SLAC-PUB-10250
November 2003

QCD PHYSICS OPPORTUNITIES IN

LOW-ENERGY ELECTRON-POSITRON
ANNIHILATION:-

Stanley J. Brodsky
Stanford Linear Accelerator Center
Stanford Unwversity, Stanford, California 94309
E-mail: sjbth@slac.stanford. edu

Presented at the Workshop on ete™ in the 1-2 GeV range:
Physics and Accelerator Prospects
ICFA Mini-workshop— Working Group on High Luminosity e™e~ Colliders
Alghero (SS), Italy
10-13 September 2003

*Work supported by Department of Energy contract DE-AC03-76SF00515.



QCD PHYSICS OPPORTUNITIES IN LOW-ENERGY
ELECTRON-POSITRON ANNIHILATION *

Stanley J. Brodsky SLAC, Stanford, CA 94305, USA

Abstract tal features of hadron wavefunctions, and the fundamental

| survey a number of interesting tests of quantum chrocfoIor coherence of QCD interactions,
y 9 q In this talk | will survey a number of tests of QCD

modynamics at the amplitude level which can be Carrle\%/hich test fundamental issues of hadron physics at the

out in electron-positron annihilation and in photon-photo%lmp"tude level. These include measurements of funda-

ggglti;?gfsn?;?sweﬁgfrggs ir?lrglig ihg ée;\t/s ;gﬁigts mental processes such as timelike form factors and tran-
9y N ' sition amplitudes, timelike Compton scattering, timelike

which involve a spectrum of energies can be carried o oton to meson transition amplitudes, and two-photon
advantageously at high energy facilities using the radiati exclusive processes. Many of these réactions test basic
return method. These include measurements of fundame finciples of QCD s.uch as factorization and hadron he-
tal processes such as timelike form factors and transiti

. o . oo f&ity conservation, tools also used in the analysis of ex-
amplitudes, timelike Compton scattering, timelike phOtor(l,lusive B and D decays. Electron-positron annihilation

fo meson transition amplitudes, and two-photon exclusiy n determine whether the effective couplings defined from

processes. Many of these reactions test basic principles (aysical measurements show infrared fixed-point and near-

QCD such as hadronization at the amplitude level, faCto(é}pnformal behavior. | also discuss a number of tests of

ization, and hadron helici nservation Is al . .
ation, and hadron helicity conservation, tools also usg ovel QCD phenomena accessibledhe™ annihilation,

in the analysis of exclusivi and ) decays. Measure- including near-threshold reactions, the production of bary-

ments of the final-state polarization in hadron pair prOducc')nium, gluonium states, and pentaquarks.

tion determine the relative phase of the timelike form fac-" - .=\ - o recently been a number of experimental sur-

t?cr.:,nar&d Ithtxhist:]oztgl%dlicgnm;natte rbeit;"vfﬁ n analyt;itl:(fo: rises in QCD spectroscopy and heavy quark production
ot models ¢ € 1o actors € SPACEIKE Ty hich show the importance of detailed measurements in
gion. The role of two-photon exchange amplitudes can b

. _ — eqectron-positron collisions. These include:
teizfgs::'sng Tt'zeeszhztiégtes isgr:nr?ﬁtr%eosfoﬁf th: d'fc ?e an 1. The cross section measured at Belle [1] for double-
Eet een tr.1e Jefferson laborator pmeas \;ementslof th% Fﬁ_&rmonium production™e™ — J/yn. and.J/pDX is
EtW Y ure %k order of magnitude larger than predicted [2], It is impor-
tio of Gg and G, proton form factors using the polar-

ization transfer method versus measurements using the tFa[lt to see whether this anomaly also holds for analogous
" o 9 c%annels involving strangeness:e™ — ¢n andgoK X.
ditional Rosenbluth method. Precision measurements 0 . : .
2. The evidence for the predicted gluonic bound states

the electron-positron annihilation cross section can test the _ o .
s ) : . 999, qqg spectroscopy of QCD is still not conclusive.
generalized Crewther relation and determine whether th?ﬁ%e subprocessest e~ — czgg ande®e~ — czcz have

effect|ye coupll.ngs defmed from physical measurer.nen%somparable rates, suggesting a large role for the production
show |.nfrared fixed-point and near conformal behavior. of associated charmonium plus gluonic states. See Fig. 1.
also d|§cus_s a ”Embe_r (.)f t_ests_of nOYE| QCD phenomer'lar\ed Goldhaber, Jungil Lee and | have recently calculated
accessible ireTe~ annihilation, including near-threshold the cross section farte— — HG using perturbative
reactions, the production of baryonium, gluonium stateﬁCD factorization [3]. We finth:hOéi/* —>gJ/1/}g oro
. 0 -
and pentaquarks. duction dominates over that df/¢G,, and show how the
angular distribution of the final state can be used to deter-
INTRODUCTION mine the angular momentum and projectionJ, of the
_ glueball; onlyJ, = +2 tensor states are produced by the
~Quantum Chromodynamics has been very well tested gt ,rhative QCD mechanism at leading twist. The rate for
high energies, particularly in inclusive reactions involving,+,- _, J /G, production could be comparable to the
large momentum transfers much higher than the QCD scalgresponding nonrelativistic QCD (NRQCD) prediction
AQC-D. Te;ts of QCD at I.ow energies are much more chalrOr ete~ — J/yn. without exceeding the known bound
lenging, since they require an understanding of nonpertug,m radiativeY decay. Another interesting glueball search
bative elements of the theory, including the behavior of thﬁrocess is the missing mass spectruraiin~ — ¢X.
QCD coupling at low momentum transfers, the fundamen- 3 Neaw signals for baryonium resonances just below

L= + = . .
*This work was supported by the Department of Energy contractDEt—hr(_:‘ShOld Inpp — e’e” (odd Ch,arge,conJUQatlon) and
AC03-76SF00515 J/v — (pp)y (even charge conjugation) have been re-

t sjpth@slac.stanford.edu ported [4, 5, 6], but not inf/v» — (pp)7° (odd charge
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Figure 1: lllustration of QCD mechanism for the exclu-
sive production of quarkonium and gluonium in electron-
positron collisions.

v
conjugation). A strong threshold enhancement is also ob- ‘
served inpp — eTe™ [7]. These near-threshold states
may reflect the binding ofiqq or ¢¢ systems, the QCD &
van der Waals interaction [8, 9], quark interchange covalent _
bonds, or attractive meson exchange interactions analogous d

to the nuclear potential [10, 11]. It is important to test this

phenomenon not only in baryon production near threshold

efe” — BB andyy — BB, butalso for any hadron-pair

threshold. It is also interesting to study the formation of sesoss

Coulomb-bound atomic states suchuds:~ andrt7-.

