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Abstract

The γn → π−p and γp → π+n reactions are essential probes of the
transition from meson-nucleon degrees of freedom to quark-gluon degrees of
freedom in exclusive processes. The cross sections of these processes are
also advantageous, for the investigation of oscillatory behavior around the
quark counting rule prediction, since they decrease relatively slower with en-
ergy compared with other photon-induced processes. In this talk, we discuss
recent results on the γp → π+n and γn → π−p processes from Jefferson
Lab experiment E94-104. We also discuss the CLAS g10 analysis on the
γn → π−p process.

1 Introduction

The interplay between the nucleonic and partonic pictures of the strong in-
teraction represents one of the major issues in contemporary nuclear physics.
Although standard nuclear models are successful in describing the interac-
tions between hadrons at large distances, and Quantum Chromodynamics
(QCD) accounts well for the quark interactions at short distances, the physics
connecting the two regimes remains unclear. In fact, the classical nucleonic
description must break down once the probing distances become comparable
to those separating the quarks. The challenge is to study this transition re-
gion by looking for the onset of some experimentally accessible phenomena
naturally predicted by perturbative QCD (pQCD).

The simplest is the constituent counting rule (CCR) for high energy ex-
clusive reactions [1] at fixed center-of-mass angles, in which dσ/dt ∝ s−n+2,
with n the total number of point-like particles and gauge fields in the initial
plus final states. Here s and t are the invariant Mandelstam variables for the
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total energy squared and the four-momentum transfer squared, respectively.
Many exclusive reactions [2] at high energy and large momentum transfer
appear to obey the CCR and in recent years, a similar trend, i.e. global
scaling behavior, has been observed in deuteron photo-disintegration exper-
iments [3] - [6] at a surprisingly low transverse momentum value of ∼ 1.1
(GeV/c)2.

The same dimensional analysis which predicts the quark counting rule
also predicts hadron helicity conservation for exclusive processes at high en-
ergy and large momentum transfers. However, polarization measurements
on deuteron photo-disintegration [7], recently carried out in Hall A at Jef-
ferson Lab (JLab), show disagreement with hadron helicity conservation in
the same kinematic region where the quark counting behavior is apparently
observed. These paradoxes make it essential to understand the exact mech-
anism governing the early onset of scaling behavior. Towards this goal, it
is important to look closely at claims of agreement between the differential
cross section data and the quark counting prediction. Historically, the elastic
proton-proton (pp) scattering at high energy and large momentum transfer
has played a very important role. In fact, the re-scaled 90◦ center-of-mass pp
elastic scattering data, s10 dσ

dt
show substantial oscillations about the power

law behavior. Oscillations are not restricted to the pp sector; they are also
seen in πp fixed angle scattering [8].

Recently, a number of new developments have generated renewed interest
in this topic. Zhao and Close [9] have argued that a breakdown in the local-
ity of quark-hadron duality results in oscillations around the scaling curves
predicted by the counting rule. They explain that the smooth behavior of
the scaling laws arises due to destructive interference between various inter-
mediate resonance states in exclusive processes at high energies. However, at
lower energies this cancellation due to destructive interference breaks down
locally and gives rise to oscillations about the smooth behavior. On the
other hand, Ji et al. [10] have derived a generalized counting rule based on
a pQCD inspired model, by systematically enumerating the Fock compo-
nents of a hadronic light-cone wave function. Their generalized counting rule
for hard exclusive processes include parton orbital angular momentum and
hadron helicity flip, thus they provide the scaling behavior of the helicity
flipping amplitudes. The interference between the different helicity flip and
non-flip amplitudes offers a new mechanism to explain the oscillations in
the scaled cross-sections. The counting rule for hard exclusive processes has
also been shown to arise from the correspondence between the anti-de Sitter
space and the conformal field theory [11], the so-called string/gauge dual-
ity. Brodsky et al. [12] have used this anti-de Sitter/Conformal Field Theory
correspondence or string/gauge duality to compute the hadronic light front
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Figure 1: (a) The fit to pp scattering data at θcm = 90◦ when helicity flip
amplitudes are included as described in [13] . The parameters for the energy
dependent phase was kept same as the earlier fit of Ralston and Pire [14]. The
solid line is the fit result, the dotted line is contribution from the helicity flip
term ∼ s−11, the dot-dashed line is contribution from the helicity flip term
∼ s−12. The ∼ s−12 contribution has been multiplied by 100 for display
purposes.(b) The same data fitted to the form described in [13] but with the
new more general parametrization of the Landshoff amplitude.

