need subtractions and is written
in the following way:

�
(1)
V (s) − �

(1)
A (s)

= 1

2π2

∫ ∞

0

(v1 − a1)(s
′)

s′ − s
ds′ + f 2

π

s
. (6)

The last term is the kinematic pole which is specific feature of
axial currents. Indeed, the r.h.s. has appropriate asymptotics:
at s → 0 it matches the chiral theory prediction, while the
expansion at s → ∞ starts from the operator of dimension
D = 4, as it should be.

Applying the Borel transformation to (6), one gets the fol-
lowing sum rule:∫ ∞

0
e−s/M2

(v1 − a1)(s)
ds

2π2

= f 2
π +

∑
k≥2

OV −A
2k

(k − 1)! M2k−2 . (7)

One may estimate the numerical values of the operators OV −A

up to dimension 8 from other data:

OV −A
4 = 2(mu + md) 〈q̄q〉 = −f 2

π m2
π

1 GeV2

PT+OPE works

PT+OPE fails

s-plane

-Q0
2

cut

Figure 1: Region of validity of perturbation theory and operator
product expansion

negligible at s ∼ 1 GeV2,

OV −A
6 = −64

9
παs 〈q̄q〉2 ≈ −2 × 10−3 GeV6,

OV −A
8 = 8παsm

2
0 〈q̄q〉2 ≈ 2 × 10−3 GeV8, (8)

where

m2
0 =

〈
qĜq

〉
i 〈q̄q〉 = 0.8 ± 0.2 GeV2 (9)

has been found from barionic sum rules [6]. In the numerical
estimation we assumed mu +md = 12 MeV and αs = 0.5 at 1
GeV2. The factorization hypothesis was used in order to bring
the operators O6,8 to the form (8). It has internal theoretical
ambiguity ∼ 1/N2

c among the D = 8 operators, see [3].
QCD corrections to the operators O6 have been computed

in [7]. They turn out to be large and may increase the effective
contribution of the D = 6 operator by about 50%:

OV −A
6 = −64

9
παs 〈q̄q〉2

[
1 + αs

π

(
1

4
ln

−s

µ2 + c6

)]

≈ −3 × 10−3 GeV6. (10)

The coefficient c6 is ambiguous: two essentially different
choices were presented in [7]. In the numerical estimation
(10) we used a more moderate one c6 = 89/48.

One sees, that the r.h.s. of (7) has a leading term f 2
π

and relatively small (but interesting) contributions of O6,8 at
M2 > 0.5 GeV2. One way to kill f 2

π is to differentiate (7)
by M2. This, however, inevitably increases the errors of the
experimental integral. It seems more effective to perform an-
other trick: one substitutes complex Borel mass M2eiφ into
(7) and takes imaginary part of it. The result is:

∫ ∞

0
e
− s

M2 cos φ sin
( s

M2 sin φ
)
(v1 − a1)(s)

ds

2π2M2

= −
∑
k≥2

sin ((k − 1)φ)

(k − 1)!
OV −A

2k

M2k
. (11)

Let us consider the angle φ = π/3. The operator O8 dis-
appears from the r.h.s. of (11) and only O6 is important in
this case. The l.h.s. of (11) is shown in Figure 2a as a shaded
area (the upper integration limit is m2

τ , since there are no data
beyond this point). The errors have local minimum at the
point M2 = 0.8 GeV2. It happens because the sin (. . .) in
the integral has zero at s = m2

τ and thereby suppresses large
experimental errors. At this point we determine the operator
OV −A

6 and plot the r.h.s. of (11) with this value in Figure 2a
as a dashed line.

Second interesting angle is φ = π/4. Both O6 and O8 con-
tribute, but the next term with O10 disappears. This means that
one may go to lower values of M2 in order to reduce the ex-
perimental uncertainty. Indeed, as can be seen from Figure 2b,
the agreement can be achieved down to M2 = 0.4 GeV2 in
this case. At this point we obtain the most accurate value of
the operator O8.
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Figure 2: Sum rule (11) for φ = π/3 (a) and φ = π/4 (b). Dash lines display OPE prediction with operators (12).

The result of the fit:

OV −A
6 = −(6.8 ± 2.1) × 10−3 GeV6

OV −A
8 = (7 ± 4) × 10−3 GeV8 (12)

(details of the fit and error estimations are discussed in [3]).
The result for O6 is twice larger than our estimation (10). It
might have different explanations: overestimated mu + md ,
failure of factorization, large αs corrections are the few ones
among them. But the mass m2

0, obtained from (12) is in agree-
ment with (9).

3. PERTURBATIVE SERIES

Before analyzing V + A sum rules, we outline the basic
features of perturbative series. The QCD coupling a ≡ αs/π

is a function of the scale Q2, determined by the renormalization
group equation:

da

d ln Q2 = −β(a) = −
∑
k≥0

βka
k+2 (13)

where the factors βk have been computed up to 4 loops in MS
scheme [8]. In particular β0 = 4/9, β1 = 4, β2 = 10.06 and
β3 = 47.23 for 3 flavors. The solution of the RG equation is

ln
Q2

µ2 = −
∫ a(Q2)

a(µ2)

da

β(a)
, Q2 = −s. (14)

Since the integral is convergent at ∞ for any fixed order (at least
with positive βk), the coupling a(s) has unphysical singularity
at some negative s = −Q2

0, see Figure 1. The properties of
the solution of the RG equation can be understood by viewing
Figure 3.

The polarization function is obtained by integrating the
Adler function, which is finite and has been computed up to
N3LO term in MS [9]:

D(Q2) = −2π2 d�(Q2)

d ln Q2

= 1 + a + K2a
2 + K3a

3 + unknown (15)

where K2 = 1.64 and K3 = 6.37 for 3 flavors. In our cal-
culations we shall take the theoretical uncertainty equal to the
contribution of the last term in (15), ±K3a

3. Since we do not
know K4, it is reasonable to use only a 3-loop approximation
also for the β-function in (13).

The polarization function constructed in this way has un-
physical cut from s = −Q2

0 to s = 0. It is an obvious indi-
cation of QCD inapplicability at low |s|. However there are
certain attempts to construct the perturbative functions with
appropriate analytical properties on the whole s-plane, for in-
stance by constructing an analytical QCD coupling with help
of dispersion relation [10] (subtractions assumed):

αs(s)an = 1

π

∫ ∞

0

Im αs(s
′)

s′ − s
ds′

= π

β0

(
1

ln (−s/	2)
− 	2

	2 + s

)
+ . . . . (16)

This way is not unique: one may write down the same dis-
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Figure 4: Correction δ(0) versus αs(m
2
τ ) and αs(m

2
Z

) in the
conventional and analytic approach in the 3-loop approximation.

persion relation for the polarization function �(s)an as well.
At the NLO level the result will be the same as the substitu-
tion of (16) into (15), but it is not the case for higher terms.
In general, the purely logarithmic terms in analytic approach
are the same as in conventional QCD, but the power terms are
different, and there appears D = 2-like term ∼ 1/s, absent in
canonical OPE.

QCD must give correct value of the hadronic τ -decay
branching ration Rτ ∼ 3(1 + δ(0)), which is measured with
rather high accuracy. It is also weakly sensitive to the nonper-
turbative power corrections. The perturbative fractional cor-
rection δ(0) is given by the well-known formula (for example,
[11]):

1 + δ(0) = 1.206 ± 0.010

= 2πi

∮
|s|=m2

τ

ds

m2
τ

(
1 − s

m2
τ

)2 (
1 + 2

s

m2
τ

)
�(s) (17)

where � = �
(1)
V + �

(1+0)
A .

Notice, that the circle integral includes the contribution of un-
physical cut, while in any analytical approach it is thrown away.
The numerical results for (17) in both approaches are shown
in Figure 4. It is seen that the analytical scheme predicts very
large αs(m

2
Z) (at Q2 = m2

Z the difference between both ap-
proaches is not important) and, therefore, fails to agree with
other data. So we shall not consider it anymore.

It follows from Figure 4:

αs(m
2
τ ) = 0.355 ± 0.025. (18)

The error includes the theoretical uncertainty ±K3a
3 of Adler

function. This result is 3-loop, the 4-loop result with the es-
timation K4 = 25 − 50 would give us a slightly less value
within the error range. We notice also, that there is a sec-
ond point on Figure 4 where the conventional curve crosses
the experimental band. However it is unstable under changes
of various perturbative input parameters and prescriptions and
cannot be considered as a reliable one.

4. V + A SUM RULES

The operators OV +A in (4) include purely gluonic conden-
sates. In particular,

OV +A
4 = αs

6π

〈
Ga

µνG
a
µν

〉
. (19)

The D = 4 gluonic condensate has been found from charmo-
nium sum rules [5]:

〈αs

π
G2

〉
= 0.012 GeV4. (SVZ)

The D = 6 operator contains gluonic condensate ∼ 〈
G3

〉
,

which is not known. The quark contribution after factorization
get the form:

OV +A
6 = 128

81
παs 〈q̄q〉2 = (1.3 ± 0.5) × 10−3 GeV6. (20)

For numerical estimation we used our V −A fit (12) and added
an additional error which might occur due to incomplete can-
cellation of two relatively large term in the sum V +A after fac-
torization. The D = 8 operator cannot be obtained from other
data, but we estimate its upper limit as |OV +A

8 | < 10−3 GeV8.
Details given in [4]. So OV +A

6,8 are essentially smaller than

OV −A
6,8 and perturbative terms dominate here.
Now let us define the Borel transform of the polarization

function �V +A:

Bexp(M
2) =

∫ m2
τ

0
e−s/M2

(v1 + a1 + a0)(s)
ds

M2

= Bpt(M
2) + 2π2

∑
k≥2

OV +A
2k

(k − 1)! M2k
. (21)

The perturbative part Bpt is computed numerically:

Bpt(M
2) = iπ

∮
e−s/M2

�pt(s)
ds

M2 .

The integration contour goes counterclockwise from s = m2
τ +

i0 to s = m2
τ −i0 around the cut of the perturbative polarization

function �pt (including the unphysical part).
Since OV +A

8 is small, we shall be concerned with the
D = 4, 6 operators. They can be conveniently separated by
taking the real part of the Borel transform (21) with complex
argument:

Re Bexp(M
2eiφ) = Re Bpt(M

2eiφ)

+2π2
∑
k≥2

cos (kφ) OV +A
2k

(k − 1)! M2k
. (22)

At φ = π/6 the operator O6 disappears and at φ = π/4
there is no O4 in the r.h.s. Figure 5a,b displays both these
possibilities. Vertical bars correspond to Re Bexp, while the
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Figure 5: Sum rule (22) with φ = π/6 (a) and φ = π/4 (b). The dash line is the contribution of the gluonic condensate equal to the central
value of (23) added to the 0.330-perturbative curve.

solid line with shaded area around it, labeled with “0.355”
mark, shows purely perturbative contribution Re Bpt computed
with initial condition αs(mτ ) = 0.355. The same is done for
αs(m

2
τ ) = 0.330, which is the lowest possible value within the

error range (18) (for a reason which will become clear later).
Consider at first φ = π/4. The gluonic condensate

〈
G2

〉
,

and consequently OV +A
4 must be positive. Therefore, the per-

turbative curve must go below the experimental one, if the dis-
crepancy is explained by OPE. However Figure 5a shows, that
the central value of 0.355-theoretical prediction goes above the
experimental band for M2 < 0.9 GeV2. If we forget for a mo-
ment about theoretical uncertainty and assume that the theory
should work for M2 > 0.6 GeV2, as follows from our V − A

analysis, this means that the condensate must be negative. It
rather contradicts our expectations.

But if we take a slightly lower input αs(m
2
τ ), the perturbative

curve will go down. The lowest possible value is 0.330, as
follows from (18). Indeed, in this case the central theoretical
value is below the experimental bars. If one takes some point,
say, M2 = 0.8 GeV2, then the following values of the gluonic
condensate are acceptable:

〈αs

π
Ga

µνG
a
µν

〉
= 0.006 ± 0.012 GeV4

for
αs(m

2
τ ) = 0.330 and M2 > 0.8 GeV2. (23)

Theoretical and experimental errors are added together. In
principle our result (23) does not contradict the SVZ value.
However, in order to achieve it, we must sit at “the very edge
of errors,” which seems unlikely.

Now we turn to φ = π/4, Figure 5b. If OV +A
6 is positive,

as OPE+factorization predict (20), its contribution to the r.h.s.
of (22) must be negative. This however strongly disfavors our
previous choice αs(m

2
τ ) = 0.330, motivated by the sign of the

gluonic condensate. So it seems rather difficult to make both

〈
G2

〉
and D = 6 operator positive simultaneously. Here the

OPE predictions are in certain disbalance with the data.
This is not however a serious disagreement. First, both

OV +A
4 and OV +A

6 are small enough. Available theoretical and
experimental accuracy is about 2–3%, which is not sufficient
to specify the values of both operators or to say something
definite about their signs.

Second, these operators are not rigorously defined objects
in perturbation theory. We do not have an algorithm to find
their values from the first principles. So any statement about
their properties should be considered with care. Moreover,
it is not clear whether one could define them independently
of the perturbative series, to which they are added. In fact,
different prescriptions to separate the so-called perturbative
and nonperturbative terms may lead to different results, at least
at the level of 1%.

5. SUMMARY

1. The V − A polarization operator �
(1)
V −A(Q2) is well

described by OPE series for Q2 ≥ 1 GeV2.

2. The operator OV −A
6 is approximately 2 times larger than

expected from QCD and low energy theorems.

3. The V +A polarization operator �
(1+0)
V +A (Q2) is well de-

scribed by purely perturbative terms for Q2 > 1 GeV2.

4. Current theoretical and experimental accuracy is not suf-
ficient to determine the value of the gluonic condensate〈
G2

〉
. However it is likely to be much lower than com-

monly accepted SVZ value.
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Recent dispersive techniques developed by us are applied to discuss three problems: 1. A long standing discrepancy between the
measurements of R(s) for

√
s = (5 ÷ 7.5) GeV by Crystal Ball and MARK I has been analyzed and its consequences analyzed for the

number of contributing quarks. 2. Noting that the perturbative αs has the wrong analyticity, analytic models consistent with asymptotic
freedom (AF) and confinement have been constructed and applied to discuss τ decay. 3. It is shown that AF leads to a wrong sign for
Im (α(s)) which signals an instability of the perturbative QCD vacuum.

1. THE DISPERSIVE METHOD

Recently, we have developed accurate numerical schemes
to handle the “inverse” problem, that is how to retrieve the
imaginary part of a physical quantity (for example, a cross
section, or a form factor in the time-like region) using data for
its real or the reactive part (usually in the space like region)
[1, 2].

It has been reviewed at this conference by S. Pacetti (see
his contribution T20), and its applications to the nucleon form
factor have been discussed. Here these techniques have been
applied to three following problems.

2. DETERMINATION OF R(s) FOR
√

s = (5 ÷ 7.5) GEV

The purpose of this analysis is to once again focus on a long
standing discrepancy between data from Crystal Ball [3] and
MARK I [4] in the energy region

√
s = (5 ÷ 7.5) GeV. To

arrive at a model independent answer to this problem we have
applied the following procedure (for details we refer the reader
to [5]). We write a dispersion relation for the derivative of the
polarization tensor �(t) whose imaginary part is proportional
to R(s). As input, we use all available data for R(s) from
outside the disputed region and for its asymptotic part contri-
butions from the five light quark flavors. We then solve the
integral equation for R(s) in the disputed region. As shown
in Figure 1, very good agreement is found with the CB data.
This implies that some additional contribution to the asymp-
totic behavior is mandatory to reproduce the MARK I data. As

shown in Figure 2, we find that a low mass, spin zero quark of
charge (−1/3) is quite adequate for this purpose.

It is worthwhile to point out that it is not inconceivable for
the CB data to be consistent with the MARK I data given their
different selection criteria for what constituted R(s). If one in-
quires into the selection criteria for R(s) in the CB data, one is
struck by the remarkable fact that in it only two jet (qq̄) events
were included. More precisely, all events with more than 20%
imbalance in energy between forward-backward, left-right and
up-down hemispheres were discarded. Were there any de-
cays from beyond that of the simple (qq̄) type, they were not
counted. MARK I had imposed no such restriction.

Given the importance consequences for the standard model
that it entails, we stress upon the necessity of an independent
measurement of R in this region. One possibility is through
the radiative technique at BB̄ machines[5].

3. ANALYTIC MODELS FOR αs WITH APPLICATION TO τ

DECAY

Several authors have noted that the perturbative αs(s) has the
wrong analyticity[6, 7]. For example, the 1-loop AF formula

α1−loop(s) =
(

1

b

)
1

ln(−s/�2)
, (1)

has a pole at space-like value s = −�2. Higher loops suffer
from the same disease. Of course, analyticity derived from
unitarity forbids any singularity for space like s (< 0).



166 e+e− Physics at Intermediate Energies Workshop

Figure 1: Values of R(s) (light gray band) obtained from the
integral equation with five spin 1/2 quarks in the interval
[5 GeV, 7.5 GeV] of s.

Several cures for the above have been suggested. For exam-
ple, in [6] the imaginary part for αs computed from AF

Im
(
α1(s)

) =
(

1

b

)
π

ln(s/�2)2 + π2 ϑ(s), (2)

is used in an unsubtracted dispersion relation (which converges
thanks to the behavior 1/(ln(s/�2))2 in the asymptotic region)
to compute the real part. Thus, one has

α1(s) = 1

b

[
1

ln(−s/�2)
+ �2

�2 + s

]
. (3)

The second term cancels the unwanted pole. This proce-
dure has been generalized up to 3 loops. An added curiosity:
αI (0) = (1/b), is finite and universal to all loops.

So why not stop here? The lacuna is that αI (s) is too tame;
has not enough “oomph” to produce all that QCD is advertised
to possess. That is, to obtain, confinement of quarks and glue,
infinite number of Regge trajectories, etc. etc., one would
then have to add - in an ad hoc fashion - a confining potential
to produce a reasonable hadronic spectrum. E.g., on the lat-
tice, where the Wilson area law is imposed automatically, so
there α(0) → constant or even zero. Parenthetically, the em-
barrassment on the lattice is that the same prescription leads
to a linear potential V (r) → r rather than (1/r) for QED.

A different analytic model is due to Nesterenko[7], where
the AF pole is eliminated multiplicatively:

αII (s) = 1

b

[
(1 + �2

s
)

ln(−s/�2)

]
. (4)

Here αII (s) increases as s goes to zero.

Figure 2: Values of R(s) (light gray band) obtained from the
integral equation with five spin 1/2 quarks plus one scalar quark.

The problem with this model is that it is “too singular,” so
that integrals (such as those needed for soft gluon summations
[8])

αav = 1

s

∫ s

0
ds′α(s′), (5)

are not convergent.
Taking our cue from the above, we have developed the fol-

lowing general strategy to develop a whole class of models for
an analytic α - with 1 and 2 as special cases.

A simpler function to disperse is (1/α(s)), which provides
much physical insight. Let us recall that the vacuum Coulomb
potential is modified in the following way for charged particles
in a medium

αo

r
→ αo

εr
, (6)

where ε is the dielectric constant of the material. Hence, we
shall consider

ε(s) = 1

α(s)
. (7)

For example, in theAF case, its imaginary part is much simpler,
a constant

Im (ε(s)) = −πbϑ(s). (8)

Write an unsubtracted dispersion relation for ε

ε(s) = ε(−�2)

+ (s + �2)

π

∫ ∞

0

ds′ Im
(
ε(s′)

)
(s′ − s − iδ)(s′ + �2)

. (9)

In Eq. (9), confinement is easily imposed. Here, confinement
means

ε(s = 0) = 0. (10)
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Using Eq. (8) as the asymptotic limit from AF for Im
(
ε(s)

)
,

we have a general class of models consistent with AF and
confinement provided by (see Figure 3)

Im
(
ε(s; p)

) = −πb
1

1 + (�2/s)p
; (0 < p ≤ 1). (11)

The model in [6] is obtained for p = 1.
We have considered two applications: 1. τ decay, Figure
4; 2. Hadronic transverse momentum distributions in W
and Z decays. For Rhadronic

τ , AF analysis requires a large
� ≈ 850 MeV . For values of p ≈ (0.5 ÷ 0.8), on the
other hand, we obtain a much more reasonable value for
� ≈ 300 MeV to get agreement with the data.

Regarding the transverse momentum distribution broaden-
ing due to soft gluon summations, we reproduce previous phe-
nomenological results [9] for values of p in the same range.
Both these applications lead us to conclude that indeed the
dispersive method is indeed capable of joining AF with con-
finement in a suitable way.

4. INSTABILITY OF THE PERTURBATIVE QCD VACUUM

In the previous section, we imposed confinement along with
AF. Here we discuss further results of some importance regard-
ing the nature of confinement itself through a vacuum insta-
bility induced by AF. The 1-loop result for Im (ε(s)) may be
decomposed into its quark and glue pieces as

Im (ε(s)) = −πbTOTϑ(s), (12)

with

bTOT = bq + bg > 0 (13)

(for NF < 16), bq < 0 and bg > 0.
In QED on the other hand, only charged particles contribute

and the sign in Eq. (12) is reversed. (The “price” for it is the
Landau ghost absent in QCD).

In QED, this positive sign is necessary for stability, since ε

is related to the conductivity σ

ε(s) = εo + iσ (s)√
s

. (14)

Thus, for example, for Ohm’s law to work, there must be dis-
sipation, that is, Re (σ (s)) > 0. For such “normal” systems,
it is usual to define a noise temperature Tn which is positive.

What if the sign is reversed? Then the system is not dissipa-
tive instead is an “amplifier” for which, the noise temperature
Tn < 0. The notion of a noise temperature may be appreci-
ated by considering a system with two energy levels E1 > E0.

The probability ratio for finding the state with these energies
is given by

P1

P0
= e

− (E1−E0)

kBTn , (15)

Thus, we see that the “normal” situation is for Tn > 0 whereas
the “amplifier” case has Tn < 0. An artificially pumped system
such as a MASER or a spin system has Tn < 0. But such
a system is unstable. We have shown elsewhere that such
systems exhibit a Klein paradox for photons [10].

Turning to QCD then, since the perturbative ground state
has Im (ε(s)) < 0, we conclude that such a system is unsta-
ble. This is a pleasing physical result since it implies that the
perturbative ground state containing free quarks and glue is an
excited (higher energy) state whereas the states of lower en-
ergy containing the hadrons must be the true ground state of
QCD.
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A practical strategy is presented and successfully implemented to determine form factors in the time-like but unphysical (below threshold)
region using dispersion relations, in a model independent way without any bias towards expected resonances. Space and time-like data
have been employed along with a regularization scheme to unfold and solve the integral equations. Remarkably, resonance structures with
peaks for the ρ(770), ρ′(1600) and a structure near the NN̄ threshold are automatically generated. The � peak is invisible thus refuting
suggestions about any sizeable ss̄ content in the nucleon.

1. THE “IN PRINCIPLE” METHOD

Consider a dispersion relation (DR) for a (generic) normal-
ized nucleon form factor (FF) G(s) with a subtraction at s = 0
and t < 0

ln G(t) = t
√

so − t

π

∫ ∞

so

ln |G(s)|ds

s(s − t)
√

s − so
. (1)

For s > so (the lowest mesonic threshold, 4m2
π for even and

9m2
π for odd G parity NN̄ channels), the phase δ(s) of the FF

defined as G(s) = |G(s)|eiδ(s) is given by the principal value
integral

δ(s) = − s
√

s − so

π
Pr

∫ ∞

so

ln |G(s′)|ds′

s′(s′ − s)
√

s′ − so
. (2)

So in principle the method is very simple: (i) use space-like
data on the left side of Eq. (1) and solve the integral equation to
find ln |G(s)| for s > so. (ii) Having determined the modulus
ln |G(s)|, use Eq. (2) to compute the phase δ(s).

The above procedure has been unsuccessful in the past as it is
an “ill-posed” mathematical problem [1, 2]. The result depends
on the input data in an unstable way and an impossible accuracy
is needed before one arrives to a stable unique solution.

2. OUR STRATEGY

A successful method[3] has been developed by splitting the
time-like region into 2 parts:
Region I: is the unknown unphysical region [so, 4m2

N ] for
which the FF is to be determined.
Region II: consists of the physically accessible time-like region
s > 4m2

N , for which data exist and quite accurate asymptotic
estimates are available.

With the above breakup, the unknown part of the integral
equation is reduced to the (small) region I, which is amenable
to a finite matrix analysis with some technical refinements de-
scribed below in brief (the details of the developed procedure
may be found in references [3] and [4]).

An integral equation of the first kind, linear in the unknown
ln |G|, can be derived

ln G(t) − I (t) = t
√

so − t

π

∫ 4m2
N

so

ln |G(s)|ds

s(s − t)
√

s − so
, (3)

where

I (t) = t
√

so − t

π

∫ ∞

4m2
N

ln |G(s)|ds

s(s − t)
√

s − so
, (4)

is a “known” quantity since it can be calculated directly from
experimental data in the time-like region with some recipe to
extrapolate them to very high t values.
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Figure 1: Pion space-like FF computed via DR without (grid band)
and with (light band) subtraction, compared with pion FF space-like
data and square route of proton space-like FF data fit (dark band).

To avoid instabilities usually met in solving first kind inte-
grals such as Eq. (3), we impose a regularization scheme with
smoothness:

• I (t) is calculated using time-like data through a rational,
smooth function with the expected asymptotic behavior.
The subtraction at s = 0 helps in diminishing the impact
which the asymptotic behavior has on the results.

• There is a steep spike near the NN̄ threshold. To avoid
any ensuing instabilities, the upper limit of the unphys-
ical region has been raised to s2 = 4m2

N + � where
� ≈ 0.5GeV 2 and continuity is imposed there. A new
DR is constructed for the region (4m2

N, s2) [3, 4].

• Our regularization consists in requiring the local cur-

Figure 2: Pion FF computed via DR from time-like data.

Figure 3: Phases of proton (light band) and pion (dark band) FF
computed via DR.

vature of the FF in the unphysical region, R2 =∫ s2
so

(
d2|G(s)|

ds2

)2
ds to be limited. Instead of the second

derivative of ln |G|, as is standard[1, 2], we employ the
second derivative of |G| for this purpose. The reason is
that fluctuations in |G| are important only when |G| is
large, while ln |G| fluctuations would be large also when
|G| is small.

• Eq. (3) is then linearized by transforming the integrals
into sums over M = 50 suitable sub intervals in s, with
their widths increasing with s. This introduces further
smoothness, by effectively integrating over any structure
with a narrower half width.

Figure 4: Phase of pion FF (dark band) compared with the half of
nucleon isovector FF (light band).
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Figure 5: Proton magnetic FF computed via DR.