4. The recent discovery [12, 13, 14, 15] of a pentaquark. . . . .
state©™ (uddus) indicates that the spectroscopy of QCDEQE;erIé Mechanisms for producing baryon pairs and pen-
is much richer than previously thought [16, 17, 18, 19, 205 q
These states could be produced and analyzed in exclusive

reactions such as*e” — @Jr(ﬂddg)@l%“dds) and  guark Fock states in the light hadrons [24]. It is impor-
ete™ — ©F (uudds) K~ (us)n(udd) or©* K p. See Fig. tant to verify whether hadron-helicity conservation is ob-
2. These types or reactions can give decisive informatiogerved in the continuum production of meson pa@s,
on the quantum numbers of the new states. The form fag+¢~ — pr should be strongly suppressed.
tor for timelike pentaquark pair production is predicted to 7. The form factors of hadrons as measured in both the
falloff as s—* according to dimensional counting rules.  spacelike and timelike domains provide fundamental infor-
5. The transition form factor foep — eA™ falls mation on the structure and internal dynamics of hadrons.
anomalously fast at high spaceliké compared to other Recent measurements [25] of the electron-to-proton polar-
ep — eN* form factors [21]. Is this due to a special char-ization transfer ine’™ p — e~ P scattering at Jefferson
acteristic of A substructure? For example, if th®* is  Laboratory show that the ratio of spacelike Sachs form
dominantly a pentaquarkuuud state, then the timelike factors [26]G%,(¢%)/G%,(¢?) is monotonically decreasing
ete~ — PAT transition form factor will fall ass—3 com-  with increasing)? = —¢2, in strong contradiction with the
pared to the canonical 2 QCD fall-off for timelike baryon G /G, scaling determined by the traditional Rosenbluth
pair form factors. separation method. The Rosenbluth method may in fact
6. The phenomenology of /1) decays is still puz- not be reliable, perhaps because of its sensitivity to uncer-
zling [22]. For example, the decal/1) — pr is the largest tain radiative corrections, including two-photon exchange
two-body decay channel for thE/+ even though the decay amplitudes [27]. The polarization transfer method [25, 28]
of the J /¢ with J* = +1 to pseudoscalar vector channelss relatively insensitive to such corrections.
is forbidden by hadron helicity conservation [23], which The same data which indicate th@§ for protons falls
follows from QCD factorization and the chirality conserva-faster thaniy,; at large spacelik&)? require in turn that
tion of QCD interactions. In contrast, the has not been F;/F; falls more slowly tharl /Q?. The conventional ex-
observed to decay tor. As discussed below, an intrigu- pectation from dimensional counting rules [29] and pertur-
ing solution of this puzzle is the presence of intrinsic heavpative QCD [30] is that the Dirac form factéh should fall

ol




with a nominal powet /Q*, and the ratio of the Pauli and ot '
Dirac form factors,F; /Fy, should fall like1/Q?2, at high ! ' + \‘> ! .
momentum transfers. The Dirac form factor agrees with
this expectation in the rang@? from a few GeV to the
data limit of 31 GeV?. However, the Pauli/Dirac ratio is
not observed to fall with the nominal expected power, and +
the experimenters themselves have noted that the data is > . '

v

e e

well fit by F»/F; o 1/Q in the momentum transfer range
210 5.6 GeV.

The new Jefferson Laboratory results make it critical to
carefully identify and separate the timelikéz and G,

form factors by measuring the center-of-mass angular d.'?'lgure 3: lllustration of initial state radiation in electron-

tribution and by measuring the polarization of the proton 'rﬂ)ositron collisions. The contribution where the photon is

baryon paie e — BB reactions, Polar|zat|oq MEeASUre-omitted from the hadron currents causes charge and spin
ments can determine phase structure of the timelike for%ymmetries

factors and thus provide a remarkable window into QCD at
the amplitude level [31]. The role of two-photon exchange
amplitudes can be tested using the charge asymmetry ofin radiative inclusive reactions;te~ — ¢gv, the in-
theete™ — BB processes. The advent of high luminos+erference of initial and final state radiation produces jet
ity e*e™ colliders at Frascati and elsewhere provide thgharge asymmetries which measure the cube of the quark
opportunity to make such measurements, both directly a@hargeeg. [35, 36] The hadron charge asymmetry in semi-
via radiative return. inclusive reactiongte~ — HE~yX determines interest-
The advent of electron-positron colliders of high lumi-ing odd charge-conjugation fragmentation functions [35].
nosity thus can open up a new range of sensitive tests pf the case of exclusive reactions, one can use the hadron
QCD. The following sections give an introduction to thecharge asymmetry to measure the interference of the time-
theory of a number of*e™ collider topics including hard  |ike Compton amplitude*e~ — ~* — H*+H~~ with the
exclusive processes such as timelike Compton scatteringnelike form factor appearing in the initial state radiation
timelike photon-to-pion transition amplitudes, two-photoramplitudeete~ — ~*y — H*H~~. This remarkable
exclusive processes and single-spin polarization asymmghysics potential is discussed in more detail below. The

tries. Many of these topics test the main tools used in thérresponding formulae for lepton charge asymmetries in
analysis of exclusivés and D decays and thus are highly ¢+¢~ — /7~ are given in Ref. [35]

relevant to progress in that field.

Some of the tests discussed here reqeire~ center of
mass energy as small g6s = 2 GeV. Other tests which EXCLUSIVE PROCESSES IN QCD

involve a spectrum of energies can be carried out advan-Harg hadronic exclusive processes such as timelike an-

tageously at high energy facilities using initial-state radianinilation ete— — HH andyy — HH are at the fore-
tion [32, 33, 34]. See Fig. 3. Recent results from KLOByont of low energy QCD studies, particularly because of
and BaBar are given in [32, 33, 34]. The radiation of a hargheir role in the interpretation of exclusive hadroticde-
photon from the initial-state electron or the positron aIIow%ays' processes which are essential for determining the
one to measure the annihilation cross section at a lower e\ phases and the physics 6fP violation. Perturba-

ergys(1 — ). The basic formula is: tive QCD and its factorization properties at high momen-
tum transfer provide an essential guide to the phenomenol-
do(s,x) ; .
y =Wi(s,x)o[s(1 — x)] (1) ogy of exclusive amplitudes at large momentum transfer—
v the leading power fall-off of form factors and fixed-angle
where in Born approximation cross sections, the dominant helicity structures, and their

) color transparency properties. The perturbative QCD pre-
_ 2j(2ln 5 (1 —a+ 957) ) dictions for two photon reactions can be compared with a
T Me 2 phenomenological successful model based on the handbag

. . : . approximation [37].
Although the effective luminosity using ISR is reduced by A primary issue is the nature and shapes of hadron light-

the probability for radiation,_this is compensated by t_he fa‘ﬁ’ont wavefunctions, the amplitudes which interpolate be-
that one measures the entire spectrum at one setting of. een hadrons and their quark and gluon degrees of free-

om. This is particular important faB physics since the

_ ) alculation of exclusive hadroni8 are computed from the
atd < \/%I If the photon is radiated at large angles, theqonyolution of hadron wavefunctions and distribution am-
one can test for single spin asymmetries relative to the ngplitudes. For example, the decay amplitude fr— (or
mal7 = p,+ x p,— to the annihilation plane. is exactly given by the overlap @ andr light-front wave-

W (s, x)



functions. Furthermore the phase structure of hadronic arsion of Sudakov suppression form factors, these contribu-
plitudes and the effects of color transparency are directljons also have a scaling behavior close to that predicted by
relevant to the analysis of phase structurdsadecays. constituent counting.