wave functions. This yields an equivalent generalized counting rule without
the use of a perturbative theory.

Recently, it has been shown [13] that the generalized counting rule of
Ji et al. [10] along with the Landshoff terms and associated interferences
does a better job of describing the oscillations about the quark counting
rule, in the pp elastic scattering data at θcm = 90◦. Fig 1 shows the results
of such a fit and also shows the explicit contributions from the s−11 and
s−12 terms due to the helicity-flipping amplitudes in this approach. The
value of ΛQCD was fixed at 100 MeV in the fit. This new fit is in much
better agreement with the data. This is specially true in the low energy
region (s < 10 GeV2). The helicity flip amplitudes (mostly the term ∼
s−4.5) are significant at low energies and seem to help in describing the data
at low energies. The contributions from helicity flipping amplitudes which
are related to quark orbital angular momentum, seem to play an important
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role at these low energies, which is reasonable given that the quark orbital
angular momentum is non-negligible compared to the momentum scale of
the scattering process. It is interesting to note that among the helicity flip
amplitudes the one with the lower angular momentum dominates. Similarly
the spin-correlation ANN [15] in polarized pp elastic scattering data can be
better described [13] by including the helicity flipping amplitude along with
the Landshoff amplitude and their interference.

Exclusive γN → πN processes are essential probes to study the transition
from meson-nucleon degrees of freedom to quark-gluon degrees of freedom.
The cross sections of these processes are also advantageous, for investiga-
tion of the possible oscillatory behavior around the quark counting predic-
tion, since they decrease relatively slower with energy compared with other
photon-induced processes. For the γ n → π− p process, no cross section data
exist above a photon energy of 2.0 GeV prior to the recent Jefferson Lab
experiment E94-104 [16].

2 Jefferson Lab Experiment E94-104

Experiment E94-104 was carried out in Hall A [17] at the Thomas Jefferson
National Accelerator Facility (JLab). The continuous electron beam, at a
current around 30 µA and energies from 1.1 to 5.5 GeV, impinged on a 6%
copper radiator and generated an untagged bremsstrahlung photon beam.
The production data were taken with the 15 cm cryogenic liquid hydrogen
(LH2) target for singles p(γ, π+)n measurement, and with the liquid deu-
terium (LD2) target for coincidence d(γ, π−p)p measurement. The two High
Resolution Spectrometers (HRS) in Hall A were used to detect the outgoing
pions and recoil protons. Two new aerogel Čerenkov detectors in the left
spectrometer were constructed for this experiment to provide particle iden-
tification for positive particles, mainly pions and protons, since the time-of-
flight technique fails at high momentum. Details of the Hall A spectrometers
can be found [17].

Based on two-body kinematics, the incident photon energy was recon-
structed from final states, i.e. the momentum and angle of the π+ in the
singles measurement, momenta and angles of the π− and p in the coinci-
dence measurement. A 100 MeV bin with the center of the bin 75 MeV from
the beam energy, was chosen for the data analysis, where the multi-pion con-
tribution was negligible. The data after background subtraction, with cuts
on trigger type, coincidence timing, PID (particle identification), acceptance
and photon energy, were compared to a modified Monte Carlo simulation
code for this experiment based on MCEEP [18] with the same cuts on accep-
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tance and photon energy. The raw cross section was extracted by comparing
data and simulation. The distributions of acceptance, reconstructed momen-
tum and photon energy were in good agreement with results obtained from
simulations. Details on the simulation and the bremsstrahlung photon flux
calculation can be found [19].
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Figure 2: Scaled differential cross-section s7 dσ
dt