• To minimize the integral

Ro =
L∑

i=1

[
M∑

j=1

Fj

ti
√

so − ti

π

∫ sj+1

sj

ds

s(s − ti )
√

s − so

+I (ti) − ln G(ti)

]2

, (5)

where Fj = ln |G[(sj+1 + sj )/2]| is calculated in the
middle of the j th sub interval. ti , with i = 1, . . . , L,
correspond to the experimental points available in the
space-like region.

• Finally, we have

Rtotal = Ro + τ 6R2 + C.

The “dumping parameter” τ has to be chosen by trial and
error: if it is set too large, it will not respond to sharp
structures, while unstable solutions will result if it is set
too low.

• The uncertainties in the solution of Eqs. (2) and (3),
due to experimental errors, were estimated by simulating
new space- and time-like data according to the quoted
errors and then solving the DR for each simulated set.

3. TEST OF THE REGULARIZATION METHOD

To test the entire procedure and also to get a suitable range
for the parameter τ , we computed the space-like pion FF using

Figure 6: Neutron magnetic FF computed via DR.

time-like data. In the time-like region, this FF is known up
to the J/� mass and at higher Q2, it was extrapolated using
first order QCD [5]. In Figure (1), comparison is made with the
measured (low Q2) space-like data. (Higher space like Q2 data
points are through extrapolations from pion electroproduction
data and thus may have systematic errors). We have also made
other tests [3,4] obtaining good agreement with the ρ peak, the
ρ width and also a dip at 1.6 GeV2 for τ ≈ mπ Figure (2).
The phase of the pion FF approaches just above 2 GeV to its
expected asymptotic value of 180 degrees Figure (3,4).

4. RESULTS FOR THE NUCLEON FF

Below we summarize some salient features of our findings:

• For the first time, resonant structures have been gen-
erated from “smooth” inputs Figures (5,6,7,8). The
method is stable and reliable.

• The combined (ρ + ω) peaks and the ρ′(1600) are gen-
erated at the right mass. However, the ρ peak is much
broader. Earlier analyses [6] had also found a similar
discrepancy.

• No � signal is visible thus signaling a very small ss̄

content in the nucleon.

• Phases for the nucleon are consistent with expectations:
δN → 360◦ within the error bands Figure (3).

• There is an interference pattern near threshold (M ≈
1.88 GeV) which may be related to baryonium Figures
(5,6).
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Figure 7: Imaginary part of the nucleon magnetic isovector FF
computed via DR compared with expectation from unitarity relation.

• ImG
(V )
M changes sign once and ImG

(S)
M appears to

change sign twice and various superconvergence sum
rules are all obeyed by our FF’s Figures (7,8).

By way of comparison, our analysis strongly indicates that
ImFπ does not change sign. Neglecting logaritmic factors
(which we can not resolve), this would suggest (for power law
behavior) that

|Fπ(s)| → |s|−1+ε as |s| → ∞. (ε > 0).

5. CONCLUSIONS

Nucleon time-like magnetic FF have been obtained in an
almost model independent way by means of DR for ln G(q2),
using a regularization method in conjunction with space and
time-like data. Resonances have been found consistent with
the ρ(770) and ρ′(1600) masses. However, a very large ρ

width is obtained - as in previous DR analyses. Further work
is in progress to understand the sources of discrepancies as
well as the relationship of our results with other DR analyses
[7].

Other applications of this strategy have been discussed at
this conference by Y. Srivastava (see contribution T19).
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[3] R. Baldini, S. Dubnička, P. Gauzzi, E. Pasqualucci, S.
Pacetti and Y. Srivastava, Euro. Phys. J. C11 (1999) 709.
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We discuss the photon to meson transition form factor for virtual photons, which can be measured in e+e− collisions. We demonstrate that
this form factor is independent of the shape of the meson distribution amplitude over a wide kinematical range. This leads to a parameter-
free prediction of perturbative QCD to leading twist accuracy, which has a status comparable to the famous leading-twist prediction of the
cross section ratio R.

1. INTRODUCTION

Exclusive reactions in QCD involving a large momentum
scale are amenable to a perturbative treatment. A particular
perturbative approach is the so-called hard scattering formal-
ism [1], where the transition amplitude of a certain process is
written in a factorized form as a convolution of a hard scat-
tering amplitude specifying a partonic subprocess at a large
scale and a universal, that is, process independent, hadronic
distribution amplitude. While the hard scattering amplitude
is perturbatively calculable, distribution amplitudes describe
the soft transition from partons to hadrons and thus cannot be
derived from QCD as yet. Therefore, in order to make reliable
predictions for exclusive reactions, it is crucial to obtain infor-
mations about the shape of distribution amplitudes from other
sources.

�
�

�
�

�
�

�

�
�

Figure 1: Sketch of the transition form factor as measured in
e+e− → e+e−P .

The simplest exclusive observable is the form factor for tran-
sitions from a real or virtual photon to a pseudoscalar meson P ,
measurable in electron-positron scattering, e+e− → e+e−P ,
see sketch in Figure 1. The analysis of the CLEO data [2] for
real photons have been used to constrain the distribution ampli-
tudes for the cases of the pion and the eta, eta’, see, for instance
[3]–[8]. It has been infered that these distribution amplitudes
are close to their asymptotic form.

Generically, the distribution amplitude �P of a pseudoscalar
meson can be expanded in terms of Gegenbauer polynomials

C
3/2
n , the eigenfunctions of the leading-order evolution kernel:

�P (ξ, µF ) = �AS(ξ)


1 +

∞∑
n=2,4,...

BP
n (µF ) C

3/2
n (ξ)


 ,

(1)
where �AS denotes the asymptotic meson distribution ampli-
tude,

�AS(ξ) = 3

2
(1 − ξ2). (2)

ξ is related to the usual longitudinal momentum fraction x of
the quark with respect to the meson by ξ = 2x − 1. The
Gegenbauer coefficients BP

n depend on a factorization scale
µF in the following way:

BP
n (µF ) = BP

n (µ0)

(
αs (µF )

αs (µ0)

)γn

, (3)

with µ0 being a typical hadronic scale for which we choose
a value of 1 GeV. Since the anomalous dimensions γn are
positive fractional numbers any distribution amplitude evolves
into �AS at large scales. The Gegenbauer coefficients contain
non-perturbative information and are therefore principally un-
known.

The topic of this talk is an investigation of the photon-to-
meson transition form factor for virtual photons. In particular,
we address the question whether we can obtain additional infor-
mations for the Gegenbauer coefficients Bπ

n of the distribution
amplitude of the produced meson from the measurement of
the form factor at current and planned e+e− colliders. We will
limit ourselves to the case of a pion and only briefly comment
on eta, eta’towards the end of the talk. A more detailed account
of the analysis will be presented in [9].
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Figure 2: Born graphs contributing to the Pγ (∗) transition form
factor.

2. THE γ ∗ − π TRANSITION FORM FACTOR

The γ ∗-π transition form factor Fπγ ∗ is formally defined
through the γ ∗γ ∗π vertex:

�µν = −ie2 Fπγ ∗(Q2, Q′2) εµναβ qαq ′β , (4)

where q and q ′ denote the photon momenta with respective
spacelike virtualities Q2 = −q2, Q′2 = −q ′2. For the follow-
ing discussion, it is convenient to express Fπγ ∗ in terms of the

average photon virtuality Q
2

and a dimensionless parameter
ω:

Q
2 = 1

2
(Q2 + Q′2), ω = Q2 − Q′2

Q2 + Q′2 , (5)

with −1 ≤ ω ≤ 1. The two photons cannot be distinguished
such that the transition form factor is symmetrical under ω ↔
−ω.

Since we are interested in the leading twist behaviour of
Fπγ ∗ we employ the collinear approximation, that is, we ne-
glect partonic transverse momenta. Power corrections arising
from transverse momenta will be estimated later on. Thus,
the leading twist expression to next-to-leading order (NLO) αs

reads [10]

Fπγ ∗(Q, ω) = 1

3
√

2

fπ

Q
2

∫ 1

−1
dξ

�π(ξ, µF )

1 − ξ2ω2

×
[

1 + αs(µR)

π
K(ω, ξ, Q/µF )

]
. (6)

The function K(ω, ξ, Q/µF ) parametrizes the O(αs) correc-
tions, which have been calculated in [10, 11] within the MS
scheme. The factorization scale µF and the renormalization
scale µR are both of the order Q. In the above expression, we
have taken into account the lowest, that is, valence Fock state
only. fπ ≈ 131 MeV is the well-known pion decay constant.
The Born graphs contributing to the transition form factor are
shown in Figure 2

Using the expansion (1) and taking µR to be independent of
ξ the transition form factor (6) can be rewritten in the following
form:

Fπγ ∗(Q, ω) = fπ√
2 Q

2

[
c0(ω, µR) (7)

+
∑

n=2,4,...

cn(ω, µR, Q/µF ) Bπ
n (µF )

]
,
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ω
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0.2

0.4

0.6

0.8

1

1.2

c0(ω)
c2(ω)
c4(ω)
c6(ω)

Figure 3: The coefficients cn(ω) in the expansion (7) of the πγ ∗
form factor. NLO corrections are included with µF = Q. Through
αs the coefficients depend mildly on µR , which is chosen as
µR = 2 GeV.

with analytically computable functions cn(ω, µR, Q/µF ).
The first four coefficients cn are shown in Figure 3. The

NLO corrections are evaluated using the two-loop expression
of αs for nf = 4 flavours and �

(4)

MS
= 305 MeV. We choose a

factorization scale µF = Q, which is the virtuality of the quark
propagators in Figure 2 at ξ = 0. We see a very rapid decrease
of the coefficients as soon as one goes away from the real-
photon limit ω → 1, where all coefficients behave as cn(ω =
1) = 1 + O(αs). This means that the transition form factor
is sensitive to the Gegenbauer coefficients only for ω → 1.
In this limit, however, the transition form factor measures the
(1 + ξ)−1-moment of the pion distribution amplitude, which,
apart from O(αs) corrections, is given by the sum over all
Gegenbauer coefficients,

〈(1 + ξ)−1〉 = 3

2

[
1 +

∑
n

Bπ
n (µF )

]
. (8)

The phenomenological analysis of the CLEO data [2] led to the
constraint 〈(1+ ξ)−1〉 = 1.37 at Q2 = 8 GeV2 [5]. Assuming
that Bπ

n = 0 for n ≥ 4 this constraint translates into Bπ
2 (µ0) =

−0.15, which implies the distribution amplitude being close to
its asymptotic form, as already mentioned in the introduction.

Before we proceed to a discussion of the region away from
the limit ω → 1, we have to comment on possible power
corrections in the large ω region, where the transition form
factor becomes sensitive to the end-point regions ξ → ±1.
This corresponds to the situation of the quark or antiquark
in the pion having small momentum fraction and the internal
quark between the photon vertices going on-shell. Large power
corrections arising from, e.g., transverse momentum or meson
mass effects, soft overlap contributions or the non-perturbative
behaviour of αs in the infrared region, may spoil the accuracy
of the data analysis.

The most important of these corrections in the region where
the CLEO data are available are the partonic transverse mo-
mentum effects. In order to estimate these effects we will
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Figure 4: Ratio of Fπγ ∗(Q, ω) in the modified perturbative
approach and in the LO leading-twist approximation at

Q
2 = 4 GeV2 (solid line) and at Q

2 = 2 GeV2 (dashed line). Here
we have used the wave function (10) and the asymptotic pion
distribution amplitude �AS.

employ the modified hard scattering approach [12], where the
the expression (6) is replaced by

Fπγ ∗(Q, ω) = 1

4
√

3π2

∫
dξ d2b �̂∗

π (ξ, −b, µF )

×K0(
√

1 + ξω Q b) exp
[−S

(
ξ, b, Q, µR

)]
. (9)

The modified Bessel function K0 appears as the Fourier trans-
form of the hard scattering kernel in leading order αs . The
transverse quark-antiquark separation b is Fourier conjugated
to the partonic transverse momentum k⊥ and �̂∗

π is the Fourier
transform of the outgoing pion’s wave function. The expo-
nential is the Sudakov form factor which describes gluonic
radiative corrections at scales intermediate between the con-
finement region and the hard region; for details see [12].
The most important feature of the Sudakov form factor is
its damping of large quark-antiquark separations. Asymptot-
ically, only configurations with vanishing transverse separa-
tions survive. Since b acts as an infrared cut-off, the fac-
torization scale µF is to be taken as 1/b. The renormaliza-
tion scale is chosen according to the max-prescription [12] as
µR = max {1/b,

√
1 + ξ Q,

√
1 − ξ Q}. Following [5, 13]

we assume for the light-cone wave function in b-space the
Gaussian ansatz

�̃π (ξ, b) = 2πfπ√
6

�π(ξ) exp

[
− (1 − ξ2) b2

16 a2
π

]
(10)

with a−2
π = 8π2f 2

π (1 + Bπ
2 + Bπ

4 + . . .) being the transverse
size parameter. The prediction of the γ → π form factor in
the modified perturbative approach using this wave function
with �π = �AS is in very good agreement with the CLEO
data [5].

In order to demonstrate in which kinematical region the
transverse momentum corrections are less important, in Fig-
ure 4 we show the ratio between the form factor evaluated in

the modified hard scattering approach, Eq. (9), and the leading-
twist approximation in LO αs , i.e., neglecting the contribu-
tions from K(ω, ξ, Q/µF ) in Eq. (6). In both schemes we use
the asymptotic pion distribution amplitude �AS. It is inter-
esting to note that while the dominant effects stem from k⊥-
corrections to the hard scattering amplitude, the Sudakov cor-
rections amount to only less than about 1.5% in the kinematics
considered here. We see that the transverse momentum correc-
tions are negligible for Q � 2 GeV and ω � 0.9, where they
already provide less than 10% corrections. However, as can be
seen in Figure 3, in this region the sensitivity to the Gegenbauer
coefficients decreases very fast. While it appears difficult to
pin down the individual values for the coefficients Bπ

n , one at
least should be able to discriminate between the wide range
of theoretical results for the lowest Bπ

n , ranging from a QCD
sum rule analysis [14], which predicted Bπ

2 (1 GeV) = 0.44
and Bπ

4 (1 GeV) = 0.25, and a preliminary result from lattice
QCD [15] providing Bπ

2 = −0.41 ± 0.06 at a low scale, to
name only a few.

We now turn to a discussion of the kinematical region away
from the real-photon limit ω → 1. In particular, we investigate
the limit ω → 0, where the two photons approximately have
the same virtualities, Q2 ∼ Q′2. The fast decrease of the func-
tions cn appearing in Eq. (7) can be understood by expanding
the hard scattering kernel in Eq. (6) in powers of ω. Using the
properties of the Gegenbauer polynomials, one finds

Fπγ ∗(Q, ω) =√
2fπ

3 Q
2

[
1 − αs(Q)

π
+ 1

5
ω2

(
1 − 5

3

αs(Q)

π

)

+12

35
ω2Bπ

2 (µF )

(
1 + 5

12

αs(Q)

π

[
1 − 10

3
ln

Q
2

µ2
F

])]

+O(ω4, α2
s ) , (11)

where we have chosen µR = Q. While the above result clearly
demonstrates the insensitivity of the transition form factor to
the Gegenbauer coefficients Bπ

n as soon as ω departs from the
limit ω → 1, it provides us with a parameter-free prediction
from QCD to leading-twist accuracy in the small-ω region:

Fπγ ∗(Q, ω) =
√

2fπ

3 Q
2

[
1 − αs(Q)

π

]
+ O(ω2, α2

s ) . (12)

To leading-order αs , this result has been derived a long time
ago by the authors of [16]. The αs-corrections can be found
in Ref. [10] and have been rederived in [8] for the real-photon
case on the basis of the conformal operator product expan-
sion. In Fig. 5 we compare the approximations (11) and (12)
with the full result (6). As we can see, the leading expres-
sion (12) provides a very good approximation not only for
ω → 0, but in fact over a wide range of ω, up to about
ω � 0.5, where αs-corrections start to become important.
Any clear deviation from the leading-twist prediction would
signal large power corrections and therefore, this prediction
well deserves experimental verification. It has a status com-
parable to the famous leading-twist expression of the ratio
σ(e+e− → hadrons)/σ (e+e− → µ+µ−).
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Figure 5: NLO leading-twist prediction for the scaled form factor

Q
2
Fπγ ∗(Q, ω) at Q

2 = 4 GeV2 with Bπ
2 (µ0) = −0.15 and

Bπ
n = 0 for n ≥ 4. For comparison we also show the

approximations (11) and (12).

A completely analogous discussion with essentially the same
conclusions can be pursued for γ ∗ → η, η′ transitions. The
analysis is, however, complicated through the mixing of η and
η′ and contributions from the gluon distribution amplitude at
O(αs). The gluon contributions are negligible and again, we
find that the transition form factors for the η and η′ are hardly
sensitive to the Gegenbauer coefficients over a wide range of
kinematics.

3. CONCLUSIONS

We have investigated the possibility to exploit the γ ∗ → π

transition form factor in order to determine the Gegenbauer
coefficients Bπ

n of the pion distribution amplitude. Perform-
ing an expansion in terms of the dimensionless kinematical
parameter ω which is defined as the ratio of the difference and
the sum of the two photon virtualities, we have been able to
demonstrate that the form factor is independent of the shape of
the pion distribution amplitude over a wide range of ω. As a
consequence, one has a parameter-free prediction from QCD
to leading-twist accuracy, which is valid in a large kinematical
region, and which deserves experimental verification. Any ob-
servable deviation from this prediction is to be seen as a signal
for power corrections.

While the data for the real-photon case, γ → π , where
|ω| = 1, fixes the sum of the Gegenbauer coefficients, data for
values of |ω| around 0.9, say, will allow for a discrimination
of the wide range of theoretical predictions for the lowest Bπ

n .
Similar conclusions hold for γ ∗ → η, η′ transitions.

Concerning the accessibility of the transition form factor at
the running B-factories BarBar, Belle and CLEO, our studies

have revealed that it seems possible, although challenging, to

measure the form factor for Q
2 � 3 GeV2 both in regions of

moderate ω and where |ω| � 1. The planned asymmetrical
e+e− collider at SLAC appears to be suitable for studies of the
form factor after an upgrade to larger center of mass energies
and luminosities.
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We discuss a necessary nonvalence contribution in timelike exclusive processes. Following a Schwinger-Dyson type of approach, we relate
the nonvalence contribution to an ordinary light-front wave function that has been extensively tested in the spacelike exclusive processes.
A complicate multi-body energy denominator is exactly cancelled in summing the light-front time-ordered amplitudes. Applying our
method to K�3 and D0 → K−�+ν� where a rather substantial nonvalence contribution is expected, we find not only an improvement in
comparing with the experimental data but also a covariance(that is, frame-independence) of existing light-front constituent quark model.

1. INTRODUCTION

As discussed in this PEP-N meeting, the facilities that co-
piously produce the lower-lying mesons such as K and D can
provide a lot of rich physics as exciting as the new and up-
graded B-meson factories promise. To fulfill such excitement,
however, intensive theoretical studies should be accompanied
in the analyses of exclusive meson decays and form factors.
Thus, more and more scrutinized model analyses are called
for.

Perhaps, one of the most popular formulations for the anal-
ysis of exclusive processes may be provided in the framework
of light-front (LF) quantization [1]. In particular, the Drell-
Yan-West (q+ = q0 + q3 = 0) frame has been extensively
used in the calculation of various electroweak form factors
and decay processes [2–5]. As an example, only the parton-
number-conserving (valence) Fock state contribution is needed
in q+ = 0 frame when the “good" component of the current,
J+ or J⊥ = (Jx, Jy), is used for the spacelike electromagnetic
form factor calculation of pseudoscalar mesons. The LF ap-
proach may also provide a bridge between the two fundamen-
tally different pictures of hadronic matter, i.e. the constituent
quark model (CQM) (or the quark parton model) closely re-
lated to the experimental observations and the quantum chro-
modynamics (QCD) based on a covariant non-abelian quantum
field theory. The crux of possible connection between the two
pictures is the rational energy-momentum dispersion relation
that leads to a relatively simple vacuum structure. There is no
spontaneous creation of massive fermions in the LF quantized
vacuum. Thus, one can immediately obtain a constituent-type
picture, in which all partons in a hadronic state are connected
directly to the hadron instead of being simply disconnected ex-
citations (or vacuum fluctuations) in a complicated medium.
A possible realization of chiral symmetry breaking in the LF
vacuum has also been discussed in the literature [6].

On the other hand, the analysis of timelike exclusive pro-
cesses (or timelike q2 > 0 region of bound-state form factors)

remained as a rather significant challenge in the LF approach.
In principle, theq+ �= 0 frame can be used to compute the time-
like processes but then it is inevitable to encounter the particle-
number-nonconserving Fock state (or nonvalence) contribu-
tion. The main source of difficulty in CQM phenomenology
is the lack of information on the non-wave-function vertex
(black blob in Figure 1(a)) in the nonvalence diagram arising
from the quark-antiquark pair creation/annihilation. The non-
wave-function vertex (black blob) was recently also called the
embedded state [7]. This should contrast with the white blob
representing the usual LF valence wave function.
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Figure 1: Effective treatment of the LF nonvalence amplitude.

In principle, there is a systematic program laid out by
Brodsky and Hwang [8] to include the particle-number-
nonconserving amplitude to take into account the nonvalence
contributions. However, such a program requires to find all
the higher Fock-state wave functions while there has been rel-
atively little progress in computing the basic wave functions
of hadrons from first principles. Recently, a method of an-
alytic continuation from the spacelike region has also been
suggested to generate necessary information in the timelike
region without encountering a direct calculation of the non-
valence contribution [9]. Even though some explicit example
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has been presented for manifestly covariant theoretical mod-
els, this method has not yet been implemented to more realistic
phenomenological models.

In this talk, we thus present an alternative way of han-
dling the nonvalence contribution. Our aim of new treat-
ment [10] is to make the program more suitable for the CQM
phenomenology specific to the low momentum transfer pro-
cesses. Incidentally, the light-to-light (K�3) and heavy-to-light
(D0 → K−�+ν�) decays involving rather low momentum
transfers bear a substantial contribution from the nonvalence
part and their experimental data are better known than other
semileptonic processes with large momentum transfers. In-
cluding the nonvalence contribution, our results on K�3 and
D0 → K−�+ν� not only show a definite improvement in com-
parison with experimental data but also exhibit a covariance
(that is, frame-independence) of our approach.

This talk is organized as follows. In Section 2, we present
the non-wave-function vertex in the nonvalence diagram in
terms of light-front vertex functions, utilizing the covariant
Bethe-Salpeter(BS) model of (3+1)-dimensional fermion field
theory. The nonvalence part of the weak form factors for 0− →
0− semileptonic decays is expressed in terms of light-front
vertex functions of a hadron and a gauge boson. The link
operator connecting (n − 1)-body to (n + 1)-body in a Fock
state representation is obtained by an analytic continuation of
the usual BS amplitude. We also show that the complicated
(n + 2)-body energy denominators are exactly cancelled in
summing the light-front time-ordered diagrams. In Section 3,
we show our numerical results for K�3 and D0 → K−�+ν�

decays. Conclusions follow in Section 4.

2. NEW EFFECTIVE TREATMENT

2.1. 0− → 0− Semileptonic Decays

The semileptonic decay of Q1q̄ bound state with four-
momentum P

µ
1 and mass M1 into another Q2q̄ bound state

with P
µ
2 and M2 is governed by the weak current, viz.,

Jµ(0) = 〈P2|Q̄2γ
µQ1|P1〉

= f+(q2)(P1 + P2)
µ + f−(q2)qµ, (1)

where qµ = (P1 − P2)
µ is the four-momentum transfer to the

lepton pair (�ν) and m2
� ≤ q2 ≤ (M1 − M2)

2. The covariant
three-point Bethe-Salpeter (BS) amplitude of the total current
Jµ(0) in Eq. (1) may be given by

Jµ(0) = iNc

∫
d4k

(2π)4

H cov
1 H cov

2 Sµ

(p2
1 − m2

1 + iε)(p2
2 − m2

2 + iε)

× 1

(p2
q̄ − m2

q̄ + iε)
, (2)

where Nc is the color factor, H cov
1[2] is the covariant intitial[final]

state meson-quark vertex function that satisfies the BS equa-
tion, and Sµ = Tr[γ5(�p1 +m1)γ

µ(�p2 +m2)γ5(−�pq̄ +mq̄)].
The quark momentum variables are given by p1 = P1 − k,
p2 = P2 − k, and pq̄ = k.

As shown in the literature [7], the LF energy integration
reveals an explicit correspondence between the sum of LF time-
ordered amplitudes and the original covariant amplitude. For
instance, performing the k− pole integration, we obtain the LF
currents, J

µ
V and J

µ
NV corresponding to the usual LF valence

diagram and the nonvalence diagram shown in Figure 1(a),
respectively. Since H cov

2 satisfies the BS equation, we iterate
H cov

2 once and perform its LF energy integration to find the
corresponding LF time-ordered diagrams Figures 1(b) and 1(c)
after the iteration. The similar idea of iteration in a Schwinger-
Dyson (SD) type of approach was presented in [11] to pin
down the LF bound-state equation starting from the covariant
BS equation.

Comparing the LF time-ordered expansions before and after
the iteration, we realize that the following link between the non-
wave-function vertex (black blob) and the ordinary LF wave
function (white blob) as shown in Figure 2 naturally arises,
that is,

(M2 − M2
0)�

′(xi, k⊥i )

=
∫

[dy][d2l⊥]K(xi, k⊥i; yj , l⊥j )�(yj , l⊥j ), (3)

where M is the mass of outgoing meson and M2
0 = (m2

1 +
k2⊥1)/x1 − (m2

2 + k2⊥2)/(−x2) with x1 = 1 − x2 > 1 due to
the kinematics of the non-wave-function vertex.
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Figure 2: Non-wave-function vertex(black blob) linked to an
ordinary LF wave function(white blob).

We note that Eq. (3) essentially takes the same form as the
LF bound-state equation (similar to the LF projection of BS
equation) except the difference in kinematics (for example,
−x2 > 0 for the non-wave-function vertex). Incidentally, Ein-
horn [12] also discussed the extension of the LF BS amplitude
in 1 + 1 QCD to a non-wave-function vertex similar to what
we obtained in this work.