There has been considerable progress analyzing exclu-As shown by Maldacena [41], there is a remarkable cor-
sive and diffractive reactions at large momentum transfeespondence between lardé- supergravity theory in a
from first principles in QCD. Rigorous statements can baigher dimensional anti-de Sitter space and supersymmet-
made on the basis of asymptotic freedom and factorizaic QCD in 4-dimensional space-time. String/gauge dual-
tion theorems which separate the underlying hard quaity provides a framework for predicting QCD phenomena
and gluon subprocess amplitude from the nonperturb&ased on the conformal properties of the ADS/CFT corre-
tive physics of the hadronic wavefunctions. The leadingspondence. In a remarkable recent development, Polchin-
power contribution to exclusive hadronic amplitudes suckki and Strassler [42] have derived the dimensional count-
as quarkonium decay, heavy hadron decay, and scatteriimg rules using string duality, mapping features of gravi-
amplitudes involving large momentum transfer can usualliational theories in higher dimensiofiddsSs) to physical
be factorized as a convolution of distribution amplitude®CD in ordinary 3+1 space-time. The power-law fall-off
ou(z;, A) and hard-scattering quark/gluon scattering amef hard exclusive hadron-hadron scattering amplitudes at
plitudesT}; integrated over the light-cone momentum fraclarge momentum transfer can be derived without the use of
tions of the valence quarks [38]: perturbation theory by using the scaling properties of the

hadronic interpolating fields in the largeregion of AdS
MHadron = /H ¢5L?) (SUZ‘, )‘1) T}—[A)dl‘l . (3) Space' ) ) ) . . . .
The distribution amplitudes which control leading-twist
(A) : ) ] _exclusive amplitudes at high momentum transfer can be
HereT}; is the underlying quark-gluon scattering ampli-gated to the gauge-invariant Bethe-Salpeter wavefunc-
tude subprocess in which each mudgnt and final hadronig), 5t equal light-cone time = z*. The logarithmic
replaced by valence quarks with collinear momeljta=  eyolution of the hadron distribution amplitudes (z;, Q)
xipjy, ki = xip g The invariant mass of all interme- with respect to the resolution scafecan be derived from
diate states iy is evaluated above the separation scalghe perturbatively-computable tail of the valence light-cone
M, > A*. The essential part of the hadronic wavefuncyavefunction in the high transverse momentum regime.
tion is the distribution amplitude [38], defined as the inteThe DGLAP evolution of quark and g|uon distributions
gral over transverse momenta of the valence (lowest parian also be derived in an analogous way by computing
cle number) Fock wavefunctioe;g.for the pion the variation of the Fock expansion with respect to the
separation scale. Other key features of the perturbative
O (2, Q) = /ko:L wé%?/)ﬂ(:vi,ﬁli,)\) (4) QCD analyses are: (a) evolution equations for distribu-
tion amplitudes which incorporate the operator product ex-
where the separation scale can be taken to be order pansion, renormalization group invariance, and conformal
of the characteristic momentum transfér in the pro- Symmetry [38, 43, 44, 45, 46]; (b) hadron helicity conser-
cess. It should be emphasized that the hard scattering a¥@tion which follows from the underlying chiral structure
plitude T is evaluated in the QCD perturbative domair®f QCD [23]; () color transparency, which eliminates cor-
where the propagator virtualities are above the separatiéCtions to hard exclusive amplitudes from initial and final
scale. The leading power fall-off of the hard-scatteringtate interactions at leading power and reflects the under-
amplitude as given by dimensional counting rules follow#/ing gauge theoretic basis for the strong interactions [47]
from the nominal scaling of the hard-scattering ampli&nd (d) hidden color degrees of freedom in nuclear wave-
tude: Ty ~ 1/Q"*, wheren is the total number of functions, which rgflect the color structure of hadron and
fields (quarks, leptons, or gauge fields) participating ifuclear wavefunctions [48]. There have also been recent
the hard scattering [29, 39]. Thus the reaction is dom@dvances el!mmatmg. renormgllzatlon scale ambiguities in
nated by subprocesses and Fock states involving the mifjard-scattering amplitudes via commensurate scale rela-
mum number of interacting fields. In the case2of-> 2 tlons_[49] which connect the coup_lmgs entering exclusive
scattering amplitudes, this implie%(AB — CD) = amplitudes to thex‘_/ coupling which controls the QCD
Fap_cp(t/s)/s" 2. In the case of form factors, the N€avy quark potential.
dominant helicity conserving amplitude obey&t) ~
(1/t)"# =1 whereny is the minimum number of fields in ~ EXCLUSIVE TIMELIKE REACTIONS
the hadror# . The full predictions from PQCD modify the AND HADRON HELICITY

nominal scaling by logarithms from the running coupling CONSERVATION
and the evolution of the distribution amplitudes. In some

cases, such as large angje— pp scattering, there can be  Measurements of exclusive hadronic amplitudes in the
“pinch” contributions [40] when the scattering can occutimelike domain can test many basic principles of QCD,
from a sequence of independent near-on shell quark-quarcluding factorization principles, dimensional counting
scattering amplitudes at the same CM angle. After incluules, hadron helicity conservation, color transparency and



the possible role of higher Fock states such as intrinstee suppressed in the leading twist lingtg.

charm. Dimensional counting rules test the near conformal

nature of QCD at moderate to high momentum transfers. Tcte—pr(S) x Aécp ©6)
The essential prediction for the production cross section of Octe— —mtn—(9) s

N hadrons each emitted at distinct fixed CM angles is th
leading power-law prediction

gurprisingly, this critical PQCD prediction has not been

tested. Ifit fails, the perturbative QCD approach to hard ex-

AR+ e~ 1y Hy. Hy (s) [aSAéCD]nm,g 5) clusiye_ hadron processes including the QC;D facto_rization
dQ1dQs...dON 1 P ) predictions for exclusivé3 decays would be in question.

h is th | b ‘ K and af In the case of electron-proton scattering, hadron helicity
wheren,, IS the total number of quark and gluon Con'é:onservation states that the proton helicity-conserving form

stituents in the final state hadrons. The prediction is mo actor ( which is proportional t@7,) dominates over the

oton helicity-flip amplitude (proportional t& at
of the QCD coupling. However, there is now substarrllgrrge momen¥umptran§fer H;Z:%QMMQ QE/:\@qz
tial theoretical and empirical evidence that the QCD COUty, e HHC predictsGE(Qé)/ﬁGM(QQ) _ 0 at Iargé

pling has an effective IR fixed point and can be treate 2 The new data from Jefferson Laboratory [50] which
as a constant over a large range of momentum transfe ows a decrease in the ratit (Q2) /G (Q2) is not it-

In the case of two-body final states, this scaling predici‘§elf in disagreement with the HHC prediction

sF(s) — const ‘;‘” meson pairs ane” F; (s) — const The leading-twist QCD motivated for*G; (Q?) ~
for baryon pairss°F(s) — const for deuteron pairs, and const/Q* In Q*A? provides a good guide to both the time-

4 ; ! .
Sh F(s) ; const Lor pentaqluarkf pl"lj“r?f' ?i dlscusizd MNike and spacelike proton form factor data@t > 5 Ge\V2
the m_t_ro uction, the anomalous fail-oft o ,t e proto 10 51]. However, the Jefferson Laboratory data [50] appears
transition form factor may indicate a dominance of highe

\ , , 0 suggestQ 5 (Q?)/F1(Q?) ~ const, for the ratio of
Fock states in theb. Th'f canibe tested by measuring thethe proton’s Pauli and Dirac form factors in contrast to
power-law fall-off ofeTe™ — pA.