as a function of center-of-mass
energy

√
s for a pion center-of-mass angles of 90◦. The upper panel is for the

γp → π+n process, the middle panel is for the γn → π−p process, and the
lower panel is for the γp → π0p process. The green solid squares are results
from [16], and results from Dugger et al. [20] on the neutral pion production
are shown as red open squares. All other world data [22] are shown as black
open circles.

The new results from E94-104 on γn → π−p greatly extend the existing
measurements and exhibit, for the first time, a global scaling behavior at
high energy for this reaction at 90◦. The scaling behavior in π− production
is similar to that in π+ production. Results from experiment E94-104 also
show dramatic change in the scaled differential cross-section from the γn →
π−p and γp → π+n processes in the center of mass energy between 1.8
GeV to about 2.4 GeV and a new resonance structure has been suggested
by the data around 2.1 GeV at a pion center-of-mass angle of 90◦. Fig. 2
shows the scaled differential cross-section s7 dσ

dt
as a function of center-of-mass
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energy
√

s for a pion center-of-mass angles of 90◦ for three different channels.
The upper panel is for the γp → π+n process, the middle panel is for the
γn → π−p process, and the lower panel is for the γp → π0p process. The
green solid squares are results from [16], the red open squares are results from
Dugger et al. [20] on neutral pion production. In both the γp → π+n and
the γp → π0p channel, one sees clearly the ∆ resonance, the N(1500) and
the N(1700) nucleon resonances. In the γn → π−p channel, while one also
sees the ∆ resonance and the N(1500) resonance, the existing data do not
allow for a definitive statement about the N(1700) resonance in the scaled
differential cross-section. There are two distinct features shown in the data
for all three channels: broad resonance structure around a center-of-mass
energy of 2.1 GeV, and a drastic fall-off of the differential cross-section in
a narrow energy window of about 300 MeV. The second feature was first
suggested by Jefferson Lab experiment E94-104 [16] (shown as green solid
squares), and the π−p total scattering cross section data [21]. This has now
been established by preliminary results from g10 on the γn → π−p which
we will discuss next. The error bars for E94-104 include both statistical
and systematic uncertainties, and neutral pion data [20] show only statistical
uncertainties. All other world data are collected from Ref. [22] and are shown
as black open circles.

The observed enhancement around 2.2 GeV might be related to some
unknown baryon resonances. Several baryon resonances are predicted to
be in this energy region by the constituent quark model [23], but have not
been seen experimentally, i.e. the so called “missing resonances”. There
has been some evidence for the N(2070)D15 resonance both from the π0 [24]
and η0 [25] photoproduction off the proton. Recently, a global analysis [26] of
charged pion photoproduction based on Regge model has been carried out for
photon energies between 3 to 8 GeV where nucleon resonance contributions
are expected to be negligible. This allows for the extraction of the non-
resonant background which can then be used to make prediction for photon
energies below 3 GeV. The deviation between the data and the prediction
can then be interpreted as possible signatures for excited baryon resonances,
particularly in the case of polarization observables and differential cross-
section in the case of π− photoproduction from the neutron.

The observed enhancement might be associated with the strangeness pro-
duction threshold [27,28]. They could also be related to the φ-N bound state
which has been predicted recently [29, 30]. The sudden drop in the scaled
differential cross-section may shed light on the transition between the afore-
mentioned physical pictures. To test the onset of the scaling behavior in
charged photopion production process, and to understand the enhancement
and the dramatic drop aforementioned, it is important to investigate the
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detailed scaling behavior in a center-of-mass energy of 1.8 GeV to 2.5 GeV
in very fine photon energy bins. Recently, we have carried out a detailed
study of the differential cross-section of the γn → π−p process from a high
statistics data sample obtained by the Jefferson Lab CLAS detector.