In the above procedure, we also find that the four-body en-
ergy denominator D4 is exactly cancelled in the sum of LF
time-ordered amplitudes as shown in Figures 1(b) and 1(c),
that is, 1/D4D

g
2 + 1/D4D

h
2 = 1/D

g
2 Dh

2 . We thus obtain the
amplitude identical to the nonvalence contribution in terms of
ordinary LF wave functions of gauge boson (W ) and hadron
(white blob) as drawn in Figure 1(d). This method, however,
requires to have some relevant operator depicted as the black
square (K) in Figure 2 (see also Figure 1(d)), that is in general
dependent on the involved momenta connecting one-body to
three-body sector. We now present some details of kinemat-
ics in the semileptonic decay processes to discuss a reason-
ing of how we handle the nonvalence contribution involving
the momentum-dependent K for relatively small momentum
transfer processes such as πe3, K�3 and D → K�ν.
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2.2. Kinematics and Model Description

Our calculation is performed in purely longitudinal momen-
tum frame [10, 13] where q+ > 0 and P1⊥ = P2⊥ = 0 so that
the momentum transfer square q2 = q+q− > 0 is time-like.
One can then easily obtain q2 in terms of the momentum frac-
tion α = P +

2 /P +
1 = 1−q+/P +

1 as q2 = (1−α)(M2
1 −M2

2 /α).
Accordingly, the two solutions for α are given by

α± = M2

M1

[
M2

1 + M2
2 − q2

2M1M2

±
√√√√(M2

1 + M2
2 − q2

2M1M2

)2

− 1


 . (4)

The +(−) sign in Eq. (4) corresponds to the daughter me-
son recoiling in the positive (negative) z-direction relative to
the parent meson. At zero recoil (q2 = q2

max) and maximum
recoil(q2 = 0), α± are given by

α+(q2
max) = α−(q2

max) = M2

M1
,

α+(0) = 1, α−(0) =
(

M2

M1

)2

. (5)

In order to obtain the form factors f±(q2) which are inde-
pendent of α±, defining J+(0)|α=α± ≡ 2P +

1 H+(α±) from
Eq. (1), we obtain

f±(q2) = ± (1 ∓ α−)H+(α+) − (1 ∓ α+)H+(α−)

α+ − α−
. (6)

The form factors f+(q2) and f−(q2) are related to the scalar
form factor f0(q

2) in the following way:

f+(0) = f0(0), f0(q
2) = f+(q2)+ q2

M2
1 − M2

2

f−(q2). (7)

The differential decay rate for 0− → 0− semileptonic decay
is given by [4]

d�

dq2 = G2
F

24π3 |Vq1q̄2 |2Kf (q2)(1 − m2
l

q2 )2

×
{

[Kf (q2)]2

(
1 + m2

l

2q2

)
|f+(q2)|2

+M2
1

(
1 − M2

2

M2
1

)2
3

8

m2
l

q2 |f0(q
2)|2


 , (8)

where GF is the Fermi constant, Vq1q̄2 is the element of the
Cabbibo-Kobayashi-Maskawa (CKM) mixing matrix and the
factor Kf (q2) is given by

Kf (q2) = 1

2M1

[
(M2

1 + M2
2 − q2)2 − 4M2

1 M2
2

]1/2
. (9)

With the iteration procedure Eq. (3) in this q+ > 0 frame,
the results for the “+”-component of the current Jµ in Eq. (2)
are given by

J+
V = Nc

16π3

∫ α

0
dx

∫
d2k⊥

�i(x, k⊥)S+
V �f (x′, k⊥)

x(1 − x)(1 − x′)
,

(10)
and

J+
NV = Nc

16π3

∫ 1

α

dx

∫
d2k⊥

�i(x, k⊥)S+
NV

x(1 − x)(x′ − 1)
�g(x, k⊥)

×
∫

1

y(1 − y)

∫
d2l⊥K(x, k⊥; y, l⊥)�f (y, l⊥), (11)

where Eq. (3) has been used for the nonvalence wave function
at the black blob as shown in Figure 2 (see also Figure 1(d)).

The ordinary LF vertex functions(white blob in Figure 1) in
Eqs. (10) and (11) are given by

�i = hLF
1

M2
1 − M2

01

, M2
01 = m2

1 + k2⊥
1 − x

+ m2
q̄ + k2⊥

x
,

�f = hLF
2

M2
2 − M2

02

, M2
02 = m2

2 + k2⊥
1 − x′ + m2

q̄ + k2⊥
x′ , (12)

where x = k+/P +
1 , x′ = x/α. The �g in Eq. (11) corre-

sponds to the light-front energy denominator (that is, Dg in
Figure 1(d)) and its explicit form is given by

�g(x, k⊥) = 1

α

[
q2

1−α
−
(

k2⊥+m2
1

1−x
+ k2⊥+m2

2
x−α

)] . (13)

We call �g the light-front vertex function of a gauge boson1.
In Eqs. (10) and (11), the trace terms S+

V (p−
q̄ = k−

on) =
(4P +

1 /x′){k2⊥ + [xm1 + (1 − x)mq̄ ][x′m2 + (1 − x′)mq̄ ]} and
S+

NV (p−
1 = p−

1on) = S+
V (p−

i = p−
ion)+4p+

1onp
+
2on(p

−
q̄ −p−

q̄on)

correspond to the product of initial and final LF spin-orbit wave
functions that are uniquely determined by a generalized off-
energy-shell Melosh transformation. Here, the subscript (on)
means on-mass-shell and the instantaneous part of nonvalence
diagram corresponds to 4p+

1onp
+
2on(p

−
q̄ −p−

q̄on) in S+
NV . While

the LF vertex function hLF
1[2] formally stems from H cov

1[2], practi-
cal information on the radial wave function �i[f ](x, k⊥) (con-
sequently hLF

1[2]) can be obtained by LF CQM. The details of
our variational procedure to determine both mass spectra and
wave functions of pseudoscalar mesons were recently docu-
mented in [3, 4] along with an extensive test of the model in
the spacelike exclusive processes. The same model is used
in this work, that is, comparing the LF vertex functions � in
Eq. (12) with our light-front wave function given by [3, 4], we

1While one can in principle also consider the BS amplitude for �g , we
note that such extension does not alter our results within our approximation in
this work because both hadron and gauge boson should share the same kernel.
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identify

�(x, k⊥) =
(

8π3

Nc

)1/2(
∂kz

∂x

)1/2 [x(1 − x)]1/2

M0
φ(x, k⊥),

(14)
where the Jacobian of the variable tranformation k =
(kz, k⊥) → (x, k⊥) is obtained as ∂kz/∂x = M0/[4x(1 − x)]
and the radial wave function is given by

φ(k2) =
(

1

π3/2β3

)1/2

exp(−k2/2β2), (15)

which is normalized as
∫

d3k|φ(k2)|2 = 1. Substituting
Eqs. (14) and (15) into Eqs. (10) and (11), one can obtain the
valence and nonvalence contributions to the weak form factors
for 0− → 0− semileptonic decays in light-front quark model.

While the relevant operator K is in general dependent on
all internal momenta (x, k⊥, y, l⊥), a sort of average on K
over y and l⊥ in Eq. (11) which we define as GP1P2 ≡∫ [dy][d2l⊥]K(x, k⊥; y, l⊥)�f (y, l⊥) is dependent only on
x and k⊥. Now, the range of the momentum fraction x de-
pends on the external momenta for the embedded states. As
shown in Eq. (11), the lower bound of x for the kernel in the
nonvalence contribution is given by α which has the value
α = M2/M1 at the maximum q2. As the mass difference
between the primary and secondary mesons gets smaller, not
only the range of q2 is reduced but also α gets closer to 1.
Perhaps, the best experimental process for such a limit may
be the pion beta decay π± → π0e±ν̄e, where our numerical
prediction f−(0)/f+(0) = −3.2 × 10−3 following the treat-
ment presented in this work is in an excellent agreement with
−3.5 × 10−3 obtained by the method proposed by Jaus [14]
including the zero-modes [8, 13, 15]. In Ademollo-Gatto’s
SU(3) limit [16], the q2 range of the nonvalence contribution
shrinks to zero and α becomes precisely 1. However, even if α

is not so close to 1, the initial wavefunction �i(x, k⊥) plays the
role of a weighting factor in the nonvalence contribution and
enfeeble the contribution from the region of x near 1. Thus, for
the processes that we discuss in this talk, the effective x region
for the nonvalence contribution is quite narrow. Similarly, the
region of the transverse momentum k⊥ is also limited only up
to the scale of hadron size due to the same weighting factor
�i(x, k⊥). Here, we thus approximate GP1P2 as a constant
and examine the validity of this approximation by checking
the frame independence of our numerical results.

For the check of frame-independence, we also compute
the “+” component of the current J

µ
D in the Drell-Yan-West

(q+ = 0) frame where only valence contribution exists. Since
the form factor f+(q2) obtained from J+

D in q+ = 0 frame
is immune to the zero-mode contribution [4, 8, 13, 14], the
comparison of f+(q2) in the two completely different frames
(that is, q+ = 0 and q+ �= 0) would reveal the validity of an
existing model with respect to a covariance. The comparison
of f−(q2), however, cannot give a meaningful test of covari-
ance because of the zero-mode complication as noted in [14].
Indeed, the difference between the two (q+ = 0 and q+ �= 0)
results of f−(q2) amounts to the zero-mode contribution.

3. NUMERICAL RESULTS
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Figure 3: The weak form factors for K0
�3 compared with the

experimental data [17].

In our numerical calculation for the processes of K�3 and
D0 → K−�+ν decays, we use the linear potential parame-
ters presented in [4]. In Figure 3, we show the weak form
factors f+(q2) and f0(q

2) for K0
�3 decays. The thick solid

lines are our analytic solutions obtained from the q+ = 0
frame; note here again that the lower thick solid line (f0) in
Figure 3 is only the partial result without including the zero-
mode contribution while the upper thick solid line (f+ im-
mune to the zero-mode) is the full result. The thin solid lines
are the full results of our effective calculations with a constant
(GKπ =3.95) fixed by the normalization of f+ at q2 = 0 limit.
For comparison, we also show only the valence contributions
(dotted lines) in q+ �= 0 frame. As expected, a clearly dis-
tinguishable nonvalence contribution is found. Following the
popular linear parametrization [18], we plot the results of our
effective solutions (thin solid lines) using fi(q

2) = fi(q
2 =

m2
�)(1 + λiq

2/M2
π+)(i = +, 0). In comparison with the data,

the same normalization as the data f+(0) = 1 [17] was used
in Figure 3. Our effective solution (upper thin solid line) is
not only in good agreement with the data [17] but also almost
identical to that in q+ = 0 frame(upper thick solid line) indi-
cating the frame-independence of our model. Note also that
the difference in f0(q

2) between q+ �= 0 (lower thin solid
line) and q+ = 0(lower thick solid line) frames amounts to the
zero-mode contribution.

In comparison with experimental data, we summarized our
results of several experimental observables in Table 1; i.e. the
actual value of f+(0), the slopes λ+ [λ0] of f+(q2) [f0(q

2)]
at q2 = 0, ξA = f−(0)/f+(0), and the decay rates �(K0

e3)

and �(K0
µ3). In the second column of Table 1, our full results

including nonvalence contributions are presented along with
the valence contributions in the square brackets. In the third
column of Table 1, the results in q+ = 0 frame are presented
with [without] the instantaneous part. As one can see in Table
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Table I Model predictions for the parameters of K0
�3 decays. The decay width is in units of 106 s−1. The used CKM matrix is

|Vus | = 0.2196 ± 0.0023 [18].

Effective q+ = 0 Experiment

f+(0) 0.962 [0.962] 0.962 [0.962]

λ+ 0.026 [0.083] 0.026 [0.026] 0.0288 ± 0.0015[K0
e3]

λ0 0.025 [−0.017] 0.001 [−0.009] 0.025 ± 0.006[K0
µ3]

ξA −0.013 [−1.10] −0.29[−0.41] −0.11 ± 0.09[K0
µ3]

�(K0
e3) 7.3 ± 0.15 7.3 ± 0.15 7.5±0.08

�(K0
µ3) 4.92 ± 0.10 4.66 ± 0.10 5.25±0.07

1, adding the nonvalence contributions clearly improves the
results of λ0, that is, our full result of λ0 = 0.025 is in excellent
agreement with the data, λ

Exp.

0 = 0.025 ± 0.006. Since the
lepton mass is small except in the case of the τ lepton, one may
safely neglect the lepton mass in the decay rate calculation of
the heavy-to-heavy and heavy-to-light transitions. However,
as one can see from the improved result for Kµ3 decay rate,
the reliable calculation of f0(q

2) is required especially for
Kµ3 since the muon(µ) mass is not negligible, even though
the contribution of f0(q

2) is negligible for Ke3 case.

In Figures 4(a,b), we show the weak form factors for D0 →
K−�+ν decays and compare with the experimental data [18]
(full dot) with an error bar at Q2 = 0 as well as the lattice QCD
results [19] (circle and square) and [20] (cross). All the line as-
signments are same as in Figure 3. In Figure 4(a), the thin solid
line of our full result in q+ �= 0 is not visible because it ex-
actly coincides with the thick solid line of the result in q+ = 0
confirming the frame-independence of our calculations. Our
value of f+(0) = 0.736 is also within the error bar of the
data [18], f Exp.

+ (0) = 0.7 ± 0.1. In Figure 4(b), the difference
between the thin and thick solid lines is the measure of the zero-
mode contribution to f0(q

2) in q+ = 0 frame. The form fac-
tors obtained from our effective calculations (GDK = 3.5) are
also plotted with the usual parametrization of pole dominance
model, that is, f+(0)(q

2) = f+(0)(0)/(1 − q2/M2
1−(0+)

). Our
pole masses turn out to be M1− = 2.16 GeV and M0+ = 2.79
GeV, respectively, and we note that M1− = 2.16 GeV is in
good agreement with the mass of D∗

s , that is, 2.1 GeV. Using
CKM matrix element |Vcs | = 1.04 ± 0.16 [18], our branching
ratios Br(D0

e3) = 3.73 ± 1.24 and Br(D0
µ3) = 3.60 ± 1.19 are

also comparable with the experimental data 3.64 ± 0.18 and
3.22 ± 0.17 [18], respectively.

In Figure 5, we show the differential decay rates for D0 →
K−e+νe and D0 → K−µ+νµ transitions obtained from our
effective solutions. As in the case of K�3 decays, we were able
to evaluate the f0(q

2) contribution to the total decay rate for
D0 → K−µ+νµ process in a more reliable manner although
its contribution is more suppressed than the Kµ3 case.

4. CONCLUSION

In summary, we presented an effective treatment of the LF
nonvalence contributions crucial in the timelike exclusive pro-
cesses. Using a SD-type approach and summing the LF time-
ordered amplitudes, we obtained the nonvalence contributions
in terms of ordinary LF wavefunctions of gauge boson and
hadron that have been extensively tested in the spacelike ex-
clusive processes. Including the nonvalence contribution, our
results show a definite improvement in comparison with ex-
perimental data on K�3 and D0 → K−�+ν� decays. Our
result on πe3 is also consistent with the result obtained by
other methods. Furthermore, the frame-independence of our
results indicate that a constant GP1P2 is an approximation ap-
propriate to the small momentum transfer processes. A similar
conclusion was drawn in a recent application of our method to
the skewed quark distributions of the pion at small momentum
transfer region [21]. Applications to the heavy-to-light decay
processes involving large momentum transfers would require
an improvement on this approximation perhaps guided by the
perturbative QCD approach. Consideration along this line is
underway.
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The Lund area law was developed into a Monte Carlo program LUARLW, which agrees well with the BEPC/BES R
scan data.

1. INTRODUCTION

The hadron production mechanism in particle colli-
sions is one of the important subjects in the study of
strong interaction. In standard model (QCD), hadroniza-
tion processes belong to a nonperturbative problem for
which no practicable calculation is available. Some phe-
nomenological hadronization models were built up, which
play important roles in the studies toward the final under-
standing of strong interaction. The famous Lund string
fragmentation model is one of the successful hadroniza-
tion schemes, which contains several nontrivial dynami-
cal features and describes the general semi-classical pic-
ture of hadron production. At high energies, Lund gener-
ator JETSET can simulate the processes of hadron pro-
duction via single photon annihilation well, and predicts
the correct properties of the final states. But the appli-
cation of the Lund model at intermediate energies has
been blank. A direct solution is to start from the basic
assumptions of Lund model and find the solutions of the
area law without adopting any high-energy approxima-
tion. Based on the Lund area law, a new generator LU-
ARLW was compiled, which agrees well with BES data
between 3–5 GeV (see Figure 1 on page 186).

2. LUND STRING FRAGMENTATION

The foundations of the Lund model (relativity, causal-
ity and quantum mechanics) are universal. The basic
hadron production picture is string fragmentation. The
produced new pairs (qq̄) and (qq̄qq̄) may form mesons
and baryons if they carry with the correct flavor quan-
tum numbers, otherwise they just behave like the vacuum
fluctuations and do not lead any observable effects in ex-
periments (see Figure 1). Using the assumptions of very
high energy approximation (the remaining string always
has large energy scale), left–right symmetry (fragmen-
tation from q0 end or q̄0 end are identical) and itera-
tive fragmentation (string fragmentation may be treated

q’(b)

q(r) q(r)
t

x

q

q q

rr field gg bb

q

1 1

2
2

q’(b)

BB

B

B
M

M M

M

Figure 1: String fragmentation by a set of new pairs (qq̄)
and (qq̄qq̄) production, hadrons form at vertices

iteratively), Lund fragmentation function f(z) was de-
rived uniquely, which is used in JETSET to govern string
fragmentation. The fragmentation function f(z) has the
characteristics of inclusive distribution, and the single
particle production is independent of anything else before
and after. The applicable region of f(z), the remnant
string, still has large invariant mass. At intermediate
energies, the mass-shell conditions should be the compo-
nent part of the fragmentation dynamics, therefore the
string fragmentation has to be treated as an exclusive
one instead of inclusive like in JETSET.

3. LUND AREA LAW

The Lund string fragmentation process is Lorentz in-
variant and factorizable. The finite energy (s) system
containing n hadrons may be viewed as a cluster of infi-
nite string fragmentation system with energy (s0 → ∞)
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Figure 2: The situation after n steps fragmentation.

(see Figure 2). According to the general properties of
iterative cascade, the combined distribution is

d℘̃n =
n∏

j=1

fj(zj)dzj

= Cn · d℘ext(s, z) · d℘n(u1, · · · , un), (1)

where, Cn is normalization constant. We know from (1)
that a subsystem may be split up from the total system,
the processes occurring in the subsystem is the same as
a complete system starting at the some original energy
s. The external part

d℘ext(s, z) = ds
dz

z
(1 − z)a · exp(−bΓ) (2)

corresponds to the probability that the cluster will occur.
The internal part

d℘n(u1, . . . , un) = δ2(Pn −
n∑

j=1

p◦j)

n∏
j=1

d2p◦jδ(p2
◦j − m2

⊥j) exp(−bAn) (3)

corresponds to the exclusive probability that the clus-
ter will decay into the particular channel containing the
given n particles with energy-momentum {p◦j} and noth-
ing else. Arest = An is the area enclosed by the quark and
antiquark light-cone energy-momentum lines of n parti-
cles. The factor

|M |2 ≡ exp(−bAn) (4)

may be viewed as the squared matrix element, the other
parts are phase-space elements. In formulas, b is funda-
mental color-dynamical parameters. Distribution (3) is

called Lund area law. The total area

Atot =
n∑

j=1

Aj = An + Γ, Γ =
s(1 − z)

z
(5)

and

An =
n∑

j=1

m2
⊥j

zj
·

 n∑

k=j

zk


 . (6)

Finishing the integral over kinematic variables, area law
has the following forms:

• String ⇒ 2 hadrons

℘2 =
C2√

λ

[
exp(−bA(1)

2 ) + exp(−bA(2)
2 )

]
. (7)

• String ⇒ 3 hadrons

d℘3 =
C3√
Λ

exp(−bA)dA. (8)

• String ⇒ 4, 5, 6 hadrons

d℘n(s) =
ds1ds2√

λ(s, s1, s2)
exp(−bΓ)

℘n1(s1,A1)℘n2(s2,A2). (9)

In above fragmentation distributions, the gluon effects
are neglected. At intermediate and low energies, the
emitted gluons from initial quark or antiquark are usu-
ally soft, most of which will stop before the string starts
to break, the effect of the gluon will then essentially be
a small transverse broadening of a two-jet system, the
gluon and quark will then look as a single quark jet. The
gluon emissions do not significantly change the topolog-
ical shapes (sphericity and thrust) of final states, and
therefore no observable jet effects.

4. MULTIPLICITY

Define dimensionless n-particle partition function

Zn = s

∫
dRn · exp(−bA), (10)

where dRn is the n-particle phase space element. The
relation between Zn and the multiplicity distribution P̃n

for primary hadrons is

P̃n =
Zn∑
Zn

. (11)

P̃n has the approximative expression

P̃n =
µn

n!
· exp[c0 + c1(n − µ)

+c2(n − µ)2], (c2 < 0). (12)
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Figure 3: The vertex V divides the n-body string
fragmentation into two clusters which contain n1 and n2

hadrons and with squared invariant masses s1 and s2

separately.

Quantity µ may be written as the energy-dependent form

µ = a + b · exp(c
√

s), (13)

or

µ = a + b ln(s) + c ln2(s). (14)

All parameters a, b, c, c0, c1, and c2 need to be deter-
mined by experimental data and were tunned with BES
data samples of R scan.

5. EXCLUSIVE DISTRIBUTION

There are some different production channels for n-
particle states, such as 4-body states may be π+π−π+π−,
π+π−π◦π◦, ρ+ρ−π + π−, etc. The exclusive probability
for the special channel is

P̂n = Bn · (V PS) · (SUD) · ℘n(m⊥1, . . . , m⊥n; s). (15)

• Bn is the combinatorial number stemming from
may be more than one string configurations lead
to this state.

• (VPS) is the vector to pseudoscalar rate.

• (SUD) is the strange to up and down quark pair
probability.

6. TRANSVERSE MOMENTUM DISTRIBUTION

The above results are obtained when the transverse
momentums of all primary hadrons have given. In the
Lund model, the quantum mechanical tunneling effect
was used to explain the production of new pairs qiq̄i.
The particles obtain their transverse momenta from the
constituents. At each production point the (qiq̄i)-pair is
given ±qi and the particle momenta are

p⊥1 = q1, . . .p⊥j = qj − qj−1, . . .p⊥n = −qn. (16)

From the Lund model, the following distribution with
forward–backward symmetric correlation was derived

F (n)(q1, . . . ,qn)

= Cn exp
{

− 1
2σ2

[
q2

1 +
(q2 − ρ2q1)2

1 − ρ2
2

· · ·
]}

= Cn exp
{

− 1
4σ2

[
q2

1 + q2
n

+
∑

Aj(q2
j + q2

j−1 − 2εjqj · qj−1)
]}

,

with

Aj =
(1 + ρ2

j )
(1 − ρ2

j )
, εj =

2ρj

(1 + ρ2
j )

.

The correlations ρj are phenomenological parameters,
which in general are small.
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Figure 1: e+e− → hadrons spectrum of raw BES data (hatched region) and LUARLW/SOBDRUNK (black line) at
Ecm = 2.2 GeV.
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Exclusive hadron production processes in photon-photon collisions provide important tests of QCD at the amplitude level, particularly
as measures of hadron distribution amplitudes and skewed parton distributions. The determination of the shape and normalization of
the distribution amplitudes has become particularly important in view of their importance in the analysis of exclusive semi-leptonic and
two-body hadronic B-decays. Interesting two-photon physics, including doubly-tagged γ ∗γ ∗ reactions, will be accessible at low energy,
high luminosity e+e− colliders, including measurements of channels important in the light-by-light contribution to the muon g–2 and the
study of the transition between threshold production controlled by low-energy effective chiral theories and the domain where leading-twist
perturbative QCD becomes applicable. The threshold regime of hadron production in photon–photon and e+e− annihilation, where
hadrons are formed at small relative velocity, is particularly interesting as a test of low energy theorems, soliton models, and new types of
resonance production. Such studies will be particularly valuable in double-tagged reactions where polarization correlations, as well as the
photon virtuality dependence, can be studied.

1. INTRODUCTION

Two-photon annihilation γ ∗(q1)γ
∗(q2) → hadrons for real

and virtual photons provide some of the most detailed and
incisive tests of QCD. Among the processes of special interest
are:

1. the total two-photon annihilation hadronic cross sec-
tion σ(s, q2

1 , q
2
2 ), which is related to the light-by-light

hadronic contribution to the muon anomalous moment;

2. the formation ofC = + hadronic resonances, which can
reveal exotic states such as qqg hybrids and discriminate
gluonium formation [1, 2];

3. single-hadron processes such as γ ∗γ ∗ → π0, which test
the transition from the anomaly-dominated pion decay
constant to the short-distance structure of currents dic-
tated by the operator-product expansion and perturbative
QCD factorization theorems;

4. hadron pair production processes such as γ ∗γ →
π+π−,K+K−, pp, which at fixed invariant pair mass
measures the s → t crossing of the virtual Compton
amplitude [3, 4]. When one photon is highly virtual,
these exclusive hadron production channels are dual to
the photon structure function Fγ2 (x,Q

2) in the endpoint
x → 1 region at fixed invariant pair mass. The leading
twist-amplitude for γ ∗γ → π+π− is sensitive to the
1/x − 1/(1 − x) moment of the qq distribution am-
plitude �π+π−(x,Q2) of the two-pion system [5, 6],
the timelike extension of skewed parton distributions.
In addition one can measure the pion charge asymme-
try in e+e− → π+π−e+e− arising from the interfer-
ence of the γ γ → π+π− Compton amplitude with the
timelike pion form factor [7]. At the unphysical point

s = q2
1 = q2

2 = 0, the amplitude is fixed by the low
energy theorem to the hadron charge squared. As re-
viewed by Karliner in these proceedings [8], the ratio
of the measured γ γ → �� and γ γ → pp cross sec-
tions is anomalous at threshold, a fact which may be
associated with the soliton structure of baryons in QCD
[9];

5. At large momentum transfer, the angular distribution of
hadron pairs produced by photon-photon annihilation
are among the best determinants of the shape of the me-
son and baryon distribution amplitudes φM(x,Q), and
φB(xi,Q) which control almost all exclusive processes
involving a hard scaleQ. The determination of the shape
and normalization of the distribution amplitudes, which
are gauge-invariant and process-independent measures
of the valence wavefunctions of the hadrons, has be-
come particularly important in view of their importance
in the analysis of exclusive semi-leptonic and two-body
hadronic B-decays [10–15]. There has also been con-
siderable progress both in calculating hadron wavefunc-
tions from first principles in QCD and in measuring them
using diffractive di-jet dissociation.

Much of this important two-photon physics is accessible at
low energy, high luminosity e+e− colliders such as the pro-
posed PEP-N project, particularly for measurements of chan-
nels important in the light-by-light contribution to the muon
g–2 and the exploration of the transition between threshold
amplitudes which are controlled by low-energy effective theo-
ries such as the chiral Hamiltonian through the transition to the
domain where leading-twist perturbative QCD becomes appli-
cable. There have been almost no measurements of double-
tagged events needed to unravel the separate q2

1 and q2
2 depen-

dence of photon-photon annihilation. Hadron pair production
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from two-photon annihilation plays a crucial role in unraveling
the perturbative and non-perturbative structure of QCD, first
by testing the validity and empirical applicability of leading-
twist factorization theorems, second by verifying the struc-
ture of the underlying perturbative QCD subprocesses, and
third, through measurements of angular distributions and ratios
which are sensitive to the shape of the distribution amplitudes.
In effect, photon-photon collisions provide a microscope for
testing fundamental scaling laws of PQCD and for measuring
distribution amplitudes. It would also be interesting to mea-
sure the novel relativistic atomic coalescence processes, single
and double muonium formation: e+e− → [µ+e−]µ+e− and
e+e− → [µ+e−][µ+e−].