- _ _ .__the nominal expectatio®? F5(Q?)/F1(Q?) ~ const ex-
Hadron helicity conservation (HHC) is a QCD selectio ected (modulo logarithms) from PQCD. It should however

rule concerning the behavior of helicity amplitudes at hig e emphasized that a PQCD-motivated fit is not precluded.
momentum transfer, such as fixed CM scattering. Singe,

the convolution ofl’y with the light-cone wavefunctions or example, the form

projects out states with, = 0, the leading hadron ampli- F»(Q?) 1A

tudes conserve hadron helicity [23, 22]. Thus the dominant F1(Q?) = 1+ (Q2/c) lnb(l +Qa) (7)

amplitudes are those in which the sum of hadron helicities

in the initial state equals the sum of hadron helicities iRvith 4 = 1.79, a = 4m?2 = 0.073 GeV?, b = —0.5922,

the final state; other helicity amplitudes are relatively supe = 0.9599 GeV? also fits the data well [52].

pressed by an inverse power in the momentum transfer. |t is usually assumed that a heavy quarkonium state such
The study of time-like hadronic form factors usielge~  as theJ/+ always decays to light hadrons via the annihila-

colliding beams can provide very sensitive tests of hadration of its heavy quark constituents to gluons. However, as

helicity conservation, since the virtual photondhe™ —  Karliner and | [24] have shown, the transitioify) — pr

v* — hahp always has spin:1 along the beam axis at can also occur by the rearrangement ofda&om the.J /¢

high energies. Angular momentum conservation implieiito the | ggce) intrinsic charm Fock state of the or 7.

that the virtual photon can “decay” with one of only twoOn the other hand, the overlap rearrangement integral in

possible angular distributions in the center of momentunthe decay)’ — pr will be suppressed since the intrinsic

frame: (1 + cos?6) for [Aa — Ag| = 1 andsin®6 for  charm Fock state radial wavefunction of the light hadrons

|Aa — Ap| = 0 whereXy and Ap are the helicities of will evidently not have nodes in its radial wavefunction.

the outgoing hadrons. Hadronic helicity conservation, @shis observation provides a natural explanation of the long-

required by QCD, greatly restricts the possibilities. It im-standing puzzle why thd /) decays prominently to two-

plies that\ 4 + Ap = 0. Consequently, angular momentumbody pseudoscalar-vector final states in conflict with HHC,

conservation requirgs 4| = [Ag| = 1/2 for baryons, and whereas the)’ does not. If the intrinsic charm explanation

|Aal = [Ap| = 0 for mesons; thus the angular distribu-is correct, then this mechanism will complicate the analy-

tions for any sets of hadron pairs are now completely detesis of virtually all heavy hadron decays suchjag — pp.

mined at leading twist;; 2% (eTe~™ = BB) o« 1 +cos?6  In addition, the existence of intrinsic charm Fock states,

and dj(j’se(lee— = MDM)  sin® 0. Verifying these an- even at a few percent level, provides new, competitive de-

gular distributions for vector mesons and other higher spicay mechanisms faB decays which are nominally CKM-

mesons and baryons would verify the vector nature of theuppressed [53]. For example, the weak decays of the B-

gluon in QCD and the validity of PQCD applications to ex-meson to two-body exclusive states consisting of strange

clusive reactions. In the case of vector pseudoscalar chagmus light hadrons, such aB — =K, are expected to

nels, parity conservation requires that the vector meson hias dominated by penguin contributions since the tree-level

J, = 1. Thus the vector-pseudoscalar meson pairs must— suu decay is CKM suppressed. However, higher Fock




states in the B wave function containing charm quark pairs et

can mediate the decay via a CKM-favored— scc tree-

level transition. The presence of intrinsic charm in the i
meson can be checked by the observation of final states H+
containing three charmed quarks, suchs— J/¢Dn

[54].

e

TIMELIKE VIRTUAL COMPTON 8650hs
SCATTERING

The Compton amplitudeyr — 7 is the simplest Figure 4: Process for measuring the timelike Compton am-
two-body scattering amplitude in QCD after lepton-mesogjitude~* — HH~.

scattering. Despite its fundamental importance, the me-
son Compton amplitude has never been measured directly.
However, one can make interesting measurements of th@ amplitude [65].
timelike Compton amplitude using" e~ — v* — HH7. To leading order inl/Q, the deeply virtual Compton
See Fig. 4. More generally, one can use electron-positra@cattering amplitude*p — ~p factorizes as the convo-
annihilation to measure the timelike Compton amplitudéution in = of the amplitudet* for hard Compton scat-
for virtually any hadron:~* — HH~ where H can be tering on a quark line with the generalized Compton form
any neutral or charged meson or baryon. The interferentactors H(x,t,(), E(z,t,¢), H(xz,t, (), and E(z,t,()
with the radiative return amplitudete~ — ete™y —  of the target proton. Here is the light-cone momen-
v*y — HH~, which is proportional to the timelike tum fraction of the struck quark, angl = Q2?/2P - ¢
form factor Fz(¢?), can be measured through — H  plays the role of the Bjorken variable. The form factor
charge and single-spin asymmetries. One can also med{«, t,{) describes the proton response when the helic-
sure timelike transition Compton amplitudes — HH ity of the proton is unchanged, and(z, t, ¢) is for the
and timelike form factors. In principle, the spacelike and:ase when the proton helicity is flipped. Two additional
timelike amplitudes are related by crossing and dispefunctionsH (z, t, (), and E(x, t, () appear, corresponding
sion theory to generalized parton distributions; in practo the dependence of the Compton amplitude on quark he-
tice, the timelike analysis involves even more complexitielcity. These “skewed” parton distributions involve non-
than virtual Compton scattering. One of the most interzero momentum transfer, so that a probabilistic interpreta-
esting measures is the two-hadron distribution amplitud#on is not possible. However, there are remarkable sum
¢Hﬁ($,/\/12, Q?) which measures the transition betweernrules connecting the chiral-conserving and chiral-flip form
a qg state and thed H hadron pair with invariant mass factors H(x,t,¢) and E(z,t,¢) with the corresponding
M? = (py + pﬁ)Q [55, 56]. One can factorize this dis- Spin-conserving and spin-flip electromagnetic form factors
tribution amplitude from the timelike virtual Compton am-F1(t) and F(t) and gravitational form factors(¢) and
plitude when the quark propagator has high virtuad)y. ~ Bq(t) for each quark and anti-quark constituent [57]. Thus
It obeys the same operator product expansion and the saffeply virtual Compton scattering is related to the quark
type of logarithmic? evolution as the pion distribution contribution to the form factors of a proton scattering in a
amplitude. gravitational field. All of these form factors can be mea-
The~*y — 77~ hadron pair process is related to vir-sured for timelike photons in* — H H~ for protons as
tual Compton scattering on a pion target by crossing. Thaell as other hadrons.
leading-twist amplitude is also sensitive to the:—1/(1—

x) moment of the two-pion distribution amplitude coupled CHARGE ASYMMETRIES IN TIMELIKE

to two valence quarks. EXCLUSIVE REACTIONS
The virtual Compton scattering amplitudg¥y* —