3 CLAS g10 analysis of the γn → π−p process

The experiment was carried out at the Thomas Jefferson National Acceler-
ator Facility (Jefferson Lab) in Hall B with the CEBAF Large Acceptance
Spectrometer (CLAS) [31]. The CLAS detector was designed to provide near
4π coverage of charged particles. Details about the CLAS can be found in
Ref. [31]. For the CLAS g10 experiment [32], a 24 cm long liquid deuterium
target was employed with the target cell positioned 25 cm upstream from the
CLAS nominal center. A tagged photon beam was used which was generated
by an electron beam with an incident beam energy of 3.8 GeV, corresponding
to a maximum

√
s of 2.8 GeV for the process of interest. The event trigger re-

quired at least two charged particles in different sectors. Two magnetic field
settings were used during the experiment corresponding to a low-field setting
(with torus current I=2250 A) and a high field setting (I=3375 A) which pro-
vided different angular coverage and momentum resolution. About 10 billion
triggers were collected during the g10 running period of two months. The
results from high field settings are consistent with those from the low field
setting within systematic uncertainties.

The raw data collected from the experiment were first processed to cal-
ibrate and convert the information from the detector subsystem to physical
variables such as energy, momentum, position and timing. This process gen-
erated about 40 Tera-bytes data. For the process of interest, the γn → π−p
quasifree process from the deuteron, only events with one proton and one π−

were selected. The vertex times of both proton and π− were required to be
within 1 ns of the photon vertex time. For this quasifree process detected,
only the neutron inside the deuteron was coupled to the photon, and the spec-
tator proton was left intact. The spectator proton is usually moving with a
momentum below 200 MeV/c, and is usually not detected by the CLAS. To
select this channel from other background channels, the 4-momentum of the
spectator proton is reconstructed by energy-momentum conservation. Only
events with missing mass around the proton mass were selected to make sure
the missing particle was the spectator proton. Further, a missing momentum
cut of below 200 MeV/c was used in the analysis to select the quasifree events
of γn → π−p from the deuterium target.

Monte Carlo simulations have been carried out to determine the accep-
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tance and efficiency of the CLAS detector. Many practical factors, such as
the geometry and inefficiencies of the detectors, result in loss of events during
the experiment. This has to be recovered by simulations in order to extract
cross sections. A virtual CLAS detector (GSIM) was built based on GEANT,
which simulates an ideal CLAS detector with all the subsystem working per-
fectly. Millions of events were generated and passed through the GSIM and
then the simulated data were processed to incorporate the subsystem efficien-
cies and resolutions extracted from the experiment. All the simulated data
were then processed by the same softwares used in the real data processing
and analysis. The ratio between the events passed the simulation and the
generated events is the product of the acceptance and the efficiency of the
detector. Since deuteron is used as an effective neutron target in this exper-
iment, the final state interaction (FSI) effects must be taken into account
before one extracts cross sections. The FSI correction is estimated according
to the Glauber formulation [33] which relates the nuclear transparency to the
total cross section of final state particle with nucleons inside the nucleus.

Preliminary CLAS g10 results suggest the approach of the scaling region
in the more backward angle kinematics: 70◦ to 110◦. They also confirm
the existence of a broad resonance structure around a center-of-mass energy
of 2.2 GeV at a pion center-of-mass angle of 90◦. The preliminary results
also confirm the drastic drop in differential cross-section by a factor of 15
in an energy window of about 300 MeV from 2.2 GeV to 2.5 GeV at 90◦.
Further, preliminary g10 results show a very interesting angular dependent
resonance structure, i.e. the center-of-mass energy location of this resonance
structure depends on the pion center-of-mass angle. Detailed analysis of the
angular distribution of the data as a function of the center-of-mass energy
will be carried out in the near future to better understand the nature of the
observed resonance structure.
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