2. THE PHOTON-TO-PION TRANSITION FORM FACTOR
AND THE PION DISTRIBUTION AMPLITUDE

The simplest and perhaps most elegant illustration of an
exclusive reaction in QCD is the evaluation of the photon-
to-pion transition form factor Fγ→π (Q

2) which is measur-
able in single-tagged two-photon ee → eeπ0 reactions. The
form factor is defined via the invariant amplitude �µ =
−ie2Fπγ (Q

2)εµνρσpπν ερqσ . As in inclusive reactions, one
must specify a factorization scheme which divides the inte-
gration regions of the loop integrals into hard and soft mo-
menta, compared to the resolution scale Q̃. At leading twist,
the transition form factor then factorizes as a convolution of
the γ ∗γ → qq amplitude (where the quarks are collinear with
the final state pion) with the valence light-cone wavefunction
of the pion [4]:

FγM(Q
2) = 4√

3

∫ 1

0
dxφM(x, Q̃)T

H
γ→M(x,Q

2). (1)

The hard scattering amplitude forγ γ ∗ → qq isT HγM(x,Q
2) =

[(1 − x)Q2]−1 (1 + O(αs)). For the asymptotic distribution
amplitude φasympt

π (x) = √
3fπx(1 − x) one predicts [16]

Q2Fγπ(Q
2) = 2fπ

(
1 − 5

3

αV (Q
∗)

π

)
where Q∗ = e−3/2Q is the estimated BLM scale for the pion
form factor in the V scheme.

The PQCD predictions have been tested in measurements
of eγ → eπ0 by the CLEO collaboration [17] (see Figure 1
(b)). The flat scaling of the Q2Fγπ(Q

2) data from Q2 = 2 to
Q2 = 8 GeV2 provides an important confirmation of the appli-
cability of leading twist QCD to this process. The magnitude of
Q2Fγπ(Q

2) is remarkably consistent with the predicted form,
assuming the asymptotic distribution amplitude and including
the LO QCD radiative correction with αV (e−3/2Q)/π � 0.12.
One could allow for some broadening of the distribution am-
plitude with a corresponding increase in the value of αV at
small scales. Radyushkin [18], Ong [19] and Kroll [20] have
also noted that the scaling and normalization of the photon to
pion transition form factor tends to favor the asymptotic form
for the pion distribution amplitude and rules out broader dis-
tributions such as the two-humped form suggested by QCD
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Figure 1: (a) Transverse lattice results for the pion distribution
amplitude at Q2 ∼ 10GeV2. The solid curve is the theoretical
prediction from the combined DLCQ/transverse lattice method [25];
the chain line is the experimental result obtained from dijet
diffractive dissociation [26, 27]. Both are normalized to the same
area for comparison. (b) Scaling of the transition photon to pion
transition form factor Q2Fγπ0 (Q2). The dotted and solid
theoretical curves are the perturbative QCD prediction at leading
and next-to-leading order, respectively, assuming the asymptotic
pion distribution The data are from the CLEO collaboration [17].

sum rules [21]. More comprehensive analyses, which include
consideration of next-to-leading order corrections and some
higher-twist contributions dictated by vector meson spectra
and QCD sum rules have been given by A. Khodjamirian [22],
A. Schmedding and O. Yakovlev [23], and by A. P. Bakulev et
al. [24].

When both photons are virtual, the denominator of TH for
the γ γ ∗ → π0 reaction becomes (1−x)Q2

1+xQ2
2 [4, 19], and

the amplitude becomes nearly insensitive to the shape of the
distribution amplitude once it is normalized to the pion decay
constant. Thus the ratio of singly virtual to doubly virtual pion
production is particularly sensitive to the shape of φπ(x,Q2)

since higher order corrections and normalization errors tend to
cancel in the ratio.
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3. NON-PERTURBATIVE CALCULATIONS OF THE PION
DISTRIBUTION AMPLITUDE

The distribution amplitude φ(x, Q̃) can be computed from
the integral over transverse momenta of the renormalized
hadron valence wavefunction in the light-cone gauge at fixed
light-cone time [4]:

φ(x, Q̃) =
∫
d2 �k⊥ θ

(
Q̃2 − �k⊥2

x(1 − x)

)
ψ(Q̃)(x, �k⊥), (2)

where a global cutoff in invariant mass is identified with the
resolution Q̃. The distribution amplitude φ(x, Q̃) is boost
and gauge invariant and evolves in ln Q̃ through an evolu-
tion equation [4]. Since it is formed from the same product
of operators as the non-singlet structure function, the anoma-
lous dimensions controlling φ(x,Q) dependence in the ul-
traviolet logQ scale are the same as those which appear in
the DGLAP evolution of structure functions [28]. The de-
cay π → µν normalizes the wave function at the origin:∫ 1

0 dxφ(x,Q) = fπ/(2
√

3). One can also compute the dis-
tribution amplitude from the gauge invariant Bethe-Salpeter
wavefunction at equal light-cone time. This also allows con-
tact with both QCD sum rules [29] and lattice gauge theory;
for example, moments of the pion distribution amplitudes have
been computed in lattice gauge theory [30–32]. Conformal
symmetry can be used as a template to organize the renormal-
ization scales and evolution of QCD predictions [28, 33]. For
example, Braun and collaborators have shown how one can
use conformal symmetry to classify the eigensolutions of the
baryon distribution amplitude [34].

Dalley [25] and Burkardt and Seal [35] have calculated the
pion distribution amplitude from QCD using a combination
of the discretized light-cone quantization [36] method for the
x− and x+ light-cone coordinates with the transverse lattice
method [37, 38] in the transverse directions, A finite lattice
spacing a can be used by choosing the parameters of the ef-
fective theory in a region of renormalization group stability
to respect the required gauge, Poincaré, chiral, and contin-
uum symmetries. The overall normalization gives fπ = 101
MeV compared with the experimental value of 93 MeV. Fig-
ure 1 (a) compares the resulting DLCQ/transverse lattice pion
wavefunction with the best fit to the diffractive di-jet data (see
the next section) after corrections for hadronization and ex-
perimental acceptance [26]. The theoretical curve is some-
what broader than the experimental result. However, there are
experimental uncertainties from hadronization and theoretical
errors introduced from finite DLCQ resolution, using a nearly
massless pion, ambiguities in setting the factorization scale
Q2, as well as errors in the evolution of the distribution ampli-
tude from 1 to 10 GeV2. Instanton models also predict a pion
distribution amplitude close to the asymptotic form [39]. In
contrast, recent lattice results from Del Debbio et al. [32] pre-
dict a much narrower shape for the pion distribution amplitude
than the distribution predicted by the transverse lattice. A new
result for the proton distribution amplitude treating nucleons
as chiral solitons has recently been derived by Diakonov and
Petrov [40]. Dyson-Schwinger models [41] of hadronic Bethe-
Salpeter wavefunctions can also be used to predict light-cone

wavefunctions and hadron distribution amplitudes by integrat-
ing over the relative k− momentum. There is also the possibil-
ity of deriving Bethe-Salpeter wavefunctions within light-cone
gauge quantized QCD [42] in order to properly match to the
light-cone gauge Fock state decomposition.

4. MEASUREMENTS OF THE PION DISTRIBUTION
AMPLITUDE BY DI-JET DIFFRACTIVE DISSOCIATION

The shape of hadron distribution amplitudes can be mea-
sured in the diffractive dissociation of high energy hadrons
into jets on a nucleus. For example, consider the reaction [43–
45] πA → Jet1 + Jet2 +A′ at high energy where the nucleus
A′ is left intact in its ground state. The transverse momenta
of the jets balance so that �k⊥i + �k⊥2 = �q⊥ < R−1

A. The
light-cone longitudinal momentum fractions also need to add
to x1 + x2 ∼ 1 so that �pL < R−1

A . The process can then oc-
cur coherently in the nucleus. Because of color transparency
and the long coherence length, a valence qq fluctuation of the
pion with small impact separation will penetrate the nucleus
with minimal interactions, diffracting into jet pairs [43]. The
x1 = x, x2 = 1 − x dependence of the di-jet distributions will
thus reflect the shape of the pion valence light-cone wavefunc-
tion in x; similarly, the �k⊥1 − �k⊥2 relative transverse momenta
of the jets gives key information on the second derivative of
the underlying shape of the valence pion wavefunction [44–
46]. The diffractive nuclear amplitude extrapolated to t = 0
should be linear in nuclear number A if color transparency is
correct. The integrated diffractive rate should then scale as
A2/R2

A ∼ A4/3.
The E791 collaboration at Fermilab has recently measured

the diffractive di-jet dissociation of 500 GeV incident pions
on nuclear targets [26]. The results are consistent with color
transparency, and the momentum partition of the jets conforms
closely with the shape of the asymptotic distribution amplitude,
φ

asympt
π (x) = √

3fπx(1 − x), corresponding to the leading
anomalous dimension solution [4] to the perturbative QCD
evolution equation.

The interpretation of the diffractive dijet processes as mea-
sures of the hadron distribution amplitudes has recently been
questioned by Braun et al. [47] and by Chernyak [48] who have
calculated the hard scattering amplitude for such processes at
next-to-leading order. However, these analyses neglect the in-
tegration over the transverse momentum of the valence quarks
and thus miss the logarithmic ordering which is required for
factorization of the distribution amplitude and color filtering
in nuclear targets.

5. EXCLUSIVE TWO-PHOTON ANNIHILATION INTO
HADRON PAIRS

Two-photon reactions, γ γ → HH at large s = (k1 + k2)
2

and fixed θcm, provide a particularly important laboratory for
testing QCD since these cross-channel “Compton” processes
are the simplest calculable large-angle exclusive hadronic scat-
tering reactions. The helicity structure, and often even the
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Figure 2: Comparison of the sum of γ γ → π+π− and γ γ → K+K− meson pair production cross sections with the scaling and angular
distribution of the perturbative QCD prediction [3]. The data are from the CLEO collaboration [50].

absolute normalization can be rigorously computed for each
two-photon channel [3]. In the case of meson pairs, dimen-
sional counting predicts that for large s, s4dσ/dt (γ γ → MM

scales at fixed t/s or θcm up to factors of ln s/�2. The angular
dependence of the γ γ → HH amplitudes can be used to de-
termine the shape of the process-independent distribution am-
plitudes, φH (x,Q). An important feature of the γ γ → MM

amplitude for meson pairs is that the contributions of Land-
shoff pitch singularities are power-law suppressed at the Born
level—even before taking into account Sudakov form factor
suppression. There are also no anomalous contributions from
the x → 1 endpoint integration region. Thus, as in the cal-
culation of the meson form factors, each fixed-angle helicity
amplitude can be written to leading order in 1/Q in the factor-
ized form [Q2 = p2

T = tu/s; Q̃x = min(xQ, (l − x)Q)]:

Mγ γ→MM =
∫ 1

0
dx

∫ 1

0
dy

φM(y, Q̃y)TH (x, y, s, θcmφM(x, Q̃x), (3)

whereTH is the hard-scattering amplitude γ γ → (qq)(qq) for
the production of the valence quarks collinear with each meson,
and φM(x, Q̃) is the amplitude for finding the valence q and q
with light-cone fractions of the meson’s momentum, integrated
over transverse momenta k⊥ < Q̃. The contribution of non-
valence Fock states are power-law suppressed. Furthermore,
the helicity-selection rules [49] of perturbative QCD predict
that vector mesons are produced with opposite helicities to
leading order in 1/Q and all orders in αs . The dependence
in x and y of several terms in Tλ,λ′ is quite similar to that
appearing in the meson’s electromagnetic form factor. Thus
much of the dependence on φM(x,Q) can be eliminated by
expressing it in terms of the meson form factor. In fact, the
ratio of the γ γ → π+π− and e+e− → µ+µ− amplitudes

at large s and fixed θCM is nearly insensitive to the running
coupling and the shape of the pion distribution amplitude:

dσ
dt
(γ γ → π+π−)

dσ
dt
(γ γ → µ+µ−)

∼ 4|Fπ(s)|2
1 − cos2 θcm

. (4)

The comparison of the PQCD prediction for the sum of π+π−
plus K+K− channels with recent CLEO data [50] is shown
in Figure 2. The CLEO data for charged pion and kaon pairs
show a clear transition to the scaling and angular distribution
predicted by PQCD [3] forW = √

(sγ γ > 2 GeV. It is clearly
important to measure the magnitude and angular dependence
of the two-photon production of neutral pions and ρ+ρ− in
view of the strong sensitivity of these channels to the shape
of meson distribution amplitudes (see Figures 3 and 4). QCD
also predicts that the production cross section for charged ρ-
pairs (with any helicity) is much larger than for that of neutral
ρ pairs, particularly at large θcm angles. Similar predictions
are possible for other helicity-zero mesons.

The analysis of exclusive B decays has much in common
with the analysis of exclusive two-photon reactions [51]. For
example, consider the three representative contributions to the
decay of a B meson to meson pairs illustrated in Figure 5.
In Figure 5(a) the weak interaction effective operator O pro-
duces a qq in a color octet state. A gluon with virtuality
Q2 = O(M2

B) is needed to equilibrate the large momentum
fraction carried by the b quark in theB wavefunction. The am-
plitude then factors into a hard QCD/electroweak subprocess
amplitude for quarks which are collinear with their respective
hadrons: TH ([b(x)u(1 − x)] → [q(y)u(1 − y)]1[q(z)q(1 −
z)]2) convoluted with the distribution amplitudes φ(x,Q) [4]
of the incident and final hadrons:

Moctet(B → M1M2) =
∫ 1

0
dz

∫ 1

0
dy

∫ 1

0
dx
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Figure 3: Predictions for the angular distribution of the
γ γ → π+π− and γ γ → π0π0 pair production cross sections for
three different pion distribution amplitudes [3].

φB(x,Q)TH (x, y, z)φM1(y,Q)φM2(z,Q).

Here x = k+/p+
H = (k0 + kz)/(p0

H + pzH ) are the light-cone
momentum fractions carried by the valence quarks.

There are a several features of QCD which are required to
ensure the consistency of the PQCD approach: (a) the effec-
tive QCD coupling αs(Q2) needs to be under control at the
relevant scales of B decay; (b) the distribution amplitudes of
the hadrons need to satisfy convergence properties at the end-
points; and (c) one requires the coherent cancelation of the
couplings of soft gluons to color-singlet states. This property,
color transparency [52], is a fundamental coherence property
of gauge theory and leads to diminished final-state interactions
and corrections to the PQCD factorizable contributions. The
problem of setting the renormalization scale of the coupling
for exclusive amplitudes is discussed in [16].

Baryon pair production in two-photon annihilation is also an
important testing ground for QCD. The calculation of TH for
Compton scattering requires the evaluation of 368 helicity-
conserving tree diagrams which contribute to γ (qqq) →
γ ′(qqq)′ at the Born level and a careful integration over sin-
gular intermediate energy denominators [53–55]. Brooks and
Dixon [56] have recently completed a recalculation of the pro-
ton Compton process at leading order in PQCD, extending
and correcting earlier work. It is useful to consider the ratio
dσ/dt (γ γ → pp)/dσ/dt (e+e− → pp) since the power-law
fall-off, the normalization of the valence wavefunctions, and
much of the uncertainty from the scale of the QCD coupling
cancel. The scaling and angular dependence of this ratio is sen-
sitive to the shape of the proton distribution amplitudes. The
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Figure 4: Predictions for the angular distribution of the
γ γ → ρ+ρ− and γ γ → ρ0ρ0 pair production cross sections for
three different ρ distribution amplitudes as in Figure 3 [3].

perturbative QCD predictions for the phase of the Compton
amplitude phase can be tested in virtual Compton scattering
by interference with Bethe-Heitler processes [57].

It is also interesting to measure baryon and isobar pair pro-
duction in two photon reactions near threshold. Ratios such
as σ(γ γ → �++�−−)/σ (γ γ → �+�−) can be as large as
16 : 1 in the quark model since the three-quark wavefunction of
the� is expected to be symmetric [8]. Such large ratios would
not be expected in soliton models [9] in which intermediate
multi-pion channels play a major role.

Recently Pobylitsa et al. [58] have shown how the predic-
tions of perturbative QCD can be extended to processes such
as γ γ → ppπ where the pion is produced at low velocities
relative to that of the p or p by utilizing soft pion theorems
in analogy to soft photon theorems in QED. The distribution
amplitude of the pπ composite is obtained from the proton
distribution amplitude from a chiral rotation. A test of this
procedure in inelastic electron scattering at large momentum
transfer ep → pπ and small invariant p′π mass has been re-
markably successful. Many tests of the soft meson procedure
are possible in multiparticle e+e− and γ γ final states.

6. CONCLUSIONS

The leading-twist QCD predictions for exclusive two-
photon processes such as the photon-to-pion transition form
factor and γ γ → hadron pairs are based on rigorous factoriza-
tion theorems. The recent data from the CLEO collaboration
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Figure 5: Three representative contributions to exclusive B decays to meson pairs in PQCD. The operators O represent the QCD-improved
effective weak interaction.

on Fγπ(Q2) and the sum of γ γ → π+π− and γ γ → K+K−
channels are in excellent agreement with the QCD predictions.
It is particularly compelling to see a transition in angular de-
pendence between the low energy chiral and PQCD regimes.
The success of leading-twist perturbative QCD scaling for ex-
clusive processes at presently experimentally accessible mo-
mentum transfer can be understood if the effective coupling
αV (Q

∗) is approximately constant at the relatively small scales
Q∗ relevant to the hard scattering amplitudes [16]. The evolu-
tion of the quark distribution amplitudes in the low-Q∗ domain
also needs to be minimal. Sudakov suppression of the endpoint
contributions is also strengthened if the coupling is frozen be-
cause of the exponentiation of a double logarithmic series.

One of the formidable challenges in QCD is the calculation
of non-perturbative wavefunctions of hadrons from first princi-
ples. The recent calculation of the pion distribution amplitude
by Dalley [25] and by Burkardt and Seal [35] using light-cone
and transverse lattice methods is particularly encouraging. The
predicted form of φπ(x,Q) is somewhat broader than but not
inconsistent with the asymptotic form favored by the measured
normalization of Q2Fγπ0(Q2) and the pion wavefunction in-
ferred from diffractive di-jet production.

Clearly much more experimental input on hadron wavefunc-
tions is needed, particularly from measurements of two-photon
exclusive reactions into meson and baryon pairs at the high lu-
minosity B factories. For example, as shown in Figure 3, the
ratio

dσ

dt
(γ γ → π0π0)/

dσ

dt
(γ γ → π+π−)

is particularly sensitive to the shape of pion distribution am-
plitude. At fixed pair mass, and high photon virtuality, one
can study the distribution amplitude of multi-hadron states [6].
Two-photon annihilation will provide much information on
fundamental QCD processes such as deeply virtual Compton
scattering and large angle Compton scattering in the crossed
channel. I have also emphasized the interrelation between
the wavefunctions measured in two-photon collisions and the
wavefunctions needed to study exclusive B and D decays.

Much of the most interesting two-photon annihilation
physics is accessible at low energy, high luminosity e+e− col-
liders, including measurements of channels important in the
light-by-light contribution to the muon g–2 and the study of

the transition between threshold production controlled by low-
energy effective chiral theories and the domain where leading-
twist perturbative QCD becomes applicable.

The threshold regime of hadron production in photon-
photon and e+e− annihilation, where hadrons are formed at
small relative velocity, is particularly interesting as a test of
low energy theorems, soliton models, and new types of reso-
nance production. Such studies will be particularly valuable
in double-tagged reactions where polarization correlations, as
well as the photon virtuality dependence, can be studied.
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Experimental Status of Photon–Photon into Baryon–Antibaryon Pairs
T. Barillari
University of Colorado, Boulder

The exclusive production of BB pairs in the collisions of two quasi-real photons have been studied in different experiments at e+e−
colliders. Results are presented for the processes γ γ → pp and γ γ → ��. The cross-section measurements are compared with the
recent analytic calculations based on the quark–diquark model predictions. Monte Carlo studies have been done to investigate the PEP-N
expectations for the γ γ → pp process.

1. INTRODUCTION

The exclusive production of baryon–antibaryon pairs in the
collision of two quasi real photons can be used to test QCD
predictions. The photons are emitted by the beam electrons
and positrons and the BB are produced in the process e+e− →
e+e−γ γ → e+e−BB.

The application of QCD to exclusive two-photon reactions
is based on the work of Brodsky and Lepage [1]. According to
their formalism the process is factorized into a non-perturbative
part, the hadronic wave function of the final state, and a per-
turbative part. A calculation based on this ansatz [2, 3] uses
a specific model of the proton’s three-quark wave function by
Chernyak and Zhitnitsky [4]. This calculation predicts cross-
sections that are about one order of magnitude smaller than the
existing experimental results [5–11], for two-photon center-of-
mass energies W greater than 2.5 GeV.

To model non-perturbative effects, the introduction of di-
quarks has been proposed [12]. Within this model, baryons are
viewed as systems of quarks and diquarks, quasi-elementary
constituents which partially survive medium-hard collision.
Their composite nature is taken into account by diquark form
factors. Recent studies [13] have extended the investigation
of exclusive reactions within the diquark model to two-photon
reactions [14–17].

The quark-diquark model works rather well for exclusive
reactions in the space-like region [15, 18, 19]. The calculations
of the integrated cross-sections for the processes γ γ → pp and
γ γ → �� in the angular region | cos θ∗| < 0.6, θ∗ here is the
the polar angle of the γ γ centre-of-mass system (cms), show
a good agreement with the existing data described in Section
3 and Section 4 in this paper. The γ γ → pp Monte Carlo
studies for PEP-N are given in Section 5.

2. THEORY

2.1. Two-photon physics at e+e− storage rings

The two-photon process is a two step process: first both
incident particles emit virtual photons with squared masses q2

1 ,

q2
2 and energies w1, w2. Next the two photons produce the final

state X. The first step, the eeγ vertex, is completely specified
by quantum electrodynamics (QED); the second step, γ γ →
X, is not rigorously calculable for an hadronic final state X.
An approximation for the cross-section can be obtained if the
essential features of both eeγ vertices are given: the 1/q2

i -
dependence from the photon propagator together with the 1/wi

dependence characteristic of bremsstrahlung.
A natural way of differentiating between final states X pro-

duced by the two-photon process and those produced by the
e+e− annihilation process is the observation of a scattered elec-
tron, called “tag.” Depending on the number of electrons de-
tected (zero, one or two) events are referred to as no-tag, single-
tag or double-tag, respectively. In a no-tag event the scattered
electrons go undetected in the beam pipe. Consequently, the
final-state X coming from the reaction e+e− → e+e−X has a
small transverse momentum. If X then decays into two charged
particles, usually these particles are detected at small angles
with respect to the beam. They are back-to-back in the x–y

plane, but in the x–z plane they are not. The γ γ center of
mass is moving and boosted along the beam axis. The higher
the momentum, the closer are the produced particles to the
beam direction. This feature, combined with the typically low
mass of two-photon produced final states, severely limits the
detection efficiency which rarely exceeds 10%.

2.2. Hard Scattering Picture (HSP)

In the perturbative QCD scheme, also called hard-scattering-
picture (HSP) see [1, 4, 20–23], an exclusive hadronic process,
A+B → C+D, to leading order in the inverse of the large mo-
mentum transfer in the transverse direction, 1/p⊥, is described
by an exclusive hadronic amplitude M. This amplitude can be
expressed as a convolution of process-independent distribution
amplitudes, φHi

, with the elementary scattering amplitude, TH

M =
1∫

0

TH (xj , p⊥)
∏
Hi


φHi

(xj , p̃⊥)
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×δ(1 −
ni∑

k=1

xk)

ni∏
j=1

d xj


 , (1)

where p̃⊥ ≈ min(xj , 1 − xj )
√

s| sin θ |.
Eq. (1) separates the hard-scattering amplitude from the

bound state dynamics, namely the short-range from the long-
range phenomena.

One important phenomenological consequence coming
from this factorization formula is the dimensional counting
rules. By ignoring logarithmic corrections [24, 25], the di-
mensional counting rules predict the following power-law be-
havior of the γ γ → BB (B = Baryons) cross-section at fixed
angles:

(dσγγ→BB

dt

)
∼ s−6. (2)

The scaling law is valid only at sufficiently large p2⊥ when
αs(p

2⊥) is small enough to make the Feynman diagram expan-
sion meaningful.

Another important consequence of Eq. (1) is the hadron he-
licity conservation rules. For each exclusive reaction A+B →
C + D, the sum of the initial helicities equals the sum of the
final ones [26]:

λA + λB = λC + λD. (3)

The dimensional counting rules are in good agreement with
the data [28–30]. However, the hadron helicity conservation
rule has given some troubles when its consequences are com-
pared with the existing spin data in exclusive hadronic reac-
tions. An example of a typical problem that raises from the
Eq. (3), comes from the ηc and χ0 decays into pp (see [31, 33]).

2.3. Spin problems and the diquark solution

The introduction of diquarks at this point may have two posi-
tive consequences. The first consequence is that it modifies the
dimensional counting rules of Eq. (2) by effectively decreas-
ing the number of constituents to be taken into account in the
process studied. The power law behavior of the cross-section
for e.g. the γ γ → pp process [14] is then given by:

(dσγγ→BB

dt

)
∼ s−4. (4)

The second consequence of diquarks as constituents has to
do with the violation of Eq. (3). This violation can only come
from couplings between gluons and those partons that allow
helicity flips, such as vector diquarks. Again, at very large
Q2 values, if a diquark resolves into two quarks, the helicity-
conservation rule is recovered, while at Q2 values where the
diquarks act as elementary objects helicity conservation can be
strongly violated, which solves the quark model spin problems.

From all the applications analyzed, see summary given in
[27], it emerges that diquarks seem to be a useful phenomeno-
logical way of modeling higher-order and non-perturbative ef-
fects in order to achieve a better description of many hadronic

exclusive reactions. Nevertheless, the treatment of exclusive
processes in the framework of constituent models and pertur-
bative QCD is really far from being understood in a unique and
well defined computational scheme.

2.4. Two-Photon annihilation into
baryon-anti-baryon pairs

There are recent applications of the quark-diquark model
that concern the class of reactions γ γ → BB [13], where B
represents an octet baryon (B = p, �, �, etc.). In the older cal-
culations of [14] the γ γ → pp annihilation has been computed
in the scheme of [1, 20]. Diquarks in this work are considered
as quasi-elementary constituents, all the masses are neglected
except those of the scalar diquarks in the propagator. Within
the new calculations of [13], baryon-mass effects are instead
taken into account, and the cross-sections have been computed
down to energy values of 2.2 GeV. At these values the diquark
model starts to loose its validity, but this is where most of the
experiments have their bulk of data.