H H~) have extraordinary sensitivity to fundamental fea- The discrepancy between the Rosenbluth and polariza-
tures of hadron structure [57, 58, 59, 60, 61, 62, 63, 64{ion transfer methods determinations of the proton form
Even though the final-state photon is on-shell, the deepfactors has led to a focus on the role of two-photon ex-
virtual Compton process probes the elementary quadbange amplitudes iap — ep scattering. In the time-
structure of the hadron near the light cone as an effectivike case, the interference between the one- and two-photon
local current. In the spacelike case, the scaling, Reggxchange amplitudes ieire~ — HH leads to a charge
behavior, and phase structure of deeply virtual Comptoasymmetry at ordes a difference in the angular distribu-
scatteringy*p — ~p have been discussed in the contextion of H vs. H relative to the incident electron direction.
of the covariant parton model in Ref. [65]. The inter-See Fig. 5. This angular asymmetry thus measures the
ference of Compton and bremsstrahlung amplitudes giveslative phase of the*y* — HH timelike Compton am-

an electron-positron asymmetry in th€p — ep cross plitude and the timelike form factoy* — HH. One also
section which is proportional to the real part of the Comphas to take into account the contribution to the asymmetry



due to the interference of amplitudes from soft photon radisalence light-cone wavefunction of the pion:
ation from the lepton and hadron system. One can use the

1
charge asymmetry iate~ — p™p~ as the standard. Fou(Q?) = \;%/0 dxdar(z, Q)Tf_,M(a:, Q%*. (8)

. . The hard scattering amplitude foy* — q¢q is
e H TH,(2,Q%) = [(1-2)Q% " (1 + O(a,)) . The leading
QCD corrections have been computed by Braaten [67]. The
evaluation of the next-to-leading corrections in the physical
ay scheme is given in Ref. [68]. For the asymptotic distri-
bution amplitudes>Y™Pt (1) = /3 f,x(1—x) one predicts
e H™ Q2F77r<Q2) =2fx (1 - §av£rQ*)> whereQ* = e=3/2Q

3
is the BLM scale for the pion form factor. The PQCD pre-
dictions have been tested in measurementsyof— en®
N by the CLEO collaboration [69]. The flat scaling of the
e H* Q*F,-(Q?) data fromQ? = 2 to Q* = 8 GeV” provides
an important confirmation of the applicability of leading
twist QCD to this process. The magnitude@F, . (Q?)
is remarkably consistent with the predicted form, assum-
ing the asymptotic distribution amplitude and including the
' LO QCD radiative correction withy, (e=3/2Q) /7 ~ 0.12.
H™ One could allow for some broadening of the distribution
ééé%%f amplitude with a corresponding increase in the value of
ay at small scales. Radyushkin [70], Ong [71] and Kroll
[72] have also noted that the scaling and normalization
Figure 5: Interference of one and two-photon exchange arfit the photon-to-pion transition form factor tends to fa-
plitudes forete~ — HH vor the asymptotic form for the pion distribution amplitude
and rules out broader distributions such as the two-humped
i . form suggested by QCD sum rules [73].
The theory of the two-photon exchange amplitude in- ¢ photon-to-pion transition form factdt, .. (¢2) is

volves all of the com[*JIe*xities of the doubly-virtual timelike he simplest hadronic matrix element in QCD and also one
Compton amplitude*y* — HH. At high virtualities one o most fundamental. As noted above, the matrix ele-

expects a quark handbag approximation [37] to be V"’,‘”(#nent<7r0|j“(0)|7> transition form factor for spacelike mo-
The hadron asymmetry will then mimic the corresponding,anta has been measured in the spacelike dogdain 0
efe” — ptp” asymmetry weighted by the sum of quarkyy, scattering electrons on photonsy — ex®. However,
charge squares and the) j = 0 moment characteristic of F,_.(¢?) can also be measured in the timelike domain
aj = 0 fixed pole in Regge theory [_66]. A careful mea- 2 _ ;' usingete—~* — 7%v. See Fig. 6. Since the
surement of the charge asymmetry in charged meson agfly, pas positive, there is no background from radiative
baryon pair production could illuminate the role of tWo-rey,rn_ predictions for timelikg? van be made by analytic
photon exchange in exclusive amplitudes. continuation. It would be very valuable to test the PQCD
predictions in the timelike domain, including the effect of

vector mesons in the approach to scaling. One also can test
THE PHOTON-TO-PION TRANSITION predictions for they — H? form factor for anyC' = +

FORM FACTOR AND THE PION meson or hadronic system. A comprehensive discussion of

DISTRIBUTION AMPLITUDE the transition form factors for spacelike and timeliKeis
given in Ref. [74].
The simplest and perhaps most elegant illustration of an
exclusive reaction in QCD is the evaluation of the photon- EXCLUSIVE TWO-PHOTON

tO'pion transition form faCtO[‘F,),_,ﬂ-(Qz) which is mea- ANNIHILATION INTO HADRON PAIRS
surable in single-tagged two-photes — een® reac-

tions. The form factor is defined via the invariant ampli- Two-photon reactionsyy — H H atlarge s <k; +k2)?

tude " = —ie?Fr, (Q?)e" P pTe,q, - As in inclusive and fixedf.,, provide a particularly important labora-
reactions, one must specify a factorization scheme whidbry for testing QCD since these cross-channel Compton
divides the integration regions of the loop integrals int@rocesses are the simplest calculable large-angle exclusive
hard and soft momenta, compared to the resolution scatadronic scattering reactions involving two hadrons. See
Q. At leading twist, the transition form factor then factor-Fig. 7. The helicity structure, and often even the absolute
izes as a convolution of the*y — ¢g amplitude (where normalization can be computed for the leading power-law
the quarks are collinear with the final state pion) with theontribution for each two-photon channel [75].




lenceq andg with light-cone fractions of the meson’s mo-
mentum, integrated over transverse momenta< @). The
' contribution of non-valence Fock states are power-law sup-
pressed. Furthermore, the helicity-selection rules [23] of
perturbative QCD predict that vector mesons are produced
with opposite helicities to leading order I @ and all or-

e °MMNe _ders ina_s. T_he d_ep_endence im andy pf s_everal terms
11-2003 in T ) is quite similar to that appearing in the meson’s
8680A3 electromagnetic form factor. Thus much of the dependence
on¢a (z, Q) can be eliminated by expressing it in terms of

. ) . T the meson form factor. In fact, the ratio of the — 77~
Figure 6: Process for measuring the timelike photon to ME dete— — 1t amplitudes at larae and fixedd
son transition amplitude* — M~. peB b g oM

is nearly insensitive to the running coupling and the shape
of the pion distribution amplitude:

_In the case of meion pairs, dimensional countmg pre- %‘Z(W ) 4|y (5)2

dicts that for larges, s*do/dt(~y — MM scales at fixed ~

t/s or O . Up to factors ofn s/A2.

et Y

(10)

GOy —ptpm)  1—cos®Oem

The comparison of the PQCD prediction for the sum
of 7t~ plus K+ K~ channels with CLEO data [76] is
shown in Fig. 8. The CLEO data for charged pion and
kaon pairs show a clear transition to the scaling and angular
distribution predicted by PQCD [75] fdV = /5., > 2
GeV.

X Itis particularly important to measure the magnitude and
angular dependence of the two-photon production of neu-
tral pions andp™ p~ cross sections in view of the strong

T sensitivity of these channels to the shape of meson distri-

bution amplitudes.

Perturbative QCD predicts a strong suppression of the
leading-twist cross section fory — 797 relative to the
cross section fory — 7+tx~. This suppression is due
to the negative interference between the amplitudes involv-
Figure 7: IIIustrat?o_n of two vir_tual photon annihi_lation in ing two-quark currents with the single quark current ampli-
lepton-lepton collisions. The final state can be sifgle-  y,des. This cancellation does not appear in models based
+ hadrons, hadron pairs (double virtual Compton), or morgp, the handbag approximation [37] in which the only dia-
generall’ = + systems. gram which appears is a factorized on-shell— ¢g Born

_ _amplitude. Thus the measurements of this ratio is crucial

The angular dependence of they — HH ampli- {4 testing the perturbative QCD factorization of exclusive
tudes can be used to determine the shape of the proceggsp|itudes. A similar test can be carried out by measuring
independent distribution ar@htudegsy(x, Q). An IMpor-  the neutral to charged pion pair ratiodfie™ — 7.
tant feature of the/y — M M amplitude for meson pairs ¢ also predicts that the production cross section for
is that the contributions of Landshoff pitch singularities ar@hargedp-pairs (with any helicity) is much larger that
power-law suppressed at the Born level—even before taks, tnat of neutralp pairs, particularly at largé. ... an-

ing into account Sudakov form factor suppression. Theiges sSimilar predictions are possible for other helicity-zero
are also no anomalous contributions from the» 1 end- | jesons.

point integration region. Thu.s, as in the ca!cglation qf the Baryon pair production in two-photon annihilation is
meson form factors, each fixed-angle helicity amplitudg|sy an important testing ground for QCD. The only
can be written to leading order it/@ in the factorized 4 5jjable data is the cross channel reactiop, — ~p.

11-2003
8680A7

form [Q* = p7 = tu/s; Q, = min(zQ, (I — x)Q)]: The calculation ofTy for Compton scattering requires
L L the evaluation of 368 helicity-conserving tree diagrams
M.t = / da:/ dydz(y, Qy) (9) Which contribute toy(¢qqq) — 7'(q¢9)" at the Born level
0 0 and a careful integration over singular intermediate en-
X TH(J;,%579C.IIL¢M(337@£)’ ergy denominators [77, 78, 59]. Brooks and Dixon [79]

have recently completed a recalculation of the Compton
whereTy is the hard-scattering amplituder — (¢g)(¢g) process at leading order in PQCD, extending and cor-
for the production of the valence quarks collinear with eactecting earlier work. It is useful to consider the ra-
meson, andy (r, Q) is the amplitude for finding the va- tio s%do/dt(yp — ~p)/t*F2(ep — ep) whereF, (t) is the



By T are also suppressed by the QCD Sudakov form factor, re-
flecting the fact that a near-on-shell quark must radiate if it
t4oF 1 absorbs large momentum. One can show [38] that the lead-
‘ ing power dependence of the two-particle light-cone Fock
4 wavefunction in the endpoint regionis— x, giving a me-
* son structure function which falls 4% — x)? and thus by
- i ) f2swsa0 [Teocwsus 1 duali2ty a non-lgeading contribut_ion to the meson form factor
T F(Q?) x 1/Q°. Thus the dominant contribution to meson
form factors comes from the hard-scattering regime.
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Figure 8: Comparison of the sum ofy — #+t7~ and THE DOUBLY-VIRTUAL TIMELIKE
vy — K™K~ meson pair production cross sections with COMPTON AMPLITUDE
the scaling and angular distribution of the perturbative
QCD prediction [75]. The data are from the CLEO col- One can measure the virtual Compton amplitude
laboration [76]. T(vivs — HH) as a function of spacelikg?, ¢ and
s > 4m? in the two-photon reaction:

elastic helicity-conserving Dirac form factor since the ete” — e+e—7ﬁ; —ete  HH. (11)
power-law fall-off, the normalization of the valence wave-

functions, and much of the uncertainty from the scale ofhis should be a possible measurement at high luminosity
the QCD coupling cancel. The scaling and angular depen® e~ colliders, particularly for meson pairs.

dence of this ratio is sensitive to the shape of the proton dis- Assuming that quark Compton scattering is dominant
tribution amplitudes and appears to be consistent with ti@nd thej = 0 mechanism is relevant), we can predict the
distribution amplitudes motivated by QCD sum rules. Theatio of the leading power-law contribution to the virtual
normalization of the ratio at leading order is not predicte€ompton amplitude at largg andq3 to the corresponding
correctly by perturbative QCD. However, it is conceivabldepton pair production amplitude

that the QCD loop corrections to the hard scattering ampli-
tude are significantly larger than those of the elastic form
factors in view of the much greater number of Feynman di-
agrams contributing to the Compton amplitude relative to ) o, 1
the proton form factor. The perturbative QCD predictions = (et ed)<;>FH(3) - (12)

for the phase of the Compton amplitude phase can be tested !

in virtual Compton scattering by interference with BetheThe ¢ = + form factor F,(s) should be similar to the
Heitler processes [80]. proton’s timelike Dirac form factof’ (s).