3. THE γ γ → pp PROCESS

There are recent studies for the exclusive γ γ → pp cross-
section measurements using the OPAL data at LEP2,

√
s =

183 and 189 GeV (see [11]). The γ γ → pp events are selected
in OPAL by applying the following main set of cuts:

1. Exactly two oppositely charged tracks; the tracks must
have at least 20 hits in the central jet chamber. The
selected tracks must have a minimal distance, |d0|, of at
most 1 cm from the beam axis.

2. For each track the polar angle must be in the range
| cos θ | < 0.75 and the transverse momentum p⊥ must
be larger than 400 MeV. These cuts ensure a high trigger
efficiency and good particle identification.

3. The polar angle in the γ γ → pp cms has to be in the
range | cos θ∗| < 0.6.

4. Data and Monte Carlo events must pass a defined trigger
condition based on a combination of track and time-of-
flight triggers.

5. Exclusive two-particle final states are selected by reject-
ing events if the transverse component of the momentum
sum squared of the two tracks, | ∑ �p⊥|2, is larger than
0.1 GeV2.

6. The large background from other exclusive processes,
mainly the production of e+e−, µ+µ−, π+π− and
K+K− pairs, is reduced by particle identification us-
ing the specific energy loss cuts, dE/dx. The dE/dx

probabilities of the tracks must be consistent with the p
and p hypothesis.
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Within the applied | cos θ∗| < 0.6 cut, the typical OPAL
detection efficiency is about 2% at high values of W and about
7 − 11% at low W . Similar values of detection efficiency are
also found in other experiments: e.g. the TASSO [5] detection
efficiency, was found to be 1.0 ± 0.17% at W = 2.0 GeV,
6.5 ± 0.6% at 2.5 GeV and 3.0 ± 0.6% at 3.1 GeV.

The OPAL trigger efficiency for p⊥ > 400 MeV and for
W > 2.15 GeV is about 94%. InVENUS the trigger efficiency
for tracks with p⊥ ≥ 600 MeV was about 97%.

3.1. Cross-section measurements

The list of the existing exclusive γ γ → pp cross-section
measurements are given in Table I. The OPAL data are not pub-
lished yet, therefore they are not shown here. In Figure 1 (top)
the latest VENUS [10] and CLEO [9] results are compared
to the cross-section measurements obtained by TASSO [5],
JADE [6], TPC/2γ [7], ARGUS [8]. Also shown in the figure
are the quark-diquark model predictions [13]. A large spread
of data is visible in this figure. The CLEO [9] results can be
considered the most precise measurements, and they lie in the
center of the other data points.

Figure 1 (bottom) shows the VENUS and CLEO cross-
section measurements as function of W together with the most
recent quark-diquark model predictions [13] (solid line in the
figure) and the previous calculations of [12, 16] (dash-dotted
line).

This figure shows that at low W the VENUS measurements
are larger than the CLEO results. There is good agreement
between these two measurements in the higher W region:
W > 2.6 GeV. The CLEO results show here a good agreement
with the most recent quark-diquark model [13] in the low in-
variant mass region, the VENUS results lie instead above these
predictions. In the higher W region the VENUS and CLEO
data lie below the predictions of [13]. Within the statistical er-
rors these measurements, in the high invariant mass region, can
be considered in agreement with the calculations of [12, 16].
The preference of either quark-diquark model of [13] and of
[12, 16] respectively is not obvious from the results shown in
this figure.

Finally, the power law predictions of Eq. (2), for W 2 =
s using the fixed exponents −6, and −4 are also shown in
Figure 1 (bottom). More data at both higher and lower values
of W are needed to determine which is the correct power law
to choose to describe the data.

Figure 2 (top) shows the VENUS and CLEO measured dif-
ferential cross-sections as function of | cos θ∗| in the range of
2.15 GeV < W < 2.55 GeV. In the two experiments the dif-
ferential cross-section decreases toward | cos θ∗| = 0.6. The
scaled CLEO measurement lies below theVENUS results. The
scaling factor used to shift the CLEO differential cross-section
measurements from the range of W between 2.0–2.5 GeV to
the range of W = 2.15–2.55 GeV used by VENUS, is 0.6345.
This scaling factor is computed by dividing the two CLEO to-
tal cross-sections integrated over the two considered W ranges
of 2.0–2.5 GeV and 2.15–2.55 GeV.
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Figure 1: Cross-sections σ(γ γ → pp) as a function of W for
| cos θ∗| < 0.6. In the figure on top the latest data obtained in
VENUS [10] and CLEO [9] are compared to other experimental
results [5–8]; and to the quark-diquark model predictions [13] (solid
line). Here only statistical errors are shown. In the figure on the
bottom the VENUS and CLEO data are shown together with the
quark-diquark model of [12, 16] (dash-dotted line), and of [13]
(solid line), and with the power law predictions with the fixed
exponents −6, and −4. In this picture the error bars are statistical
only.

Figure 2 (bottom) shows the measured differential cross-
section as function of | cos θ∗| in the high W region:
2.55 GeV < W < 3.05 GeV for VENUS and 2.5 GeV <

3.0 GeV for CLEO. There is good agreement between the re-
sults obtained by these two experiments.

Figure 3 (top) shows the comparison of the VENUS and
CLEO differential cross-section measurements for the higher
W region with the calculation given in [13] at W = 2.8 GeV
for different distribution amplitudes (DA). The results of the
pure quark model [2, 3] are also shown. The pure quark model
and the quark-diquark model predictions, lie below the data but
in both cases the shape is reasonably well reproduced. This
could indicate that the hadron helicity conservation rules of
Eq. (3) are satisfied in the high W region but they are not in
the low W values. In fact, in this low W region the measured
differential cross-sections have a different distribution from the
differential cross-sections obtained in the high invariant mass
region.
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Table I The experiments that have measured the γ γ → pp cross section in e+e− collision; the table gives the beam energy, the integrated
luminosity, the range of W and the total number of pp events. The last line summarizes the PEP-N expectation.

e+e− Year EBeam Integrated Wγγ Number of

Experiments (GeV) Luminosity (pb−1) (GeV) pp events

TASSO (DESY) 1982 15 − 18.3 19.685 2.0 − 2.6 8

TASSO (DESY) 1983 17 74 2.0 − 3.1 72

JADE (DESY) 1986 17.4 − 21.9 59.3 + 24.2 2.0 − 2.6 41

TPC/2γ (SLAC) 1987 14.5 75 2.0 − 2.8 50

ARGUS (DESY) 1989 4.5 − 5.3 234 2.6 − 3.0 60

CLEO (CESR) 1994 5.29 1310 2.0 − 3.25 484

VENUS (TRISTAN) 1997 57 − 64 331 2.2 − 3.3 311

PEP-N (SLAC) - 0.5(V LER) − 3.1(LER) 200 1.9 − 2.6 60
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Figure 2: Differential cross-sections for γ γ → pp as a function of
| cos θ∗|. Data from [9, 10] are for a low range of W ,
2.15 GeV < W < 2.55 GeV (top), and the high range of W

(bottom), 2.5 GeV < W < 3.0 GeV for CLEO and
2.55 GeV < W < 3.05 GeV for VENUS. Errors are statistical only.

The different shape of the curves in these figures shows also
that for low W the perturbative calculations of [2, 3] are not
valid and the pp system might be described as a bound system
with orbital angular momentum greater than zero.
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Figure 3: VENUS and CLEO differential cross-section
dσ(γ γ → pp)/d| cos θ∗|, shown with statistical and systematic
errors, in the range 2.55 GeV < W < 3.05 GeV for VENUS and
2.5 GeV < W < 3.0 GeV for CLEO compared to the theoretical
predictions given in [2] (dash-dotted line), in [12, 16] (dotted line),
and in [13] (the other lines) for | cos θ∗| < 0.6.

4. THE γ γ → �� PROCESS

The exclusive cross-section measurement for the γ γ →
�� process and the inclusive reaction e+e− → e+e−��X

have been studied by CLEO [37] and by L3 [38], respec-
tively. The results of the integrated γ γ → �� cross-section
(| cos θ∗| < 0.6) obtained by CLEO [37] (Figure 4) show a
better agreement with the most recent quark-diquark predic-
tions [13] than compared with the old results of [15]. In the low
invariant masses region the data shows a discrepancy with the
model. This discrepancy can be explained by the lower limit of
applicability of the quark-diquark model itself [13]. In Figure 5
(top) the L3 cross-section measurements [38] σ(γ γ → ��X)

are shown together with the CLEO results. The two measure-
ments can be considered in agreement within large errors. The
comparison of the L3 [38] data with the most recent quark-
diquark model predictions [13] for the three different distribu-
tion amplitudes is shown in Figure 5 (bottom). The L3 mea-
surements lie above but still in agreement with the predictions.
The excess shown in the data may be due to the 00 and
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Figure 4: CLEO [37] integrated cross-section for γ γ → ��

measurement compared with the theoretical results of [13, 15]

other baryons contamination not removed from the sample of
events analyzed.

5. PEP-N EXPECTATIONS

To understand the possibility of selecting two-photon events
and in particular γ γ → pp events at PEP-N, preliminary
Monte Carlo distributions have been studied. Some quantities
are plotted in Figure 6. The γ γ → pp Monte Carlo events have
been simulated with the Galuga [35, 36] generator within a
range of W between 2 and 2.5 GeV. Due to the beam asym-
metry the γ γ cms receives a larger boost compared to a sym-
metric e+e− machine and therefore the momenta of the final
state particles are larger. Figure 6 (top) shows that the proton
momentum distribution varies between 0.6 − 2.0 GeV instead
e.g. of the range 0.4–1.1 GeV observed for the proton mo-
menta in OPAL [11]. Figure 6 (bottom) shows the | cos θLAB|1
distribution. These two distributions show the better experi-
mental conditions expected at PEP-N for two-photon events.
A high detection efficiency, large angular acceptance, and a
good trigger efficiency due to the higher momentum tracks
are anticipated. The last row in Table I gives the number of
γ γ → pp events expected to be detected at PEP-N under the
assumption of a good trigger and detection efficiency and for
a total integrated luminosity of 200 pb−1.

6. CONCLUSION

The data shown in this paper indicate that there is still a lot
to investigate about the exclusive γ γ → BB processes. The
expected good experimental conditions at PEP-N would make
it the ideal place to continue these studies, especially in the
low invariant mass region.

1θLAB is the polar angle in the laboratory
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Figure 5: The L3 [38] integrated cross-section σ(γ γ → ��X) is
compared with the CLEO σ(γ γ → �� measurements (top) and
the quark-diquark model predictions of [13] (bottom).
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QCD Studies in Two-Photon Collisions at CLEO
Vladimir Savinov
University of Pittsburgh, Pittsburgh

We review the results of two-photon measurements performed up to date by the CLEO experiment at Cornell University, Ithaca, NY. These
measurements provide an almost background-free virtual laboratory to study strong interactions in the process of the e+e− scattering. We
discuss the measurements of two-photon partial widths of charmonium, cross sections for hadron pairs production, antisearch for glueballs
and the measurements of γ ∗γ → pseudoscalar meson transition form factors. We emphasize the importance of other possible analyses,
favorable trigger conditions and selection criteria of the presently running experiment and the advantages of CLEOc—the future τ -charm
factory with the existing CLEO III detector.

1. INTRODUCTION

One of the ways to study properties of strong interactions,
surprisingly, is to collide high energy photons. Photons do not
interact strongly, however, in the presence of other photons
they can fluctuate into quark pairs that have a sizable probabil-
ity to realize as hadrons. Space-like photons of relatively high
energies can be obtained in the process of the e+e− scattering,
that is, in the e+e− → e+e−hadrons reactions, where hadrons
are produced in charge-even, that is, C = +1 state. These
processes proceed mainly by a two-photon fusion therefore
telling us about the strength of relevant γ γ couplings and the
properties of particles born in such reactions. When a single
hadron is born, the production cross section is proportional to
its two-photon partial width thus allowing the measurement
of this quantity in the time-reversed two-photon decay. When
(at least) one of the photons is substantially off-mass shell,
we can measure the form factors associated with two-photon
transitions that probe spatial distribution of electric charge in-
side of produced hadrons thus telling us about respective wave
functions, that is, details of binding potential. The kinematics
of two-photon collisions in the e+e− scattering is described
elsewhere [1, 2].

2. CLEO EXPERIMENT

The results discussed in this short review were obtained from
the data collected at the Cornell Electron Storage Ring (CESR)
with the CLEO detector. The results are based on statistics
that correspond to an integrated e+e− luminosity of up to
9.2f b−1 collected at the ϒ(4S) energy of 10.58 GeV and up
to 4.6f b−1 collected approximately 60 MeV below theϒ(4S)
energy. Our data sample was recorded with two configurations
of the CLEO detector. The first third of the data were recorded
with the CLEO II detector [3] which consisted of three cylin-
drical drift chambers placed in an axial solenoidal magnetic
field of 1.5T, a CsI(Tl)-crystal electromagnetic calorimeter,

a time-of-flight (TOF) plastic scintillator system and a muon
system (proportional counters embedded at various depths in
the steel absorber). Two thirds of the data were taken with the
CLEO II.V configuration of the detector where the innermost
drift chamber was replaced by a silicon vertex detector [4] and
the argon-ethane gas of the main drift chamber was changed
to a helium-propane mixture. This upgrade led to improved
resolutions in momentum and specific ionization energy loss
(dE/dx) measurements.

The three-tier CLEO trigger system [5] complemented by
the software filter for beam-gas rejection utilizes the informa-
tion from the two outer drift chambers, the TOF system and
electromagnetic calorimeter. The response of the detector is
modeled with a GEANT-based [6] Monte Carlo (MC) simula-
tion program. The data and simulated samples are processed
by the same event reconstruction program. Whenever possi-
ble the efficiencies are either calibrated or corrected for the
difference between simulated and actual detector responses
using direct measurements from independent data. This is es-
pecially important for understanding the trigger efficiency as
most two-photon events experience strong Lorentz boost along
the e+e− collision axis often missing detection and failing to
trigger data taking.

All analyses presented in this summary employ complete
reconstruction of hadronic final states born in the process of
two-photon fusion. In all but the form factor measurements,
final state leptons escape detection in the beam pipe because of
kinematics of two-photon collisions that favors small scattering
angles for electron and positron. The detailed descriptions of
the reviewed CLEO analyses can be found in the references to
CLEO papers provided in the bibliography section. Relevant
theoretical references can be found in the CLEO papers.

3. CHARMONIUM MEASUREMENTS

CLEO measured two-photon partial widths of χc2 in the
J/ψγ final state [7], and, more recently, of the ηc in the
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KsK
±π∓ final state [8] and χc0 and χc2 in the π+π−π+π−

decays [9]. The most recent results are �γγ (χc0) = (3.76 ±
0.65(stat)± 0.41(syst)± 1.69(br)) keV, �γγ (χc2) = (0.53 ±
0.15(stat)±0.06(syst)±0.22(br)) keV and�γγ (ηc) = (7.6±
0.8(stat)± 0.4(syst)± 2.3(br)) keV.

Our results on two-photon partial widths of charmonium
are consistent with some of the theoretical predictions we re-
fer to in our publications. It should be emphasized that the
extraction of αs from our data presented in our papers was
done mainly to compare our results with other similar measure-
ments. As became known recently [10], theoretical attempts
to include next-to-next to leading order corrections in αs to
perturbative Quantum Chromodynamics (pQCD) predictions
for two-photon partial widths diverge and fail thus making
such αs extraction poorly defined. Another important aspect
of the analyses presented in our papers on charmonium is the
assumption about absence of the interference between reso-
nant and continuum two-photon production of the studied final
states. In the new ηc analysis where we had sufficient statis-
tics to study possible effect of such interference, we found no
convincing indication of this effect. Therefore, no interference
was taken into account when estimating systematic effects in
either of our charmonium analyses.

Our new result for the χc0 is consistent with the previous re-
sult [7] obtained in the J/ψγ mode. Also, our measurement of
the product of ηc two-photon partial width and ηc → KsKπ

branching fraction is consistent with our preliminary results
[11]. We would like to alert the reader to the fact that there is
a large uncertainty in our measurements of two-photon partial
widths as we measure the products of these with the branch-
ing fractions for the final states where we reconstruct charmo-
nium. Therefore we inherit large uncertainties in the experi-
mental values for these branching fractions when we convert
the measured products to the measurements of two-photon par-
tial widths. Great care should be executed when comparing the
results of different experiments as a more recent experiment
often uses an updated value for the final state branching frac-
tion as an older one. A good strategy would be to have old
editions of the review of particle properties available for such
comparisons.

In our ηc analysis we also measured the mass and (to-
tal) width of this charmonium state: M(ηc) = (2980.4 ±
2.3(stat)± 0.6(syst)) MeV and M(ηc) = (27.0 ± 5.8(stat)±
1.4(syst))MeV. While we did a thorough study of systematics
that could be a source of experimental error, we have to em-
phasize that we have no calibration channel that would be a
“golden-bullet” kind of a proof that we understand the mass
and width measurements around 3 GeV in the four charged
tracks final states at CLEO. This is to provide the reader with
more information, not to give an impression that we have any
doubts in our results. We refer the reader to our publication on
the subject [8] for more information.

4. HADRON PAIR PRODUCTION

CLEO measured a number of cross sections for two-photon
production of hadron pairs. These include combined mea-

surement for π+π− and K+K− pairs [12], pp̄ pairs[13] and


̄ pairs[14]. Our results agree well with the predictions
of perturbative QCD and diquark model, especially at higher
invariant masses of produced pairs. The agreement for the
values and shapes of the cross sections is also reasonable in
the region of relatively low pair masses and this fact is quite
surprising because predictions based on perturbative QCD are
not expected to hold there. However, and more important,
our result proves that there is a qualitative difference between
hadron pairs produced at lower masses and at higher masses
where the definitions of lower and higher are CLEO-specific
and are determined by energies available to us in our experi-
ment. This qualitative difference is demonstrated in Figure 1(a)
and Figure 1(b) for γ γ → π+π− and γ γ → pp measure-
ments, respectively. These figures show efficiency-corrected
and background-subtracted distributions of our data (points
with the error bars) for several intervals of hadron pairs invari-
ant mass versus | cos θ∗|, where θ∗ is helicity angle. Curves in
figures show (a) perturbative prediction [15] made by Brodsky
and Lepage assuming their mechanism γ γ → qq̄g → π+π−
(BL) for pion pairs production and (b) diquark model [16] and
perturbative [17] predictions for pp̄ production. Theoretical
curves shown in Figure 1(b) are normalized to our data and are
displayed only for pp̄ invariant mass above 2.5 GeV. Notice
that there are two vertical scales for two distributions shown
in Figure 1(b), the right-side scale is for the events collected
at higher invariant mass. Helicity angle is measured between
the direction of one of the hadrons in the rest frame of two
photons and the momentum direction for a pair in the labo-
ratory reference frame. Notice that the range of the helicity
angle-related variable is restricted to be below 0.6 which is
a typical acceptance region for a two-photon experiment. It
would take photons to be highly off-mass shell to extend the
range of non-zero acceptance for cosine of helicity angle. This
analysis is being planned, meanwhile, notice that the distribu-
tion for the hadron pairs in the region of higher invariant mass
shows a clear transition to the diffractive (that is, perturbative)
behavior when compared to that for the pairs in the region of
lower invariant mass.

5. GLUEBALL ANTISEARCH

The possible existence of glueballs, that is, hadrons made
of constituent glue, does not contradict to known experimen-
tal and theoretical facts. More important, such states are pre-
dicted to exist by calculations on the lattice (LQCD). The main
caveat here is that these predictions are made in the so-called
quenched approximation, when quenching is removed, there
is no consensus yet if the predictions are going to hold. There-
fore, the possible discovery of glueballs should help to advance
the theory. On the other hand, it is also possible that no glue
bound states could ever exist and this scenario would not be a
great disappointment, neither a catastrophe for LQCD. If the
latter non-existence scenario realizes in nature, it is still pos-
sible that glueball-like field configurations play an important
role in non-perturbative QCD processes acting as a mass scale
that modifies predictions for cross sections at relatively low
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Figure 1: CLEO results on (a) ππ and (b) pp̄ pairs production. See the text for more information.

energies, that is, below 10 GeV.
So far CLEO has only searched for the most famous glueball

candidate, fj (2220) observed a few years ago in radiative J/ψ
decays at BES. We searched for this resonance in theKsKs and
ππ final states and set 95% CL upper limits on the products
of its two-photon partial width and relevant branching frac-
tions of �γγ (fj (2220))B(fj (2220) → KsKs) < 1.3eV and
�γγ (fj (2220))B(fj (2220) → π+π−π+π−) < 2.5eV, re-
spectively. Small values of these upper limits are not surprising
as if the fj (2220) state existed, its electromagnetic coupling
would be very small because gluons do not couple to photons
directly. Invariant mass plots for relevant final states from our
analyses are shown in Figures 2(a) and 2(b). Figure 2(a) shows
a histogram for our data, a curve approximating the experimen-
tal line shape for the not-found in our analyses fj (2220) and
the analytical shape chosen to approximate combinatorial and
two-photon continuum backgrounds, arrows show the signal
region used to estimate the upper limit. Figure 2(b) shows
points with the errors for our data, a histogram describing the
fj (2220) experimental line shape obtained from our signal MC
simulation, a curve that shows the result of binned maximum
likelihood fit to separate the sample into signal and background
contributions, the insert shows the signal region. More infor-
mation on CLEO antisearches for glueballs can be found in
publications that describe these analyses [18, 19].

6. TRANSITION FORM FACTORS

In 1998 we published the results of our extensive analysis
[20] of the γ ∗γ → R transition form factors for three reso-
nances R: π0, η and η′. It turned out to be an important publi-
cation providing data that helped, among other applications, to
reduce theoretical uncertainties in form factors predictions for

semileptonic and hadronic decays of B and D mesons. Fix-
ing these form factors is necessary for extracting the values of
CKM matrix elements from data collected at existing and fu-
ture experimental facilities. Our data were also used to reduce
the theoretical uncertainty in hadronic contribution from light-
by-light scattering to the result of the Muon g− 2 experiment.
According to a number of theoretical papers, our π0 result
proves the transition to perturbative QCD region at relatively
low momentum transfer (negative squared mass of the highly
off-shell photon). Our publication [20] also has references to
theoretical papers where this conclusion has been challenged.
We compare our π0 result with some of the available theoret-
ical predictions in Figure 3. This figure also shows the results
of the CELLO experiment [21] at lower values of momentum
transfer Q2. The horizontal axis is momentum transfer Q2

and the vertical axis is the product of Q2 with the absolute
value of the γ ∗γ → π0 transition form factor. Notice that this
form factor is proportional to the square root of the observed
cross section after effects of the e+e− → e+e−π0 kinemat-
ics are removed. The horizontal line shows the well-defined
Q2 → ∞ limit of pQCD [15]. Figure 3(a) compares our re-
sults with pQCD-inspired prediction [22] that uses (the unique)
asymptotic [15] wave function (shown with solid curve) and
Chernyak-Zhitnitsky (CZ) model [23] wave function (shown
with dashed curve) to approximate non-perturbative effects.
The dotted curve shows the effect of running αs on the lat-
ter prediction. Figure 3(b) compares our results with another
pQCD-based prediction [24], the solid curve is for asymptotic
wave function and the dashed curve employs the CZ model
distribution amplitude. Figure 3(c) compares our results with
the theoretical prediction [25] based on QCD sum rules method
[26]. Eventually, such methods should help to describe strong
interactions in non-perturbative domain from first principles.
Figure 3(d) compares our results with interpolation [15] sug-
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Figure 2: CLEO antisearch for fj (2220) in (a) KsKs and (b) π+π− channels. See the text for more information.

gested by Brodsky and Lepage (solid curve) that obeys both
Q2 → 0 and Q2 → ∞ QCD limits. Amazingly, our results
agree well with the Q2 → ∞ pQCD prediction corrected to
first order in αs (not shown in figure). The dashed curve shows
the result of a phenomenology-based pole-mass fit to our data
that does not obeyQ2 → ∞ pQCD limit. Many other theoreti-
cal predictions are available in the literature. More information
is available in our publication [20].

Our results for γ ∗γ → η and γ ∗γ → η′ transition form
factors (plots are not shown in this review) are in full agree-
ment with the prediction based on mixing measured from two-
photon partial widths for these resonances [27]. More interest-
ingly, the η′ result was utilized [28] to challenge the hypothe-
sis of possible intrinsic charm [29] in η′ suggested to explain
the anomalously large branching fraction [30] discovered and
measured by CLEO for the decay B → Kη′.

7. OTHER OPPORTUNITIES

Existing CLEO II and II.V data could be used for a variety
of other interesting two-photon analyses probing dynamics of
strong interactions. These include detailed analyses ofKsKπ ,
ηππ , π0π0 final states at invariant masses below 2.5 GeV/c2

where glueball searches could be greatly extended, a study of
a quantum mechanical interference between two-photon and
bremsstrahlung production mechanisms for ππ pairs sensitive
to relative strong phase between corresponding amplitudes,
possible search for the η′

c, analyses of axial-vector mesons
produced when at least one of the photons is off-mass shell
and many other projects. Possible analysis of π0 production
by two off-shell photons deserves special mention as this study
could give a definitive answer about pQCD applicability at

moderately high momentum transfer.
The specifics of the new CLEO III data could allow us

to probe the threshold behavior of a number of two-photon
hadronic cross sections. The optimistic prognosis here comes
from the fact that no filtering has been done on CLEO III to
reduce beam-gas contamination, courtesy of the powerful data
acquisition system and event storing capabilities of the new
experiment. It should be noted, however, that the new data
samples of low final state particle multiplicities will not be
ready for the CLEO user-level analysis for some time.

8. ADVANTAGES OF CLEOC

As the B factories at SLAC and in Japan came on-line and
proved to be a great success, the CLEO experiment is chang-
ing the priorities and is about to start the new experimental
program in the region of e+e− center-of-masses energies be-
tween 3 and 5 GeV. While the range of invariant masses of
two-photon systems accessible at this new facility is going to
be below ≈1.5 GeV, there are certain benefits associated with
reduced Lorentz boost for low-mass two-photon production.
For example, our estimates show that with the same detector
geometry, the number of detected and reconstructed π0 events
accompanied by a detected electron or a positron per unit of
e+e− luminosity could be by the order of magnitude higher
than atϒ(4S) energies. The same estimate applies to ππ pairs
that should allow us to probe the threshold production impor-
tant for chiral perturbation theory predictions. The increase in
the number of events is achieved by becoming sensitive to the
region of lower momentum transfer. Therefore, at CLEOc we
lose sensitivity in the perturbative region of high momentum
transfer but become able to probe the highly non-perturbative
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Figure 3: CLEO results on γ ∗γ → π0 production. See the text for more information.

region of low momentum transfer. The measurements of the
γ ∗γ ∗ → π0 transition form factor and γ ∗γ → ππ cross sec-
tions at threshold are highlights among the two-photon pro-
gram at CLEOc. We would like to emphasize that these mea-
surements are also among interesting opportunities potentially
available at the PEP-N experiment.