Berger and Schweiger [81] have recently studied baryon Thus one can empirically check the theoretical assump-
pair production in two-photon collisions using perturbatjons underlying the two-photon exchange amplitude which
tive QCD factorization treating baryons as quark-diquarkye need to describe the radiative correction to elastic
systems. Their approach give a consistent description e¢attering. It is also an important constraint on the time-
the cross sections for all octet baryon channels, includinge s > 4M? input to the two-photon exchange amplitude

most recent large-momentum-transfer data from LEP faghich interferes with the one-photon amplitude to give the
theyy — AA. These prediction need to be compared witltharge asymmetry iate~ — HH.

the standard QCD analysis based on the three quark struc-

ture of the baryons.
. I?ERTURBATIVE QCD CALCULATION OF
A debate has continued [82, 83, 84, 85] on whether pro BARYON EORM FACTORS

cesses such as the pion and proton form factors and elas-
tic Compton scatteringp — ~p might be dominated by The paryon form factor at large momentum transfer pro-
higher-twist mechanisms untllv_erylarge momentum_trang,—ideS an important example of the application of pertur-
fer. If one assumes that the light-cone Wavefupctlon ABative QCD to exclusive processes. Away from possible
the pion has the formss(x, k1) = Aexp(—bﬁ), special points in the;; integrations (which are suppressed
then the Feynman endpoint contribution to the overlap iy Sudakov form factors) baryon form factors can be writ-
tegral at smalk, andz ~ 1 will dominate the form fac- ten to leading order in/Q? as a convolution of a con-
tor compared to the hard-scattering contribution until verymected hard-scattering amplitug; convoluted with the
large@?. However, this ansatz fab..g (z, k1 ) has no sup- baryon distribution amplitudes. Th@2-evolution of the
pression atc;, = 0 for any z; i.e, the wavefunction in baryon distribution amplitude can be derived from the op-
the hadron rest frame does not fall-off at all for = 0  erator product expansion of three quark fields or from the
andk, — —oo. Thus such wavefunctions do not repre-gluon exchange kernel. Taking into account the evolution
sent well soft QCD contributions. Endpoint contributionsof the baryon distribution amplitude, the nucleon magnetic

T(yiys — HH)
T(vivs — wpt)

R(q3, 45, 9)



form factors at larg€)?, has the form [38, 86, 23] nucleon(N) and Delta(A) wave functions and the cor-
- respondingl? dependence which discriminatdsand A
a?(Q?) Z ) Q*\ " T form factors. More recently Braun and collaborators have
o 2t (et )

2 .
Gu(Q7) — IOgﬁ shown how one can use conformal symmetry to classify the

eigensolutions of the baryon distribution amplitude [46].
m2 They identify a new ‘hidden’ quantum number which dis-
Q2>:| (13)  tinguishes components in the= 3/2 distribution ampli-

tudes with different scale dependence. They are able to find
where they? are computable anomalous dimensions [87 nalytic solution of the evolution equation far= 3/2 and
of the baryon three-quark wave function at short distance, = 1/2 baryons where the two lowest anomalous dimen-
and theb,,,,, are determined from the value of the distribu-Sions for thex = 1/2 operators (one for each parity) are
tion amplitudeg 5 (z, Q3) at a given point)3 and the nor- separated from thg rest of the spectrum by a finite ‘mass
malization ofT};. Asymptotically, the dominant term has 9aP". These special states can be interpreted as baryons
the minimum anomalous dimension. The contribution fron¥Vith scalar diquarks. Their results may support Carlson’s
the endpoint regions of integration,~ 1 andy ~ 1, at fi- solution [94] to the puzzle that the protomx)form factor
nite k, is Sudakov suppressed [30, 86, 38]; however, thlls faster [21] than othep — N* amplitudes if theA
endpoint region may play a significant role in phenomenofistribution amplitude has a symmettigz,x3 form.
0gy.

The proton form factor appears to scale @@ > SINGLE-SPIN POLARIZATION EFFECTS
5 GeV? according to the PQCD predictions. Nucleon AND THE DETERMINATION OF

form factors are approximately described phenomeno- TIMELIKE PROTON FORM FACTORS

logically by the well-known dipole formG,,(Q?) ~

1/(1 4 Q2/0.71 GeV?)? which behaves asymptoticallyas Although the spacelike form factors of a stable hadron
Gu(Q?) ~ (1/Q*)(1 —1.42 GeV?/Q? +---). This sug- are real, the timelike form factors have a phase structure re-
gests that the corrections to leading twist in the proton forrfecting the final-state interactions of the outgoing hadrons.
factor and similar exclusive processes involving proton# general, form factors are analytic functioAg¢®) with
become important in the rangg? < 1.4 GeV?2. a discontinuity for timelike momentum above the physical

Measurements for the timelike proton form factor usinghresholdg® > 4172, The analytic structure and phases of
pp — eTe~ annihilation are reported in Ref. [7]. The re-the form factors in the timelike regime are thus connected
sults are consistent with perturbative QCD scaling. ThBY dispersion relations to the spacelike regime [95, 96, 97].
ratio of the timelike to spacelike form factor depends infhe analytic form and phases of the timelike amplitudes
detail on the analytic continuation of the QCD coupling@!so reflects resonances in the unphysical regieng® <
anomalous dimensions [68] 4M2 below the phySicaI threshold [95] in th@pc =1

The shape of the distribution amplitude controls the nochannel, including gluonium states and di-baryon struc-
malization of the leading-twist prediction for the protontures.
form factor. If one assumes that the proton distribution am- Any model which fits the spacelike form factor data with
plitude has the asymptotic formiy = Czyz25, then the  an analytic function can be continued to the timelike re-
convolution with the leading order form fat; gives zero!  9ion. Spacelike form factors are usually written in terms
If one takes a non-relativistic form peakedat= 1/3, the Of Q> = —¢*. The correct relation for analytic con-
sign is negative, requiring a crossing point zero in the forriinuation can be obtained by examining denominators in
factor at some finit€)2. The broad asymmetric distribution |00p calculations in perturbation theory. The connection is
amplitudes advocated by Chernyak and Zhitnitsky [88, 89D — ¢°¢ '™, or

ives a more satisfactory result. If one assumes a constant 2 2 2
3alue ofa, = 0.3, andiy: 5.3 x 10-3GeV2, the leading Q" =In(=¢") = Ing” —irm. (14)
order prediction is below the data by a factorof8. How-  If the spacelikeFy/F; is fit by a rational function of)?,
ever, since the form factor is proportional 4G f%, one then the form factors will be relatively real in the timelike
can obtain agreement with experiment by a simple renoregion also. However, one in general gets a complex result
malization of the parameters. For example, if one uses tliem the continuation.
central value [90]fy = 8 x 10~3GeV?, then good agree- At very large center-of-mass energies, perturbative
ment is obtained [91]. The normalization of the proton'€QQCD factorization predicts diminished final interactions in
distribution amplitude is also important for determining theete~ — HH, since the hadrons are initially produced
proton’s lifetime [92, 93]. with small color dipole moments. This principle of QCD

A useful technique for obtaining the solutions to thecolor transparency [98] is also an essential feature [99] of
baryon evolution equations is to construct completely aritard exclusiveB decays [100, 101], and it needs to be
tisymmetric representations as a polynomial orthonormaésted experimentally.
basis for the distribution amplitude of multi-quark bound There have been a number of explanations and theoreti-
states. In this way one obtain a distinctive classification afally motivated fits of the new Jefferson laboratdfy/ F;