9. CONCLUSIONS

It has been known for a long time that two-photon processes
provide a clean laboratory to study properties of strong inter-
actions. The measurements of two-photon partial widths allow
us to test the models of binding potential and mesons decays.
When combined with results from radiative decays of J/ψ
and, in the near future, of ϒ resonances, two-photon partial

widths can tell us about the possible mixing of mesons with
glueballs. Extending γ ∗γ -meson transition form factors mea-
surements to the axial-vector sector should allow more tests
of model wave functions and theoretical predictions eventu-
ally derived from the first principles. These measurements
help to fix hadronic uncertainties in precise measurements of
CKM matrix elements and in searches for new physics at exist-
ing and future experiments. Two-photon measurements at the
e+e− machines continue to play an important role in learning
about properties of strong interactions.

The credit for the analyses summarized in this short review
belongs to the members of the CLEO collaboration, past and
present. These usually challenging physics analyses are the
product of thorough studies done by many people. Besides
efforts of my CLEO colleagues, CESR accelerator physicists
and support personnel, I would like to acknowledge interesting
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and stimulating discussions with Stanley Brodsky, Thorsten
Feldman, Iliya Ginzburg, Peter Kroll, Kirill Melnikov, Valery
Serbo and Arkady Vainshtein. It is my pleasure to thank the
organizers of the PEP-N workshop for creating a productive
and stimulating atmosphere.
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Experimental Status Report on Time-Like Baryon Form Factors
Roberto Calabrese
Dipartimento di Fisica dell’Università and INFN – Ferrara

In this paper I report on the experimental situation of baryon form factors in the time-like region. Some unexpected features have been
found, such as a steep behaviour near threshold for the proton form factor and a value for σ(e+e− → nn) greater than the one for
σ(e+e− → pp). High statistics measurements are called for in order to highlight in this field.

1. INTRODUCTION

Knowledge of the electromagnetic structure of hadrons is
still far from complete. In this context the experimental study
of the electromagnetic form factors (FF) of nucleons is of great
importance. At small q2 we get information on charge distri-
bution and magnetization current within the nucleon, while at
high q2 form factors probe the valence quark distribution func-
tions. Measurements of form factors are important to test the
validity of QCD predictions, from the non-perturbative regime,
near threshold, to the perturbative one at large q2. The time-
like region is studied through the reactions

pp → e+e− (1)

e+e− → NN (2)

and the experimental situation will be described in this paper.
In this region the q2 is positive and it is equal to the square
of the c.m. energy, q2 = s. The differential cross section
of reaction (2), expressed in terms of the FF, is given by the
formula

dσ

d�
= α2βC

4s

[
|GM |2 (1 + cos2θ)

+4M2
N

s
|GE |2 sin2θ

]
(3)

where θ is the c.m. production angle of the nucleon, GE and
GM the electric and magnetic form factors of the nucleon, α

the fine structure constant, β the nucleon velocity in the c.m.
system and C the a Coulomb correction factor, which makes
the cross section at threshold non-zero. In the time-like region
the FF are complex and one obtains |GE | and |GM | through
equation (3) by measuring the angular distribution of the re-
action. At threshold (q2 = 4MN

2) the electric and magnetic
form factors are equal, and the angular distribution is isotropic.
On the contrary, for very high q2, the electric contribution is
negligible and one can measure only the magnetic FF, with a
distribution (1+cos2θ ). Between threshold and high q2, if one
is able to make good measurements of the angular distribu-
tions, one can disentangle the two contributions and measure
the two FF separately.

On the theoretical side, analyticity relates time-like and
space-like FF asymptotically, predicting a continuous transi-
tion. Therefore time-like FF at high |q2| are expected to ap-
proach space-like FF and are expected to be real. The same
predictions are done by QCD, which predicts also that for large
momentum transfer q4|GM | should be nearly proportional to
the square of the running coupling constant for strong inter-
actions α2

s (q
2) [1]. The square of the ratio between neutron

and proton FF is predicted by QCD to be 0.25, i.e. the square
of the ratio between the charge of down and up quarks. This
prediction is expected to hold also near the threshold region,
based on QCD and dispersion relations. In general any pre-
diction where the nucleon is mostly represented in terms of
valence quarks should hardly foresee a value for the neutron
FF bigger than the one for the proton. Data near threshold are
usually compared with predictions of phenomenological mod-
els, in particular the Vector Meson Dominance (VMD) models
which assume the photon to be coupled to hadrons through
intermediate vector meson. The FF are then sensitive, partic-
ularly near threshold, to the existence of any hadron with the
photon quantum numbers (JPC = 1−−), like vector meson in
non physical region (q2 < 4MN

2) or nuclear states generated
by NN potential.

2. PROTON TIME-LIKE FORM FACTORS

In this section I will report results on the proton time-like FF.
First I will describe measurements done near threshold, then
measurements at higher values of q2.

2.1. Near threshold region

The most precise data about proton FF near threshold,
through reaction (1), come from the PS170 experiment [2] done
at Low Energy Antiproton Ring (LEAR) at CERN. It used the
antiproton beam from LEAR (with a momentum ranging from
300 MeV/c to 900 MeV/c) and a liquid hydrogen target. The
apparatus mainly consisted of the target surrounded by mul-
tiwire proportional chambers (immersed in a magnetic field
of 1.2 T), a Čerenkov counter, two layers of drift tubes, two
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Figure 1: The proton magnetic form factor versus q2: the low
energy region.

scintillator hodoscopes and a shower detector. The number
of collected e+e− events (more than three thousand) is more
than one order of magnitude bigger than the ones collected by
other experiments. The proton FF values, measured in the hy-
pothesis |Gp

E |=|Gp
M |, are shown in Figure 1, together with the

results of other experiments [3–7].
At each energy results of all experiments are compatible, but

due to the good accuracy of PS170 data, a steep dependence of
|Gp

M | with the energy is clearly outlined close to the threshold,
whereas in the region 3.8 GeV2 < s <4.2 GeV2 one can
recognize an almost flat behaviour.

Figure 2: Differential cross sections for pp → e+e− events from
PS170 experiment. The full line is the fit of data with |Gp

E
|=|Gp

M
|.

The dashed line fits the data with indipendent |Gp
M

| and |Gp
E

|/|Gp
M

|.

The experiment provided for the first time a measurement
of the differential cross section of the reaction, to observe pos-
sible differences between |Gp

E | and |Gp
M |. Figure 2 shows the

differential cross sections for pp → e+e− events at each of
the five higher beam momenta. The full line corresponds to

|Gp
E | = |Gp

M |, the dashed line to a fit with |Gp
M | and |Gp

E |/|Gp
M |

both indipendent. The values of |Gp
E | and |Gp

M | are very sim-
ilar, within the quoted errors. Then in this energy range the
|Gp

E |/|Gp
M | ratio is compatible with 1, even if there is an indi-

cation of its decrease with energy. But to be more conclusive,
higher statistics are needed.

2.2. High Energy Region

Measurements of the proton time-like FF at large momen-
tum transfers have been done by the Fermilab experiment E760
[8]. New, improved measurements of the cross section for
the reaction (1) have been reported by experiment E835 [9],
which used an upgraded version of the E760 apparatus. The
experiment, dedicated to the study of charmonium by reso-
nant formation in pp annihilations, has been carried out at
the antiproton accumulator at Fermilab, with the antiproton
beam which intersects an internal hydrogen gas jet target. The
E835 apparatus has been designed to detect electromagnetic
final states. It is a non-magnetic spectrometer with cylindrical
symmetry around the beam axis. Its main components are a
lead glass calorimeter, a threshold Čerenkov counter, an inner
tracking system and a luminosity monitor.

Figure 3: The proton magnetic form factor versus q2. The dashed
and dot-dashed curves are explained in the text.

The values of |Gp
M |, obtained under the assumption |Gp

E | =
|Gp

M |, are plotted in Figure 3, where they are compared with
E760 results and with earlier measurements. The dashed line
in Figure 3 shows a fit to the data in the form

|GM | = A

s2ln2(s/�2)
(4)

where �=0.3 GeV is the QCD scale parameter and A is a
free parameter. This functional form comes from the already
discussed perturbative QCD prediction. It can be seen that
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the fit reproduces the main q2 dependence of the data over the
entire range explored so far. The dipole behaviour of the FF
in the space-like region is also plotted in Figure 3 (dot-dashed
line). It is to be noted that the numerical values of |Gp

M | in the
region explored by E835 experiment are approximately twice
as large as those in the corresponding space-like region.

3. NEUTRON TIME-LIKE FORM FACTORS

Neutron form factors in the time-like region have been mea-
sured only by FENICE experiment [10] at the ADONE e+e−
storage ring in Frascati. They were measured through the reac-
tion e+e− → nn, with the identification of the n annihilation.
The FENICE apparatus was a non-magnetic detector, whose
main components were limited streamer tubes as tracking de-
vices, scintillation counters as timing and triggering devices
and thin iron plates as distributed converters where antineu-
trons annihilate. The many charged prongs topology of anni-
hilations and the relatively long time of flight between produc-
tion and annihilation were the signatures that allowed for the
identification of candidate events. No neutron signature was
required, because of the rather low neutron detection efficiency.

Figure 4 shows the neutron magnetic form factor, extracted
from the data in the hypothesis |Gn

E |=0, which seems to be
preferred by the data, as will be discussed later. The result
is based on 74 events for a total integrated luminosity of 0.4
pb−1. The lowest q2 result is shown as a shaded area between
two points corresponding to two different hypotheses on the
c.m. energy: for

√
s=1.90 GeV there is no signal and only an

upper limit on FF is given. Assuming a positive shift in the
c.m. energy of a few MeV, as suggested by data, a significant
signal is present (see [10] for details). The dotted line shown
in Figure 4 corresponds to a parameterization of the proton
magnetic FF. Then in this energy region |Gn

M |/|Gp
M | is greater

than 1, whereas perturbative QCD [11,12], analyticity [13] and
dispersive approaches [14,15] expect a ratio less than 1. On
the contrary, in most of the VMD models the neutron FF turns
out to be larger or equal to the proton one.

Figure 4: The neutron magnetic form factor versus q2. The dotted
line is a parameterization of the proton FF.

Figure 5 shows the |cos(θ )| distribution summed over all en-
ergies for the nn events (Figure 5a) and for background events
(Figure 5b). The two distributions show that |cos(θ )| < 0.7
is approximately the cut imposed by the acceptance of the
detector. Moreover Figure 5a shows an indication of a dip
around cos(θ )=0, which is not present in Figure 5b. Fitting
the distribution of Figure 5a with the function A(1+cos2θ ) +
B sin2θ , where A and B are positive free parameters, the best
fit is obtained for B=0 ( see Figure 5a). This means that the
|cos(θ )| distribution indicates |Gn

E |/|Gn
M | to be close to 0. On

the contrary, the background has a flat distribution. Also dis-
tribution for e+e− → pp events is flat, in agreement with the
hypothesis |Gp

E | = |Gp
M |

Figure 5: Angular distributions of (a) nn events; (b) background
events. The dotted lines are the result of the fits.

4. THE TOTAL MULTIHADRONIC CROSS SECTION NEAR
THE NUCLEON-ANTINUCLEON THRESHOLD

Figure 6a shows the total multihadronic cross section from
the FENICE experiment, together with the average of data from
previous experiments. A narrow resonance interfering with
the background given by broad resonances can generate the
observed dip in the multihadronic cross section just below the
nucleon-antinucleon threshold as well as the steep behaviour
of the time-like proton FF near threshold (Figure 6b). The
parameters of this state, that could be interpreted as a NN

bound state, are M=(1.87 ± 0.01) GeV, �=(10 ± 5) MeV.
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Figure 6: (a) Total multihadronic cross section (FENICE data and
the average over previous experiments) with superimposed the result
of the fit to a narrow resonance close to the NN threshold; (b)
comparison of the proton FF data to the expected behaviour for the
presence of such a resonance.

A similar structure has been detected by the DM2 experiment
[16], as shown in Figure 7, in the e+e− → 6π channel, which
is the multihadronic channel with the largest cross section at
these c.m. energies. It has also been observed by E687 at
FNAL in diffractive photoproduction of 3π+3π− [17].

5. OTHER BARYON TIME-LIKE FORM FACTOR
MEASUREMENTS

There are essentially no measurements about other baryon
form factors in the time-like region. Only � form factor has
been measured by the DM2 experiment with poor statistical
accuracy. The anomalies in the space-like 	 data could be
clarified by time-like measurements. Hyperon form factors are
related to the nucleons one by flavour symmetry, and accurate
predictions of flavour-symmetry breaking is another important
test of QCD.

6. NEW MEASUREMENTS AT PEP-N

A new measurement of nucleon form factors in the time-
like region, through the reaction (2), is being proposed. Also

Figure 7: Cross section for the reaction e+e− → 6π measured by
the DM2 experiment.

baryon FF, with the annihilation of e+e− into a baryon-
antibaryon pair, and transition FF will be measured. The con-
figuration which we are studying is the one with asymmet-
ric e+e− collisions. The advantage of such a configuration is
that the neutron should have sufficient energy, through Lorentz
boost, to produce an hadronic shower. This, in addition to the
many charged prongs topology of antineutron annihilations,
will identify the reaction (2) against the background. The PEP-
N experiment will have an excellent capability in the time-like
form factor field [18]: as an example, for the neutron FF, all
the existent statistics will be collected in less than one day of
data taking.

7. CONCLUSIONS

Unexpected experimental features have been observed in the
time-like region; some of them are summarized in the follow-
ing.

• A value for σ(e+e− → nn) greater than the one for
σ(e+e− → pp) has been found.

• The proton magnetic FF shows a steep behaviour near
threshold.

• There are indications that the electric contribution for the
neutron is negligible.This should imply a steep |Gn

E | de-
crease after threshold, where |Gn

E | and |Gn
M | are equal.

• The steep FF behaviour suggests a relatively narrow
structure at the boundary of the unphysical region, which
should be also seen in multihadronic e+e− annihilation
across the NN threshold. Anomalies are indeed seen in
some multihadronic e+e− cross sections.
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All these features needs to be confirmed and understood.
PEP-N experiment will have an excellent capability in this
field.
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Nucleon Form Factors in the Space- and Timelike Regions
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Dispersion relations provide a powerful tool to describe the electromagnetic form factors of the nucleon both in the
spacelike and timelike regions with constraints from unitarity and perturbative QCD. We give a brief introduction into
dispersion theory for nucleon form factors and present results from a recent form factor analysis. Particular emphasis
is given to the form factors in the timelike region. Furthermore, some recent results for the spacelike form factors at
low momentum transfer from a ChPT calculation by Kubis and Meißner are discussed.

1. INTRODUCTION

A detailed understanding of the electromagnetic form
factors of the nucleon is important for revealing as-
pects of both perturbative and nonperturbative nucleon
structure. The form factors also contain important in-
formation on nucleon radii and vector meson coupling
constants. Moreover, the form factors are an impor-
tant ingredient in a wide range of experiments such as
Lamb shift measurements [1] and measurements of the
strangeness content of the nucleon [2]. With the advent
of the new continuous beam electron accelerators like CE-
BAF (Jefferson Lab.), MIT-Bates, and MAMI (Mainz), a
wealth of precise data for spacelike momentum transfers
has become available. Due to the difficulty of the ex-
periments, the timelike form factors are less well known.
While there is a fair amount of information on the pro-
ton timelike form factors, only one measurement of the
neutron form factor from the pioneering FENICE exper-
iment [3] exists.

The basic theoretical framework of dispersion theory
for nucleon form factors was established long ago [4, 5].
In recent years, these methods have been refined con-
siderably. In particular, constraints from perturbative
QCD and independent low-energy experiments (e.g. on
the neutron radius) have been incorporated [6, 7].

In the first part of this paper, we review the status
of dispersion theory for nucleon form factors and show
results from a recent update [6, 7]. In the second part,
we discuss the effective field theory description of nucleon
form factors in the framework of ChPT, based on a recent
calculation by Kubis and Meißner[8].

2. FORMALISM

Using Lorentz and gauge invariance, the nucleon ma-
trix element of the electromagnetic (em) current operator

jem
µ can be parametrized in terms of two form factors,

〈p′|jem
µ |p〉 = ū(p′)

[
F1(t)γµ + i

F2(t)
2M

σµνqν

]
u(p) , (1)

where M is the nucleon mass and t = (p′ − p)2 = q2 < 0
the four-momentum transfer. F1 and F2 are the Dirac
and Pauli form factors, respectively. They are normalized
at t = 0 as

F p
1 (0) = 1 , Fn

1 (0) = 0 , F p
2 (0) = κp , Fn

2 (0) = κn , (2)

with κp = 1.79 and κn = −1.91 the anomalous magnetic
moments of protons and neutrons in nuclear magnetons,
respectively. It is convenient to work in the isospin ba-
sis and to decompose the form factors into isoscalar and
isovector parts,

F s
i =

1
2
(F p

i + Fn
i ) , F v

i =
1
2
(F p

i − Fn
i ) , (3)

where i = 1, 2 . The experimental data are usually given
for the Sachs form factors

GE(t) = F1(t) − τF2(t) , (4)
GM (t) = F1(t) + F2(t) ,

where τ = −t/(4M2). In the Breit frame, GE and
GM may be interpreted as the Fourier transforms of the
charge and magnetization distributions, respectively.

3. NUCLEON FORM FACTORS IN DISPERSION
THEORY

3.1. Spectral Decomposition

Based on unitarity and analyticity, dispersion relations
relate the real and imaginary parts of the em nucleon
form factors. Let F (t) be a generic symbol for any one
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of the four nucleon form factors. We write down an un-
subtracted dispersion relation of the form

F (t) =
1
π

∫ ∞

t0

Im F (t′)
t′ − t − iε

dt′ , (5)

where t0 is the threshold of the lowest cut of F . Since
the normalization of F is known, a once subtracted dis-
persion relation could be used as well. Eq. (5) relates
the em structure of the nucleon to its absorptive behav-
ior. The imaginary part entering Eq. (5) can be obtained
from a spectral decomposition [4]. For this purpose it is
convenient to consider the em current matrix element in
the timelike region,

Jµ = 〈N(p)N(p̄)|jem
µ (0)|0〉 (6)

= ū(p)
[
F1(t)γµ + i

F2(t)
2M

σµν(p + p̄)ν

]
v(p̄) ,

where p , p̄ are the momenta of the nucleon-antinucleon
pair created by the current jem

µ . The four-momentum
transfer in the timelike region is t = (p + p̄)2 > 0. Using
the LSZ formalism, the imaginary part of the form factors
is obtained by inserting a complete set of intermediate
states as [4]

Im Jµ =
π

Z
(2π)3/2N

∑
λ

〈p|J̄N (0)|λ〉 (7)

×〈λ|jem
µ (0)|0〉 v(p̄) δ4(p + p̄ − pλ) ,

where N is a nucleon spinor normalization factor, Z is
the nucleon wave function renormalization, and J̄N (x) =
J†(x)γ0 with JN (x) a nucleon source. The states |λ〉
are asymptotic states of momentum pλ which are sta-
ble with respect to the strong interaction. For the ma-
trix elements in Eq. (7) to be nonvanishing, they must
carry the same quantum numbers as the current jem

µ :
IG(JPC) = 0−(1−−) for the isoscalar component and
IG(JPC) = 1+(1−−) for the isovector component of jem

µ .
Furthermore, they have no net baryon number. For the
isoscalar part the lowest mass states are: 3π, 5π, . . .;
for the isovector part they are: 2π, 4π, . . .. Because
of G-parity, states with an odd number of pions only
contribute to the isoscalar part, while states with an
even number contribute to the isovector part. Associ-
ated with each intermediate state is a cut starting at the
corresponding threshold in t and running to infinity. As
a consequence, the spectral function Im F (t) is different
from zero along the cut from t0 to ∞ with t0 = 4 (9)m2

π

for the isovector (isoscalar) case. Using Eqs. (6,7), the
spectral functions for the form factors can in principle
be constructed from experimental data. In practice, this
proves a formidable task and is also unstable. However,
the spectral function can be constrained using, for exam-
ple, vector meson dominance.

3.2. Vector Meson Dominance

Within the vector meson dominance (VMD) approach,
the spectral functions are approximated by a few vector
meson poles, namely the ρ, . . . in the isovector and the
ω, φ, . . . in the isoscalar channel, respectively. In that
case, the form factors take the form

F I
i (t) =

∑
VI

aVI
i

m2
VI

− t
i = 1, 2 ; I = v, s . (8)

Clearly, such pole terms contribute to the spectral func-
tions as δ-functions,

Im FVI
i (t) = π aVI

i δ(t − m2
VI

) . (9)

These terms arise naturally as approximations to vector
meson resonances in the continuum of intermediate states
like nπ (n ≥ 2), NN , KK and so on. If the continuum
contributions are strongly peaked near the vector meson
resonances, Eq. (8) is a good approximation.

For the contribution of the two-pion continuum to the
isovector spectral functions, however, the replacement
by a sharp ρ-resonance is not justified and strongly un-
derestimates the isovector radius. The unitarity rela-
tion of Frazer and Fulco [10] determines the isovector
spectral functions from t = 4 m2

π to t � 50 m2
π � 1

GeV2 in terms of the pion form factor Fπ(t) and the
P-wave ππNN̄ partial wave amplitudes. The isovector
spectral function is strongly enhanced close to the two-
pion threshold (see, e.g., Figure 2 in [6]). The reason for
this behavior is well known. The corresponding partial
waves have a branch point singularity on the second sheet
(from the projection of the nucleon pole terms) located
at tc = 4m2

π −m4
π/M2 ≈ 3.98 m2

π , very close to the phys-
ical threshold at t0 = 4m2

π. The isovector form factors
inherit this singularity and the closeness to the physical
threshold leads to the pronounced enhancement. Note
that in the VMD approach this spectral function is given
by a δ-function peak at m2

ρ � 30 m2
π and thus the isovec-

tor radii are strongly underestimated if one neglects the
unitarity correction [11], as can be seen from the formula

〈r2〉v
i =

6
π

∫ ∞

4m2
π

dt

t2
Im F v

i (t) . (10)

In the isoscalar channel, it is believed that the perti-
nent spectral functions rise smoothly from the three-pion
threshold to the ω-peak, i.e. that there is no pronounced
effect from the three-pion cut on the left wing of the
ω-resonance (which also has a much smaller width than
the ρ). In chiral perturbation theory an investigation of
the spectral functions to two loops has indeed shown no
such enhancement [12], in contrast to the one loop cal-
culation of the isovector nucleon form factors where the
unitarity correction on the left wing of the ρ has been
seen. A form factor analysis in the described framework
with three vector meson poles in both the isoscalar and
isovector channels as well as the two-pion continuum was
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carried out by Höhler et al. [5]. In the following, we
describe an extended update that also includes timelike
data and additional contstraints on the spectral function.

3.3. Constraints

The first set of constraints concerns the low-t behavior
of the form factors. First, we enforce the correct normal-
ization of the form factors, which is given in Eq. (2). Sec-
ond, we constrain the neutron radius from a low-energy
neutron-atom scattering experiment [13].1

Perturbative QCD (pQCD) constrains the behavior of
the nucleon em form factors for large momentum transfer.
Brodsky and Lepage [14] find for t → −∞,

Fi(t) → (−t)−(i+1)
[
ln
(−t

Q2
0

)]−γ

, i = 1, 2 , (11)

where Q0 � ΛQCD. The anomalous dimension γ depends
weakly on the number of flavors, γ = 2.148, 2.160, 2.173
for Nf = 3, 4, 5, in order. The power behavior of the
form factors at large t can be easily understood from
perturbative gluon exchange. In order to distribute the
momentum transfer from the virtual photon to all three
quarks in the nucleon, at least two massless gluons have
to be exchanged. Since each of the gluons has a propa-
gator ∼ 1/t, the form factor has to fall off as 1/t2. In the
case of F2, there is additional suppression by 1/t since a
quark spin has to be flipped.

In the form factor analysis, we used spectral functions
that lead exactly to the large-t behavior as given in Eq.
(11). The spectral functions of the pertinent form factors
are separated into a hadronic (meson pole) and a quark
(pQCD) component as follows,

F s
i (t) = F̃ s

i (t)L(t) (12)

=

[∑
Vs

aVs
i L−1(m2

Vs
)

m2
Vs

− t

][
ln

(
Λ2 − t

Q2
0

)]−γ

,

F v
i (t) =

[
F̃ ρ

i (t) +
∑
Vv

aVv
i L−1(m2

Vv
)

m2
Vv

− t

]
L(t) ,

where F ρ
i (t) = F̃ ρ

i (t) L(t)−1 parametrizes the two-pion
contribution (including the ρ) in terms of the pion form
factor and the P-wave ππN̄N partial wave amplitudes
in a parameter-free manner (for details see [6]). Fur-
thermore, the parameter Λ separates the hadronic from
the quark contributions. The fits performed in [6, 7] are
rather insensitive to the presence of the logarithmic fac-
tor in the spectral functions. The factor L(t) in Eq. (12)
contributes to the spectral functions for t > Λ2 and in

1There has been some controversy about this value recently and
for future analyses the error of this constraint should be enlarged.

some sense parametrizes the intermediate states in the
pQCD regime. The particular logarithmic form has been
chosen for convenience. More important is the power
behavior of the form factors, which leads to superconver-
gence relations of the form∫ ∞

t0

Im F1,2(t)dt = 0 , . . . . (13)

The asymptotic behavior of Eq. (11) is obtained by choos-
ing the residues of the vector meson pole terms such that
the leading terms in the 1/t-expansion cancel.

The number of isoscalar and isovector poles in Eq. (12)
is determined by the stability criterion discussed in de-
tail in [9]. In short, we take the minimum number of
poles necessary to fit the data. Specifically, we have three
isoscalar and three isovector poles. Our fit includes all
measured form factor data in the space- and timelike re-
gions. We stress that we are keeping the number of me-
son poles fixed in order not to wash out the predictive
power. Due to the various constraints (unitarity, nor-
malizations, superconvergence relations), we end up with
only three free parameters since two (three) of the isovec-
tor (isoscalar) masses can be identified with the masses
of physical particles. We also have performed fits with
more poles; these will not be be mentioned and we refer
the reader to [6, 7].

3.4. Timelike Data

We should also comment on the extraction of the time-
like form factor data from experiment. At the nucleon-
antinucleon threshold, one has by definition

GM (4M2) = GE(4M2) , (14)

while at large momentum transfer one expects the mag-
netic form factor to dominate. The form factors are com-
plex in the timelike region, since several physical thresh-
olds are open. Separating |GM | and |GE | unambiguously
from the data requires a measurement of the angular dis-
tribution, which is difficult. In most experiments, it has
been assumed that either |GM | = |GE | or |GE | = 0 in-
stead. Most recent data have been presented for the mag-
netic form factors.

3.5. Fit Results

We discuss two of the various fits performed in [6, 7]
in detail: fit 1 is a fit to all spacelike data, while fit 2
also includes the data in the timelike region. We stress
that in all fits, the four form factors have been fitted si-
multaneously. This procedure ensures that the results
for different form factors are compatible and allows us
to test the consistency of different data sets. For fit 1,
the vector meson poles in the isoscalar channel are the
ω(782), φ(1020), and ω(1600). In the isovector channel,
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Figure 1: Normalized nucleon form factors for spacelike momentum transfer (Q2 = −t > 0). Gn
M , Gp

E , and Gp
M are

normalized to the dipole fit, while Gn
E is normalized to the Platchkov fit [15] adjusted to give the correct radius. Dashed lines:

fit 1, spacelike data only. Solid lines: fit 2, including timelike data.

we have the ρ(1450) and ρ(1690). The third isovector
pole is tightly fixed by the constraints; its mass turns
out to be close to the ρ(1690). In fit 2, all masses are the
same, except for the isovector pole at

√
t = 1690 MeV

which is shifted to
√

t = 1850 MeV. This choice is moti-
vated by the FENICE data [3] which favor an isovector
resonance slightly below the nucleon-antinucleon thresh-
old.2 A detailed listing of all fit parameters and the data

2Note, however, that despite the fact that the vector meson
poles can be identified with physical vector mesons, it is not clear
whether this interpretation holds for the higher mass poles. If one
tries to fit the masses of these poles, they are not well constrained
by the data. In any case, these poles are a convenient parametriza-
tion of the spectral strength in the high mass region.

points included can be found in [6, 7].
In Figure 1, we compare both fits to the world data in

the spacelike region. The dashed lines indicate fit 1, the
solid lines indicate fit 2. Both fits give a good descrip-
tion of the world data in the spacelike region, differing
only for momentum transfers where the form factors are
not constrained by the data. From fit 1, we extract the
following nucleon radii [6, 7],

rp
E = 0.847 fm , rp

M = 0.853 fm , rn
M = 0.889 fm . (15)

From the residues of the two lowest isoscalar poles, we
can extract the ωNN and φNN coupling constants [6, 7],

g2
ωNN

4π
= 34.6 ± 0.8 , κω = −0.16 ± 0.01 , (16)

g2
φNN

4π
= 6.7 ± 0.3 , κφ = −0.22 ± 0.04 ,
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Figure 2: Fit 2 to both spacelike and timelike data for
timelike momentum transfer. Vertical dotted line indicates
nucleon-antinucleon threshold. Solid lines show |GM |,
dashed lines show |GE |. All neutron data are from the
FENICE experiment [3].

where κV is the tensor-to-vector coupling ratio. Both the
results for the radii and the vector meson couplings are
similar to the earlier analysis of [5].

We now turn to the timelike region. In Figure 2 we
show the results of fit 2 compared to the world data.
Note that all neutron data are from the FENICE exper-
iment [3]. The solid lines show |GM |, while dashed lines
show |GE |. All proton points are for |GM | as discussed
above. The proton magnetic form factor is well described
by the fit. The FENICE data for the neutron magnetic
form factor have been analyzed under both the assump-
tion |GE | = |GM | (squares) and |GE | = 0 (diamonds).
The latter hypothesis is favored by the measured angu-
lar distributions [3]. Neither data set can be described by
the fit. Even when the experimental uncertainties of the
FENICE data are reduced by a factor of 10 or more, the
fit cannot be forced through the data. It is possible that
the spectral function simply has not enough freedom to
account for the FENICE data and additional poles have
to be introduced. It is also surprising that the neutron
form factor is larger in magnitude than the proton one,
as pQCD predicts asymptotically equal magnitudes. In
any case, there is interesting physics in the timelike neu-

tron form factors and more data is called for. Finally,
it is interesting to note that fit 2 predicts a zero in the
neutron electric form factor close to threshold.

4. NUCLEON FORM FACTORS IN CHPT

Chiral perturbation theory (ChPT) is a low-energy ef-
fective field theory of the Standard Model. ChPT focuses
on the universal, low-energy aspects of the physical sys-
tem. All sensitivity to short-distance physiscs is cap-
tured in a small number of low-energy constants. ChPT
allows for a systematic and model-independent calcula-
tion of low-energy observables by means of an expansion
in small momenta and quark masses. Particularly im-
portant is the spontaneously broken chiral symmetry of
QCD in the limit of vanishing quark masses, which guar-
antees that this expansion is well behaved and severely
constrains the form of the effective Lagrangian.

The first systematic investigation of nucleon form fac-
tors in the relativistic version of ChPT was given in [16].
This approach, however, has problems with the expan-
sion in small momenta since the momenta of the nucleons
always contain the large nucleon mass. If one uses a non-
relativistic formulation for heavy nucleons, this problem
can be circumvented. This Heavy Baryon ChPT is gener-
ally very successful for one-nucleon observables. The nu-
cleon form factors were studied within HBChPT in [17].
It was found that the chiral description already breaks
down at relatively small momentum transfers of −t =
Q2 ∼ 0.2 GeV2. Furthermore, the nonrelativistic expan-
sion does not reproduce the correct singularity structure
of the isovector spectral functions. This problem can be
overcome in the recently proposed “infrared regulariza-
tion” of [18], which is manifestly Lorentz-invariant. Since
it is relativistic, this approach keeps the correct singular-
ity structure in the low-energy domain and is expected
to improve convergence of the chiral expansion as well.
Recently, this method was applied to the electromagnetic
form factors of the nucleon by Kubis and Meißner (KM)
[8]. In the remainder of this section, we briefly review
their results.

Figure 3 shows the electric form factor of the neu-
tron obtained by KM in relativistic ChPT using infrared
regularization. For comparison, the heavy baryon result
and the dispersion analysis discussed above (which can
be taken as a representation of the world data) are also
shown. The data points are from recent polarization ex-
periments [19]. The relativistic ChPT clearly improves
over the heavy baryon calculation, which already breaks
down around Q2 = 0.1 GeV2. The resummation of the
1/M terms in the relativistic approach includes recoil
corrections and considerably improves the convergence
of the expansion [8].

In the case of the large dipole like form factors Gn
M ,

Gp
E , and Gp

M , however, the relativistic method does not
give an improvement over the heavy baryon expansion.
These form factors contain large curvature terms that are
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Figure 3: Gn
E in relativistic ChPT (solid lines) to third

(upper curve) and fourth order (lower curve). For
comparison: heavy baryon approach (lower/upper dashed
line: third/fourth order), dispersion analysis (dot–dashed
curve), and some recent experimental points [19].

not reproduced up to fourth order in the chiral expan-
sion. It is well known that vector mesons contribute sig-
nificantly to the nucleon form factors and generate the
missing curvature terms. In ChPT these contributions
are captured in the low-energy constants. The curvature
terms, however, only appear in higher orders in the chi-
ral expansion. Since the vector meson couplings to the
nucleon are known from the dispersion analysis described
above [6, 7], it is both reasonable and economical to in-
clude dynamical vector mesons in the theory as no un-
known low-energy constants enter. Following this spirit,
KM include the ρ(770), ω(782), and φ(1020) as dynam-
ical fields using the technology of antisymmtric tensor
fields (see [8] for details). Using the mechanism of reso-
nance saturation, the low-energy constants in the theory
without vector mesons Li are split into a vector meson
contribution plus a small remainder L̃i which has to be
refit,

Li → L̃i +
∑
V

aV
i

m2
V − t

. (17)

Keeping the full t-dependence in the vector meson contri-
bution amounts to resumming a selected class of higher
order diagrams in the chiral expansion. Figure 4 shows
the results for Gn

M obtained by KM using this method.
Their curves compare well with the world data and the
dispersion result. KM find that the validity of the chiral
expansion can be extended up to Q2 ≈ 0.4 GeV2 using
this partial resummation. Similar results hold for the
other two dipole-like form factors Gp

M and Gp
E . Further-

more, the good agreement for Gn
E is not destroyed by the

inclusion of vector mesons.
To summarize, Kubis and Meißner have shown that

one can obtain an accurate description of all four nucleon
form factors up to Q2 ≈ 0.4 GeV2 within the framework
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Figure 4: Gn
M normalized to the dipole fit in relativistic

ChPT including vector mesons (solid lines) to third (lower
curve) and fourth order (upper curve). For comparison:
world data (cf. [6, 7]) and dispersion analysis (dot–dashed
curve).

of relativistic ChPT and dynamical vector mesons [8].
An extension of this work to SU(3) can be found in [20].

5. CONCLUSIONS

Dispersion theory and ChPT are two successful ap-
proaches to the em form factors of the nucleon that mu-
tually complement each other. Dispersion theory consis-
tently describes the form factors over the whole range of
momentum transfers in both the spacelike and timelike
regions, while ChPT gives a model independent descrip-
tion at low spacelike t that explicitly incorporates chiral
symmetry. The work of KM shows the promise of extend-
ing the chiral description to higher momentum transfers
by merging dispersive methods and ChPT [8].

The neutron form factors in the timelike region show
some interesting features [3]. In particular, the magni-
tude of the neutron form factors close to the nucleon-
antinucleon threshold is larger than expected and at
present cannot be described by dispersion theory. More
precise data for the em form factors of the nucleon in the
timelike region is called for.
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This is a summary of perturbative QCD calculations of baryon form factors. For e+e− going to baryon-antibaryon pairs, normalized
calculations are available and reported for the entire ground state octet and decuplet, including off-diagonal form factors, and for the
S11(1535)-S11. (The latter results are new for this report.) We also include some explanation of how the results come to be.

1. INTRODUCTION

The form factors of baryons have long been studied in elec-
tron scattering, and now we are here to discuss new opportuni-
ties that can come from an e+e− collider at moderate energies
where exclusive cross sections may be measured. One can
foresee measurements of the form factors of baryons in the
timelike region. The richness of these measurements should
be clear. We can in principle measure the elastic and transition
form factors of any baryon, since the baryon-antibaryon pair is
produced in the reaction. We are not limited to baryons which
exist in stable targets.

This talk will focus on results obtained using perturbative
QCD (pQCD). They will therefore be valid at high Q2, but
should at a minimum serve as an estimate of which form factors
will be big and which will be small. It should be emphasized
that pQCD is not a model. It is an outcome of the real theory
of the strong interactions. The scaling laws can be quoted and
demonstrated without approximation, and normalized calcula-
tions proceed directly if the lowest Fock state wave functions
of the quarks inside the hadrons are known. Some modeling
is, however, needed for the latter. The models are not pure
invention, since significant information about (moments of, at
least) the wave functions can be gotten from QCD sum rule
calculations and, less extensively, from lattice gauge theory.

We will tabulate and discuss the results for the form factors,
elastic and non-elastic, for the entire ground state baryon octet
and decuplet in the third section. The results are taken from
many places in known literature. We will also give some new
results for form factors involving the S11(1535), where it hap-
pens that the ingredients have been available for some time,
but had been put together for nucleon to S11 transitions but not
for the elastic case.

The second section will contain a brief summary of how the
results come to be, including some necessary special attention
to the peculiar case of the nucleon to �(1232) transition form
factor.

2. HOW TO DO IT

2.1. Basics

At highQ2, the magnetic form factorGM (but not the elec-
tric one GE) can be calculated using perturbative QCD. The
basic result is that the form factor factors into terms represent-
ing the wave function or distribution amplitude of the baryons
and a hard scattering kernel. Schematically,

GM =
∫

[dx][dy]�(y,Q2)TH (x, y,Q
2)�(x,Q2) . (1)

In more detail, the lowest Fock component of a proton can
be represented as [1]

|p,↑〉 =
∫ [dx d2kT ]
(x1x2x3)1/2

(2)

×
{ψS(xi, kiT )√

6
(2udu− uud − duu)↑↓↑

+ ψA(xi, kiT )√
2

(uud − duu)↑↓↑
}
.

There are two lowest Fock wave functions for isospin 1/2 parti-
cles like the nucleons,ψS,A. If kT is limited and ifQ >> 〈kT 〉,
one can get the factored GM , using

φS,A(x,Q
2) =

∫ ∼Q
[d2kT ]ψS,A(x, kT ) (3)

where one expects the Q dependence to be quite weak, and
results like

GM = 1

Q4

(
16παs

3

)2 ∫
[dx dy] ×

{
2T1φS(x)φS(y)

+ 2

3
(T1 + 2T2)φA(x)φA(y)+ cross terms

}
. (4)
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Here, the 1/Q4 and T1,2 have come from evaluating the hard
scattering kernel, and [1, 2]

T2 = 1

x1x3(1 − x1)y1y3(1 − y3)
, (5)

and similarly for T1.

2.2. Scaling and spin rules

This section could be subtitled “Properties of the hard scat-
tering kernel.” There are scaling and spin selection rules that
follow simply from a few precepts. A typical diagram for TH
is shown in Figure 1.

Figure 1: Example of lowest order perturbation theory diagram hard
scattering kernel in baryon form factor calculation.

To get the power ofQ associated with this diagram, the rules
are

• 1/Q2 for each gluon propagator,

• 1/Q for each quark propagator,

• Q for each quark line.

The spin selection rules are (in part),

• quark helicity is conserved,

• if a single gluon or photon is connected to a quark line,
it must have transverse polarization,

• if two vector bosons are attached to a quark line, one
must have transverse polarization, the other must have
longitudinal polarization,

• the helicities of two quarks connected by a transverse
gluon must be opposite.

There are also definitional Q’s. The above rules are for Feyn-
man diagrams, and a form factor may be defined as a certain
factor times a basic matrix element.

Any of the rules can be violated, but it “costs” factors of
O(m/Q) or of O(〈kT 〉/Q).

2.3. Application to Nucleon

For the nucleon, in the Breit frame one can show

GM ≡ 1

Q
√

2
〈p,↑ |εT · J |p,↑〉

∝ 1

Q
× 1

Q3 = 1

Q4 (6)

where ε is a photon polarization vector, J is the electromag-
netic current operator, and the arrows are for helicity in the
Breit frame. Further,

GE ≡ 1

2mN
〈p,↓ |εT · J |p,↑〉

∝ 〈kT 〉
Q

× 1

Q3 = 1

Q4 . (7)

For GM , an extra 1/Q comes from its definition, but for GE
the extra 1/Q is due to violating a spin selection rule. The
predicted falloff famously works well for GM , beginning at
Q2 below 10 GeV2.

The results can also be converted into Dirac and Pauli form
factors,

F1 = τGM +GE

τ + 1

F2 = GM −GE

τ + 1
∝ 1/Q6, at high Q2, (8)

where τ = Q2/4m2
N . Note that GM and F1 become identical

at high Q2. The prediction for F2 is not yet working well [3].

2.4. Other Resonances

This section will be mainly about notation, with numerical
results coming later. Electromagnetic nucleon to resonance
transitions are often, as in the tables of the Particle Data Group,
given in terms of scaled helicity amplitudes—A1/2 and A3/2
for photons with transverse polarization. For convenience in
writing cross section formulas, these amplitudes have been
divided by the momentum of the photon causing the transition,
in the real photon limit. This momentum is zero for an elastic
form factor, so the the A1/2,3/2 notation is useless for elastic
transitions. I feel it is better to always use an unscaled helicity
form factor. With a mass factor inserted to make the form
factor dimensionless, one has [4]

2mNG+ = 〈B ′,+1

2
|εT · J |B,+1

2
〉 (9)

where the +1/2 is in both cases a helicity in the Breit
frame. (Equivalent is the f+ from [5], with 2mNG+ =√

2m′
B2mBf+.) Using G+ one can directly compare elastic

and off-diagonal form factors. Useful connections are

GM = mN
√

2

Q
G+(N → N)
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A1/2 = e

√
mN

m2
R −m2

N

G+(N → R). (10)

(where e is the electric charge). It is also possible to defineF1 in
a straightforward manner, asymptotically as (mN

√
2/Q)G+,

for off-diagonal transitions and use it to make interbaryon com-
parisons.

Stoler has presented plots testing the pQCD scaling for nu-
cleon to resonance transitions [6]. The scaling predicted by
perturbative QCD works for three cases out of four, starting
safely below 10 GeV2 and continuing until the data runs out
just past 20 GeV2. The exception is theN → �(1232) transi-
tion, which will get a dedicated discussion in the next section.

2.5. The Distribution Amplitudes

This will be just a brief description of how one uses QCD
sum rules to get distribution amplitudes for resonances. A full
description can be gotten from the original literature [7, 8],
or from lectures written up by the present author [9] (who
was among those who extended the method to the Delta reso-
nance [10]).

The idea is to start with some function, such as,

I (q) = i

∫
d4ye−iqy 〈0|TO1(y) O2(0)|0〉 (11)

that one can evaluate in two different ways. Before doing any
evaluation, however, one chooses at least one of the operators
to ensure that only intermediate states of the desired quantum
numbers (for example, isospin 3/2, positive parity, if one is
interested in the Delta) can enter.

One of the ways to evaluate is a quark/gluon evaluation,
which will depend on already fitted parameters like the den-
sity of quark pairs and gluons in the physical vacuum, but
which can be evaluated from start to finish. The other way is a
purely hadronic evaluation, done by inserting complete sets of
intermediate states between the two operators, which depends
on the wave functions of the quarks inside the hadron. One
actually gets moments of the distribution amplitude (the dis-
tribution amplitude multiplied by powers of momentum frac-
tions, and integrated), the moment depending on the details of
the operator chosen. Then one matches the two results to get
the numerical value of the moment.

Having all the moments is equivalent to having the wave
function. Unfortunately, uncertainties in the evaluations build
up for higher moments, so that one only gets a few low mo-
ments. The information is still valuable, and allows reason-
able and normalized choices for distribution amplitudes of the
various particles. Uncertainties also build up for any state
but the lowest in a given category. For example, in the non-
strange sector, results are only available for the nucleon, the
Delta(1232), and the S11(1535). The results for the moments
generally show an asymmetric distribution amplitude for the
octet baryons, wherein quarks with helicity paralleling the par-
ent baryon generally carry a larger than equipartition share of
the momentum. The distribution amplitudes for the decuplet
is, on the other hand, rather symmetrical with momenta on the
average evenly divided.

3. NUMERICAL PREDICTIONS

3.1. Nucleon Form Factors

We can be brief. For the nucleon form factors, in the space-
like region, the data has long been known. Hence the data is
well fit by the theory—or else we would never of heard of the
theory.

There are criticisms of the use of pQCD at current exper-
imental momentum transfers. We will hardly discuss these
here. They are based on excising contributions where internal
four-momenta squared are low, and seeing what remains. In
my opinion, the cutoffs used are quite pessimistic, and further
do not consider that internal lines with low four-momentum
squared can be quite perturbative if they are short range in co-
ordinate space. Discussion on the positive side can be found
in [11], and on the negative side in [12].

3.2. The Nucleon → Delta

The pQCD scaling is not seen for the N → �(1232) elec-
tromagnetic transition. Instead we have the DDR—the Disap-
pearing Delta Resonance, and the resonance peak sinks into
the background with increasing Q2.

But we now know the distribution amplitudes φ� and φS,A
for the nucleon, and [13]

mNQ
3G+(N → �) =

(
16πα2

s /9
)2 ×

×
{

2

3
〈φA|T1 − T2|φS〉 + 1√

3
〈φA|T1|φA〉

}
. (12)

There is a substantial cancellation between the two terms
above. The numbers are,

Q3G+(N → �) =



0.05GeV3 CZ,CP
0.08GeV3 KS,CP
0.02GeV3 COZ,FZOZ ,

(13)

where the letter codes refer to distribution amplitudes for the
nucleon and Delta, in that order, from papers in [7, 8, 10, 14–
16].

The numbers are small. For comparison,

Q3G+(p → p) = 1

mN
√

2
Q4GM ≈ 0.75 GeV3, (14)

and

Q3G+(p → N∗(1535)) =
{

0.46GeV3 CZ,CP
0.58GeV3 KS,CP .

(15)

We conclude that, in distinction to the situation for other
form factors, the leading order N → � form factors are not
currently above background. There is a corollary, which is
that the spin prediction E1+ = M1+ for Q → ∞ is not seen
because the leading order amplitude is not yet dominant. We
expect, or hope, thatQ2 > 10GeV 2 will show some noticeable
leading order amplitude, with the ratioE1+/M1+ rising. There
is further discussion in [17, 18].
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3.3. Other Baryons

We come finally to present the results for a whole array of
baryons. These predictions depend on distribution amplitudes
obtained from QCD sum rules in [10, 14–16], with special
credit going to the last listed for having done the largest number
of baryon resonances.

We quote in all cases values for Q4F1 in GeV4, calculated
with a fixed αs = 0.3. First in Table I, we giveQ4F1 for diago-
nal transitions (e.g., 	+ for the timelike region means 	+	+
=	+	−

) for the ground state baryon octet. The prediction for
the 	0 → 
0 electromagnetic transition is also given. (For
full set of octet baryons, there are also predictions from the
diquark model [19].)

Table I Asymptotic form factors F1 for the octet baryons.

octet baryon Q4F1 GeV4

n −0.5

p 1.0

	− −0.65

	0 0.27

	+ 1.19


0 −0.23

�− −0.60

�0 −0.52

	0 → 
0 0.54

Table II is the same but for the ground state decuplet baryons.
These tend to be smaller than the octet because the smoothness
of the wave function gives less strength near the end points,
where the bulk of the contributions arise.

Table II Asymptotic form factors F1 for the decuplet baryons.

decuplet baryon Q4F1 GeV4

� −0.02

�∗− −0.083

�∗0 0.014

	∗− −0.031

	∗0 0.016

	∗+ 0.062

�− −0.085

�0 0.

�+ 0.085

�++ 0.17

And then in Table III we have Q4F1 for the ground state
decuplet to octet baryon transitions, or associated baryon-
antibaryon production in the timelike region.

Finally, we have Table IV which gives the asymptoticQ4F1
for transitions involving the negative parity S11(1535) reso-
nance. A surprise is the large size of the neutral S11 elastic
form factor.

Table III Asymptotic form factor F1 for the octet to decuplet baryon
transitions.

octet-decuplet transition Q4F1 GeV4

n → �0 −0.08

p → �+ 0.08

	− → 	∗− 0.016

	0 → 	∗0 0.024

	+ → 	∗+ 0.033


0 → 	∗0 0.015

�− → �∗− 0.013

�0 → �∗0 0.024

Table IV Asymptotic form factors F1 for transitions involving the
S11(1535).

transition Q4F1 GeV4

n → S0
11 0.35

p → S+
11 0.7

S0
11 → S0

11 1.6

S+
11 → S+

11 0.17

3.4. Comments on e+e− → BB̄

As is too commonly said, the relation between the space-
like and timelike region at finite Q2 requires more thought.
The data [20] on F1 or GM for pp̄ is about twice as large at
timelike Q2 than at the corresponding spacelike Q2 in the 10
GeV2 region. A rough estimate of the effects of quark mass
and transverse momenta shows that a factor of 2 in this Q2

region is reasonable from the theoretical side. (The estimate
is along the lines of estimates in the spacelike region showing
that the mass term in the dipole parameterization of about 0.71
GeV2 is reasonable [21].) One can take several attitudes to
this statement. One is that pQCD with expected amendations
does well. Another is that it shows that we are not at the point
where masses are neglectable. These are higher twist effects,
and there are others, including contributions of higher Fock
states to the form factors.

4. LAST THOUGHTS

Baryon form factors are calculable at high Q2 using per-
turbative QCD in either the spacelike or timelike region. The
results are experimentally good for the nucleon elastic and nu-
cleon to S11 form factors at Q2 above a few GeV2 spacelike,
and one can explain the lack of currently observed scaling of
the nucleon to �(1232) transition.

The proposed e+e− machine is a vehicle to measure timelike
form factors for a host of unstable baryons. Predictions exist
to shoot at for octet elastic, decuplet elastic, octet-decuplet
off-diagonal, and S11 form factors. There are also non-pQCD
predictions, for example those reported by Dubnicka et al. at
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this meeting [22], and prediction from the diquark model by
Jakob et al [19].

The results will cast light on the quarkic wave functions
of baryons. The predictions quoted here are specific to the
QCD sum rule wave functions we have used. The actual wave
functions may be different and the form factor measurements,
with the possibility of combining them with J/ψ,ψ, . . . →
BB̄ and γ γ → BB̄, can help ferret them out.
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A Possible Resolution of the e+e− → N̄N Puzzle
Marek Karliner
Raymond and Beverly Sackler Faculty of Exact Sciences, Tel-Aviv

We sketch some recent ideas proposed as the mechanism behind the puzzling experimental results on baryon-antibaryon production in e+e−
annihilation close to threshold. The essential new point in the proposed mechanism is that it is a two-stage process, with a coherent state
of pions serving as an intermediary between e+e− and the baryon-antibaryon system. Skyrmion-antiskyrmion annihilation is proposed as
a concrete computational framework for a quantitative description of the baryon-antibaryon annihilation. We also point out the possible
connection to similarly puzzling data on baryon-antibaryon production in photon-photon collision.

1. INTRODUCTION—THE PUZZLE

The FENICE data [1], on the reaction e+e− → n̄n close
to threshold, together with earlier analogous measurements
for the proton [2]-[4] indicate that at threshold σ(e+e− →
p̄p)/σ (e+e− → n̄n) ≈ 1. In other words, the timelike form
factors of the neutron and the proton are approximately equal
at q2 >∼ M2

N .
This is a very surprizing and puzzling result and it is hard to

understand in the conventional perturbative picture of baryon-
antibaryon production in e+e− annihilation, as shown in Fig-
ure 1.

e-

e+

γ

q

q
–

q
–

q
–

q q

Figure 1: Feynman diagram corresponding to the naive perturbative
description for e+e− → N̄N .

1.1. The perturbative picture

In the naive perturbative description of the e+e− annihila-
tion into baryons, the virtual timelike photon first makes a “pri-
mary” q̄q pair, which then “dresses up” with two additional
quark-antiquark pairs which pop up from the vacuum. The

“dressing up” is a QCD process, which does not distinguish
between u and d quarks, since gluon couplings are flavor-blind.
Thus in the conventional picture the only difference between
proton and neutron is through the different electric charge of
the primary q̄q pair. The total perturbative cross-section σPT at
a given CM energy is obtained by superposing the amplitudes
with different flavors q in the primary q̄q pair and squaring the
result,

σPT(e+e− → N̄N) ∝
∣∣∣∣∣∣
∑
q∈N

QqaN
q (s)

∣∣∣∣∣∣
2

(1)

where aN
q (s) denotes the amplitude at E2

CM = s for making the
baryon N with a given the primary flavor q. These amplitudes
are determined by the baryon wavefunctions.

Since the wave functions of the baryon octet have a mixed
symmetry, the amplitudes aN

q (s) tend to be highly asymmet-
ric. Thus for example in the Chernyak-Zhitnitsky proton wave
function [5] the u quark dominates, that is, a

p
u ≈ 1, a

p
d � 1

and similarly an
d ≈ 1, an

u � 1. In such a limiting case we have

σPT(e+e− → p̄p)

σPT(e+e− → n̄n)
−→ Q2

u

Q2
d

= 4. (2)

While this is an extreme case, on general grounds we ex-
pect that u dominates in the proton and d in the neutron, so
σPT(p̄p)/σPT(n̄n) � 1. Intuitively one can understand this
perturbative result directly from Figure 1, by recalling that the
average charge squared of quarks in the proton is higher than
in the neutron. Thus the naive perturbation theory clearly dis-
agrees with the experimental result [1].

1.2. Where do we go from here?

As the first step, one has to realize that we are dealing with a
highly nonperturbative process. Even though the form factors
are measured at a momentum transfer which is much higher
than �QCD , q2 >∼ 4M2

N ∼ 4 GeV2, we are very far from the
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Figure 2: CLEO data [6] for σ
γγ → ��

(W), σγγ→pp(W) for

| cos θ∗| < 0.6. Vertical error-bars include systematic uncertainties.
Horizontal markings indicate bin width. S-model: scalar
quark-diquark model; V-model: vector quark-diquark model.

perturbative regime. The reason is that all the available energy
is very quickly divided among the quarks and antiquarks in the
N̄N system. Since the total available energy is very close to
the rest mass of the N̄N system, none of the quarks has any
“spare” momentum.

There have been several attempts to explain the FENICE
data by various theoretical proposals utilizing specific nonper-
turbative mechanisms (for a recent report on some of this work
see [7]), but to the best of my knowledge, so far there is no
satisfactory explanation in terms of conventional mechanisms
or their straightforward extensions.

The lack of such a conventional theoretical explanation is
part of the motivation for the proposed new asymmetrical e−e+
high-statistics collider at SLAC for the regime 1.4 <

√
s <

2.5 GeV [8]. This machine will yield high-precision data on
baryon production in e−e+ annihilation at threshold, providing
a check on the FENICE data and an accurate benchmark for
testing possible theoretical explanations.

In this context it is amusing to note the perturbation the-
ory predictions for the � baryon resonance multiplet pro-
duction in e+e− near threshold. Since the � has a totally
symmetric wave function, the corresponding amplitudes are
equal, a�

u = a�
d ≡ a�, for all four members of the multi-

plet,
{
�++, �+, �0, �−}

. Thus perturbation theory makes a
striking prediction for the neutral member of the multiplet,

σPT(e+e− → �̄0�0) ∝
∣∣∣∣a�

(
2

3
− 1

3
− 1

3

)∣∣∣∣
2

= 0. (3)

More generally, the relative yields predicted by perturbation
theory are

�++ : �+ : �0 : �− = 4 : 1 : 0 : 1. (4)

2. γ γ → N̄N : A RELATED PUZZLE?

The FENICE puzzle is reinforced by the CLEO data on
baryon-antibaryon production in photon-photon collisions [9],
as shown in Figure 2 (see also [10] and [11] for related exper-
imental work).

CLEO has compared the γ γ cross-sections for �� and
p̄p production and they find that close to threshold σ(γ γ →
pp) ≈ σ(γ γ → ��). This is quite similar to the FENICE
puzzle for the p̄p/n̄n ratio. The naive perturbative descrip-
tion of the baryon-production in the photon-photon reaction is
given by the Feynman diagram in Figure 3. Since there are
two photons here, instead of one in Figure 1, for each flavor
of the primary q̄q pair the corresponding amplitude scales like
the quark charge squared, to be compared with linear depen-
dence of the amplitudes on the quark charge in the e+e− case.
Thus one would naively expect the ratio σ(p̄p)/σ (��) to be
even larger than the corresponding perturbative prediction for
σ(p̄p)/σ (nn) in e+e−.

γ

γ

q

q
–

q
–

q
–

q q

Figure 3: Feynman diagram corresponding to the naive perturbative
description for γ γ → N̄N .

The disagreement between the naive theoretical prediction
and experiment is striking again.

Just like in the FENICE case, despite several attempts, there
is no satisfactory theoretical explanation for this CLEO data
(for example, see [12] for a recent theoretical analysis of γ γ →
baryons in terms of di-quarks).

It would be highly interesting to see the data for γ γ → nn

close to threshold, but such analysis has not yet been done due
to some technical difficulties [13]. As will be clear from the
following discussion, close to threshold we expect the γ γ →
nn cross-section be the same as γ γ → pp. We urge our
experimental colleagues to carry out such an analysis.

The perturbative ratios are even more dramatic for the rates
for γ γ → �̄�, which are proportional to the fourth power
of the � electric charge, if one has symmetric wavefunctions.
Thus for σPT(γ γ → �̄�) near threshold, the analogue of Eq. 4
is

�++ : �+ : �0 : �− = 16 : 1 : 0 : 1. (5)

As we shall discuss in more detail in the following section,
the mechanism we propose for this type of reactions predicts
a completely different result.
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3. THE PROPOSED RESOLUTION

In view of these FENICE and CLEO puzzles, we have pro-
posed [14] a novel mechanism which might explain the data.
The essential new point in the proposed mechanism is that it
is a two-stage process, with a coherent state of pions serving
as an intermediary between e+e− and the baryon-antibaryon
system, as shown schematically in Figure 4.

e-

e+

γ
pions

N

N
–

Figure 4: N̄N → e+e− as a two-stage process, where e+e−
annihilate into a timelike photon which first couples to an
intermediate pion state, which then produces the N̄N pair.

3.1. N̄N annihilation into pions

We propose to use the Skyrme model as a concrete computa-
tional framework for a quantitative description of the baryon-
antibaryon dynamics. In the Skyrme model [15, 16] baryons
appear as solitons in a purely bosonic chiral Lagrangian. The
model is formally justified as a low-energy approximation to
large-Nc QCD [17, 18]. It is known to provide a good descrip-
tion of many low-energy properties of baryons (see [19] and
[20] for a review).

It turns out that it is also possible to obtain a fairly accurate
description of low-energy baryon-antibaryon annihilation in
terms of Skyrmion-antiskyrmion annihilation [21–24].

Instead of asking how a p̄p or n̄n configuration is formed
by a virtual timelike photon, or by two photons, it is con-
ceptually easier to consider the reverse processes, that is,
p̄p → γ → e+e− or n̄n → γ → e+e−, as shown schemati-
cally in Figure 5, and the analogous processes for two photons.

It is interesting to note that it has been argued [25] that in
perturbation theory the production of extended objects, such as
a soliton-antisoliton configuration, by pointlike particles, such
as in e+e− annihilation, is suppressed by a large exponential
factor ∼ exp(−4/αs). Thus the fact that the reaction e+e− →
N̄N has been measured with a small, but finite cross-section
is yet another indication of the nonperturbative nature of the
process.

Following the pioneering numerical work of [21] and [22],
we now have the following picture of the NN̄ annihilation at
rest as a Skyrmion anti-Skyrmion annihilation: just after the
Skyrmion and anti-Skyrmion touch, they “unravel” each other,
and a classical pion wave emerges as a coherent burst and

e+

e-

γ
pions

N

N
–

Figure 5: Time-reversed process of Figure 4, that is, N̄N → e+e−
as a two-stage process, where the nucleons first annihilate into pions,
which then couple to a timelike photon to produce the e+e− pair.

takes away energy and baryon number as quickly as causality
permits.

This observation led the authors of [23] to suggest the fol-
lowing simplified version of NN̄ annihilation at rest. After a
very fast annihilation a spherically symmetric “blob” of pionic
matter of size ∼ 1 Fm, baryon number zero and the total energy
twice the nucleon rest mass is formed. The further evolution
of the system and the branching rates of various channels are
completely determined by the parameters of this “blob.”

For a very crude toy model of what is going on, let’s assume
that p̄p annihilate into two pions which then go to e+e− via a
timelike photon,

p̄p → π+π− → γ → e+e− (6)

Clearly, the real process involves an intermediate state with a
much larger number of pions on the average, but two pions are
sufficient to understand why within this physical picture we
expect the n̄n → e+e− rate to be the same as the p̄p → e+e−
rate. The basic argument is that since we have a two-stage
process, the crucial issue is the rate p̄p → π+π− versus the
rate n̄n → π+π−. Since this is a purely strong interaction
process, we expect the two rates to be equal. The next step
is π+π− → γ → e+e− which does not care whether the
pions were produced by p̄p or n̄n annihilation. Clearly if
p̄p → e+e− has the same cross-section as n̄n → e+e−, the
same will apply to the reverse processes.

It is tempting to assume that a similar argument can be made
for γ γ → �̄� versus γ γ → p̄p, although one expects the
corresponding analysis to be more difficult, as one will have
K+K− in the intermediate state.

We should stress that the two pion intermediate state is used
here only as an illustration. In practice the two pion channel
is very small and most difficult to treat within the approach
of [23], since the semiclassical approximation is best suited
for coherent states. A similar comment applies to a possible
calculation of N̄N annihilation into two photons [24].

In addition to the e+e− →, N̄N , one can also carry out
an analogous analysis for e+e− → �̄�. The relative yields
of �++, �+, �0 and �− will be determined by the relevant
Clebsch-Gordan coefficients [26] and by the corresponding re-
duced matrix elements for isospin 1 and 0. We do not know the
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precise values of these reduced matrix elements, but even with-
out this information, from the Clebsch-Gordan decomposition
we expect

BR(�++) = BR(�−)

and
BR(�+) = BR(�0) (7)

as opposed to the perturbative prediction (4).
Eqs. (7) hold also for γ γ → �̄�, since |I3

�++| = |I3
�−|,

etc., to be contrasted with the perturbative prediction (5). It
would be very interesting to put this to an experimental test!

3.2. Time scales of strong versus EM interactions

It is not enough to propose a mechanism which can ex-
plain the equality of the observed p̄p and n̄n rates. We also
have to explain why the proposed mechanism dominates over
the standard one. After all, the reaction can in principle still
proceed via the usual naive perturbative mechanism, where
quarks couple directly to the virtual photon, like in Figure 1,
and where the σ(p̄p)/σ (n̄n) = 3/2. Thus a crucial question
is why p̄p → e+e− or p̄p → e+e− proceed via intermediate
hadronic states, rather than via direct EM annihilation. In or-
der to answer this question, it is helpful to consider the relevant
time scales.

Consider p̄p on top of each other at rest. The QCD anni-
hilation occurs at a typical time scale of strong interactions,
that is, ∼ 10−24 sec. This is much shorter than a typical time
scale for EM interactions, so that the “direct” QED process,
where q̄q in the p̄p annihilate into a virtual photon simply has
no chance of occurring: QED here is a “Johnny come lately”
who cannot compete with the QCD rate.

QED enters only at the second stage, where the mesonic
“soup” has a (small) chance of going into a virtual photon.
But here we are concerned with the relative rate of p̄p versus
n̄n, so the overall smallness of the QED process pions → e+e−
is not a priori a problem.

3.3. A more realistic intermediate state

The two-pion intermediate state is of course only a toy model
which is helpful in understanding the qualitative features of
the reaction. In order to obtain a more realistic description,
we need to put in a more realistic intermediate state. The first
improvement would be to include intermediate states with n

pions, where n goes over all allowed values,

σ(p̄p → e+e−) ∼
∣∣∣∣∣
∑
n

〈p̄p|nπ〉〈nπ |e+e−〉.
∣∣∣∣∣
2

(8)

In principle one could compute the p̄p → nπ rates using the
methods of [23]. It is not clear how to obtain the relative phases
for different values of n, but if one of the intermediate states
dominates, this problem will not be of practical significance.

A more sophisticated treatment will involve summing over
all allowed intermediate states, not just the n−π states. In prin-
ciple this could be done by combining the low-energy e+e− →
hadrons data with the corresponding data for N̄N annihilation
at rest. One would then sum them channel by channel. There
are very precise data from LEAR for N̄N annihilation at rest
and there are also good data for e+e− → hadrons. Recently
the VEPP-2M collider at Novosibirsk provided highly accu-
rate e+e− data for ECM < 1.4 GeV [27], with excellent finite
state resolution, as shown in Figure 6.

This energy range is below what we need, but it shows the
expected richness of the data. If similar data can be obtained
for ECM

>∼ 2 GeV, they could be combined with the LEAR
data to provide an estimate of the p̄p → e+e− rate through
our mechanism.

Again, one remaining difficulty is the issue of relative
phases, but as already mentioned, if the intermediate state is
dominated by one particular channel, the phase issue will not
be of practical significance.

3.4. A caveat

Clearly, what is presented here is merely a sketch of the
proposed calculation, and in order to convince oneself that
it correctly describes the physics, one should actually put in
the rates for the relevant intermediate processes, in order to
provide a theoretical estimate which can be compared with the
measured rate for e+e− → p̄p or e+e− → n̄n.
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Measuring Time-like Form Factors at PEP-N
P. Bosted
University of Massachusetts, Amherst, MA01003, USA

Some experimental aspects of measuring the proton and neutron time-like form factors at a possible new e+/e− collider
(PEP-N) at SLAC are discussed. The angular coverage of detectors needed for separated electric and magnetic form
factors is given, as well as the performance of time-of-flight for neutron momentum determinations.

1. KINEMATICS

If we assume a positron ring fixed at 3.1 GeV (corre-
sponding to the existing PEP-II ring), then the threshold
for nucleon anti-nucleon production in the electron ring
is about 0.29 GeV. The energy asymmetry gives a sig-
nificant boost to nucleons, making them easier to detect.
Figure 1 shows the relation between nucleon momentum
P and lab angle θ for electron energies from 0.29 GeV up
to 0.49 GeV. For each electron energy, the lines span the
phase space corresponding to −0.8 < cos(θ∗) < 0.8, typ-
ical of that needed for separating the electric (GE) and
magnetic (GM ) form factors. At threshold, both nucleon
and anti-nucleon have P = 1.4 GeV in the direction of the
positron beam, while at higher electron energies, there is
an increasingly large spread in nucleon momenta, and the
lab angles become correspondingly larger. For 0.49 elec-
trons, the momentum range increases to 0.55 < P < 2.3
GeV and the lab angle range increases to 11 < θ < 51
degrees. This means a rather large detector is needed.

Figure 1: Momentum versus lab angle for nucleons at
PEP-N with electron energies indicated. Each set spans
−0.8 < cos(θ∗) < 0.8.

2. TIME-OF-FLIGHT FOR NEUTRON MOMENTUM
MEASUREMENTS

Time-Of-Flight is a crucial technique for momentum
measurements of neutrons. Momentum measurements
are needed even if both neutron and anti-neutron are de-
tected and identified, and the lab angles measured, to
help in the determination of θ∗, and especially to dis-
criminate against inelastic events (for example where two
extra pions are produced through production and decay
of two ∆(1236) resonances). We assume that there will
be 4.2 nsec bunch spacing between collisions. As seen in

Figure 2: Time of flight over 1.8 m (lower plot) and 4.5 m
(upper plot) for neutrons. The dashed line is for β = 1.
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Figure 2, a 1.8 m drift distance to the detectors is ade-
quate to resolve ambiguities over the entire momentum
range of interest, but very good time resolution would be
needed for adequate momentum resolution. For forward
angle, high momentum measurements (P > 1.5 GeV), a
4.55 m drift is preferable (top panel of Figure 2).

Figure 3: Projected error bars for e+e− → nn̄ at PEP-N
assuming 30% detection efficiency and 1031 luminosity. The
top panel is for an electron energy of 0.49 GeV, while the
bottom panel is for 0.33 GeV. The crosses are for GE = GM ,
while the circles are for GE = 0.

3. RATES AND SEPARATION OF GE AND GM

Using the cross section given by

dσ

dΩ
=

α2βC

4Q2

[
|GM |2 (1 + cos2 θ∗) +

4M2
N

Q2 |GE |2 sin2 θ∗
]

(1)
rates were calculated for 6 weeks of running at 1031 lu-
minosity and 30% detection efficiency for combined neu-
tron and anti-neutron. The efficiency for proton/anti-
proton would likely be higher. The dipole approximation
of the form factors was assumed. The rates are several
orders-of-magnitude higher than the previous experiment
at FENICE [1]. Figure 3 shows the expected statistical
errors at many values of cos(θ∗) at two representative
c.m. energies. On each plot, the projected results are
shown with either GE = 0 or GE = GM (which must
be true exactly at threshold). It can be seen that these
two cases can be distinguished easily by fitting the an-
gular distribution. This would be the first experiment

with enough statistical precision to be able to do this,
and in fact errors on GE/GM comparable to those in the
space-like region could be obtained.

Figure 4: Time in weeks needed for an error of 0.15 on
G2

E/G2
M at PEP-N, as a function of electron energy E.

Figure 4 shows the time needed to measure G2
E/G2

M
with an error of 0.15. The times are quite reasonable,
given that PEP-N could potentially devote several dozen
weeks to the dedicated study of NN̄ form factors.

4. SUMMARY

From this very preliminary look at experimental re-
quirements, it appears that with the expected lumi-
nosity and other parameters of PEP-N, time like form
factor measurements can be made that will be orders-
of-magnitude better than previous measurements, espe-
cially in the case of the neutron. The neutron detectors
should detect both neutron and anti-neutron, to separate
out the exclusive final state from inelastic states. With
additional detectors for pions, the form factors for the in-
elastic states (such as ∆∆) can also be measured for the
first time, providing a valuable complement to the space-
like measurements. Time-of-flight with good time resolu-
tion is needed over a few meter range for adequate neu-
tron momentum determination. The angular coverage of
the detectors should extend over a large range, preferably
from 5 to 50 degrees. The high statistics at PEP-N will
allow for the first time good separations of the electric
and magnetic form factors of the proton, neutron, and
resonant states, greatly contributing to our knowledge of
the structure of the nucleon.
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Measuring the Phases of GE and GM of the Nucleon
Stephen Rock
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The nucleon electromagnetic form factors GE and GM are complex quantities in the time-like region. The absolute values can be determined
by measuring the angular distribution of the nucleons in e+e− → NN̄ . The complex phase can only be determined by measuring one or
more polarizations of the initial or final state. For PEP-N, we can use unpolarized e+ and e− and measure the polarization of one of the
outgoing nucleons.

1. INTRODUCTION

The electromagnetic form factors of the nucleons, GE(Q2)

and GM(Q2), depend on Q2.
In the space-like region they are relatively real. They have

been measured using e− + N → e− + N elastic scattering
where Q2 = |q2| is the absolute value of the four-momentum
transfer from the incoming lepton to the nucleon. The tech-
niques used are:

1. Rosenbluth separation: Measurements made at least two
angles and fixed Q2.

dσ/d� ∝ GE(Q2)2 + τGM(Q2)2

1 + τ

+ 2τGM(Q2)2 sin2(θ/2)

2. Polarized beam and polarized target

(a) Target polarization in scattering plane ⊥ q vector:

A⊥ = −PePt

√
2τ(1 − ε)GEGM

εG2
E + τG2

M

(b) Target polarization ‖ to q vector:

A‖ = −PePt

√
1 − ε2τG2

M

εG2
E + τG2

M

3. Polarized beam and polarization of recoil nucleon:

(a) Recoil polarization in scattering plane ⊥ q vector:

Px = −Pe

√
2τ(1 − ε)GEGM

εG2
E + τG2

M

(b) Recoil polarization ‖ to q vector:

Pz = Pe

√
1 − ε2τG2

M

εG2
E + τG2

M

The first method gives only the absolute value of the form fac-
tors. Combining measurements 2a and 2b gives the relative
sign through: GE/GM = √

τ(1 + ε)/2ε · A⊥/A‖. Combin-
ing measurements 3a and 3b gives the relative sign through:
GE/GM = −√

τ(1 + ε)/2ε · Px/Pz. All three methods have
been used in the space like region for both the proton and the
neutron. [1]

In the time-like region q2 is positive and the form factors
are complex, so it is necessary to measure |GE |, |GM | and
the Phase Difference. These can be determined using the pro-
cess e+e− → NN̄ . The momentum transfer q2 = s where
s is the square of the center of mass energy. The NN̄ are in
an L=0 (Gs) of L=1 (Gd ) state with GM = Gs − Gd and
GE = √

s/(2M) · Gs + 2Gd . At threshold Gd = 0 and thus
GM(4M2) = GE(4M2) and Im[GEG∗

M ] = 0. The VMD
model of Dubnickova, Dubnicka, and Strizenec [2] gives pre-
dictions of the magnitude and phases of the form factor and
predict significant non zero phase difference in the PEP-N en-
ergy region.

The following experiments are possible.

1. Unpolarized beam particles.

(a) Rosenbluth separation: Measurements made at at
least two angles and fixed Q2.

dσ/d� = α2
√

1 − 4M2/x

4s

[|GE(s)|2 sin2(θ)/τ + |GM(s)|2(1 + cos2 θ)]
(b) Recoil polarization ⊥ to scattering plane:

Py = − sin(2θ) Im[GEG∗
M ]/√τ

|GE |2 sin2(θ)/τ + |GM |2(1 + cos2 θ)

2. One longitudinally polarized beam particle

(a) Recoil polarization ‖ to baryon:

Pz = −Pe

2 cos(θ)|GM |2
|GE |2 sin2(θ)/τ + |GM |2(1 + cos2 θ)
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(b) Recoil polarization in scattering plane ⊥ to baryon:

Px = −Pe

2 sin(θ) Re[GEG∗
M ]/√τ

|GE |2 sin2(θ)/τ + |GM |2(1 + cos2 θ)

Method 1b allows us to measure the phase difference once
the absolute values have been determined using the Rosenbluth
separation (1a). The measurement can be carried out at all
scattering angles simultaneously.

2. MEASURING POLARIZATION

The polarization of the recoil nucleon can be measured in a
polarimeter similar to the one used recently at JLAB [4]. The
method is to precisely measure the incoming trajectory, re-
scatter the recoil nucleon on a carbon target, and then measure
the outgoing angle to get the angular dependence of the re-
scatter. The number of counts N(�′) is given by:

N(θ ′, φ′) = No(1 + P × Aeff sin �′) (1)

where P is the polarization to be measured, Aeff is the effective
analyzing power, and �′ is the second scattering angle. This
may require a separate detector unless we can embed a precise
position measuring system within the multi-layered shower
counter. The 	 form factors could be measured by using the
self analyzing power of the decay. Corrections must be made
for the precession of the baryon spin by the field of the vertex
magnet.

2.1. Rates and Errors

We estimate that there will be about 200 NN̄ /day. I assume
that we have an analyzing power similar to that at JLAB which

is 0.5 at 230 MeV and 0.1 at a few GeV. The probability of
scatteringPs in the polarimeter is 0.01 to 0.1 giving the figure of
merit Aeff

√
Ps ∼ 0.07. The error on the nucleon polarization

is given by δPs ∼ 1./(A
√

PsN where N is the number of
nucleons going into the polarimeter. With these parameters, a
100 day run yields δP ∼ 0.1.

3. CONCLUSION

GE(s) and GM(s) and their relative phase can be measured
at PEP-N using unpolarized beams and measuring the recoil
polarization of the Nucleon.
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Scientific Program

• R measurements (σhad/σµµ)with application to hadronic corrections: theory, experimental inputs, g − 2 data and
theory, Higgs mass evaluation, existing e+e− data (Mφ < Ecm < Mj/ψ ), measurement and theory at higher and
lower energies, including radiative return from the Upsilon region

• Baryon and meson time-like form factors: PQCD, diquarks and Skyrme predictions, relation with spacelike FF,
transition FF

• Precision QCD tests: tests from τ hadronic decay and e+e−, CVC

• Vector meson spectroscopy: recurrences, hybrids, gluonium

• Two photon physics: γ − γ , γ − γ ∗, γ ∗ − γ ∗

• Potential uses of initial-state polarization

• Dimuonium and Ditauonium formation and detection

• Accelerator/detector requirements: PEP-N presentation, interaction region, background,VEPP2000 and CMD2/SND
upgrade, detector issues: magnet, tracking, photon detection, neutron detection

Program:

Monday, April 30

8:30 J. Dorfan (SLAC) Welcome
8:45 S. Williams (SLAC) Introduction to the Workshop
9:00 J. Seeman (SLAC) The PEP-N Project
9:30 D. Bettoni (INFN-Ferrara) Detector Layout

Theory and Data Related to the R Measurement by PEP-N
Session Chair: V. Sidorov (BINP)

10:15 O. Rind (Boston U.) New Results from BNL on gµ − 2
10:55 W. Marciano (BNL) General Talk on Hadronic Corrections in the SM
11:40 S. Eidelman (BINP) Status of CVC Tests from Electron-Positron Annihilation and tau

Decay
12:10 J. H. Kühn (Karlsruhe) Hadronic Corrections to gµ − 2, Theory and Experimental Data
12:40 S. Menke (SLAC) αs at low Q22

Present Data on R
Session Chair: S. Williams (SLAC)

2:00 Z. Zhao (IHEP) Results and Future Plans from BEPC
2:25 I. Logaschenko (BINP) Precision Measurements of e+e− Annihilation into Hadrons from

BINP
2:55 F. Harris (U. of Hawaii) R Measurements at High Q2



245

PEP-N Accelerator/Detector Design
Session Chairs: D. Hitlin (CALTECH), F Ferroni (Rome IU)

3:45 M.E. Biagini (SLAC) Interaction Region and Lattice Design
4:00 M. Negrini (INFN-Ferrara) Simulation and Detection Efficiencies
4:15 M. Placidi (CERN) Magnet Design
4:30 J. Va ’vra (SLAC) Tracking Design
5:00–6:00 Panel Discussion on the IR and Detector Design
7:00 PM Social Dinner at Hunan Garden Restaurant

Tuesday, May
Vector Mesons Spectroscopy
Session Chair: D. Leith (SLAC)

8:30 A. Zallo (INFN-LNF) New Results in Diffractive Photoproduction from E687 at FNAL
8:50 V. Ivanchencko (BINP) Experimental Status Report on Vector Mesons Spectroscopy
9:10 E. Solodov (BINP) Study of the 1.5–3 GeV region using ISR with BaBar
9:30 A. Dzierba (Indiana U.) Search for Unusual Mesons at CEBAF
9:50 A. Donnachie (U. of Manchester) Vector Meson Spectroscopy

Future R Measurements
Session Chair: P. Dal Piaz (Ferrara U.)

10:10 L. Gibbons (Cornell) Future Plans on R at Cornell
10:45 A.Denig (INFN-LNF) R Measurement from DAFNE
11:05 I. Koop (BINP) VEPP2000 Project
11:25 D.Grigoriev (BINP) CMD2 Upgrade
11:45 V. Druzhinin (BINP) SND Upgrade

Parallel Session on PEP-N Accelerator/Detector Design
Session Chairs: D. Hitlin (CALTECH), F. Ferroni (Rome IU)
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