X [1 +0 (043(@2)7



data. Belitsky, Ji, and Yuan [102] have shown that factorSideways £) means perpendicular to the direction of the

of log(Q?) arise from a careful QCD analysis of the formoutgoing baryon but in the scattering plane. Normal (

factors. The perturbative QCD for@?Fy /Fy ~ log? @2, means normal to the scattering plane, in the direction of

which has logarithmic factors multiplying the nominall_c'xﬁwherel_é is the electron momentum apds the baryon

power-law behavior, fits the largg? spacelike data well. momentum, withz, y, andz forming a right-handed coor-

Others [103, 104] claim to find mechanisms that modify theinate system.

traditionally expected power-law behavior with fractional The polarizatiori®, does not require polarization in the

powers of?, and they also give fits which are in accordinitial state and is [105]

with the data. Asymptotic behaviors of the ratig/ F; for ] )

general light-front wave functions are investigated in [52]. p _ Sn20ImGypGy (7 —1)sin20 ImF3Fy

Each of the model forms predicts a specific fall-off and ~ * DyT Dyt

phase structure of the form factors from« ¢ crossing o o (18)_

to the timelike domain. A fit with the dipole polynomial or The other two polarizations require initial state polariza-

nominal dimensional counting rule behavior would prediction- If the electron has polarizatiaft. then [105]

no phases in the timelike regime. - b 25in 0 ReG G s 19
TIMELIKE MEASURES byr

The center-of-mass angular distribution provides thiélnd . 2
. ) 2 cos G‘GM‘
analog of the Rosenbluth method for measuring the magni- P, = Pe? .
tudes of various helicity amplitudes. The differential cross ) i ) o
section fore—et — BB when B is a spin-1/2 baryon is The sign of P, can be determined from physical princi-
given in the center-of-mass frame by ple_s. Angular momentum conse_:rvation and _helicity conser-
vation for the electron and positron determine tRaf P,
do _ o?f D in the forward direction must be 1, verifying the sign of
dQ  4¢? the above formula.
. The polarization measurement éffe= — pp will re-
— /1 — 2 2 . . .
where = /1 — 4mj;/q* andD is given by quire a polarimeter for the outgoing protons, perhaps based
on a shell of a material such as carbon which has a good an-
alyzing power. However, timelike baryon-antibaryon pro-
duction can occur for any pair that is energetically allowed.
Baryons such as the andA which decay weakly are easier

(20)

(15)

1
D =|Gu|? (1+COS29)—|—*|GE|2SHI29; (16)
T

we have used the Sachs form factors [26]

Gy = B+, to study, since their polarization is self-analyzing.
G = F +1F, (17) The pglarizatignpy is aﬁmanifestation of the T-odd ob-
) servablek x p- Sp, with S, the proton polarization. This
with 7 = ¢%/4mj; > 1. observable is zero in the spacelike case, but need not be

As noted by Dubnickova, Dubnicka, and Rekalo, and byerg in the timelike case because final state interactions can
Rock [105], the existence of ttie—odd single-spin asym- give the form factors a relative phase.
metry normal to the scattering plane in baryon pair produc- gne can also predict [106] the single-spin asymm®try
tione~e™ — BB requires a nonzero phase difference begy, QED processes such ase~ — 7+~ which is sensi-
tween the(7 z and(), form factors. The phase of the ratio e 1o the imaginary part of the timelike Schwinger correc-

of form factorsG'z/G s of spin-1/2 baryons in the time- o, 1o the lepton anomalous moment and Pauli form factor.
like region can thus be determined from measurements of pagictions for polarizatior?, in various models are
Yy

the polarization of one of the produced baryons. In areceghown in Fig. 9. The predicted polarizations are signifi-

paper, Carlson, Hiller, and Hwang and | have shown thatynt and are distinct from a purely polynomial fit to the
measurements of the proton polarizationeine™ — pp spacelike data, which gives zeR.

strongly discriminate between the analytic forms of mod-" 1,0 predictions forP, and P, are shown in Figs. 10
els which have been suggested to fit the prafi®/Gar  and 11. Both figures are for scattering angjé and P, —

data in the spacelike region. Polarization observables can o phase differenc@y — 8,;) betweenG and Gy,
be used to completely pin down the relative phases of the directly given by theP, /P, ratio

timelike form factors. The complex phases of the form fac-

tors in the timelike region make it possible for a single out- P,  cosf Im G3,Gg  cosf

going baryon to be polarized ime* — BB, evenwithout 5~ "B ReGt,Gp | P tan(dp — dnr) - (21)
polarization in the initial state.

There are three polarization observables, correspondingThe magnetic form factor in the IJL model [107] is very
to polarizations in three directions denotgde, andy, re-  small in the 10 to 20 Ge¥region (taking the dipole form
spectively. Longitudinal polarization) refers to the polar- for comparison) and has a zero in the complex plane near
ization state parallel to the direction of the outgoing baryory?> = 15 GeV2. This accounts for much of the different
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Figure 9: Predicted polarizatioR, in the timelike region Figure 11: The predicted polarizati@h in the timelike re-
for selected form factor fits described in the text. The plogion forf = 45° and P, = 1. The four curves correspond
is for = 45°. The four curves are for aR,/F; « 1/Q  tothose in Fig. 9.

fit; the (log? Q?)/Q? fit of Belitsky et al; an improved

(log? Q?)/Q? fit; and a fit from lachellcet al. 5

Details are given in Ref. [31]. I
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Figure 10: The predicted polarizati@?). in the timelike re-

gion for¢ = 45° and P. = 1. The four curves correspond Among the most interesting polarization effects are single-

to those in Fig. 9. spin azimuthal asymmetries (SSAs) in semi-inclusive deep

inelastic scattering, representing the correlation of the spin

i ) o of the proton target and the virtual photon to hadron pro-
behavior of the IJL model seen in the polarization plotsy,ction plane:gp . x 7 [108]. Such asymmetries are

The 1L ratio forG'z/Gy is large compared to the other e reversal odd, but they can arise in QCD through phase
three models, and this strongly affects the angular behavigerences in different spin amplitudes.

(fgtgi\%ﬁerennal cross section as shown in Fig. 12br= The most common explanation of the pion electropro-

duction asymmetries in semi-inclusive deep inelastic scat-
tering is that they are related to the transversity distribu-
INCLUSIVE SINGLE-SPIN tion of the quarks in the hadron [109, 110, 111] convo-
ASYMMETRIES luted with the transverse momentum dependent fragmen-
tation functionHi-, the Collins function, which gives the
Spin correlations provide a remarkably sensitive windistribution for a transversely polarized quark to fragment
dow to hadronic structure and basic mechanisms in QCInto an unpolarized hadron with non-zero transverse mo-



mentum [112, 113, 114, 115, 116]. tions also lead to eos 2¢ planar correlation in unpolarized
The QCD final-state interactions (gluon exchange) bddrell-Yan reactions [126].

tween the struck quark and the proton spectators in semi-

inclusive deep inelastic lepton scattering can produce H

Sivers-type single-spin asymmetries which survive in the

Bjorken limit [117, 118, 119]. The fragmentation of the et

quark into hadrons is not necessary, and one has a cor- "

relation with the production plane of the quark jet itself

—

Sp - @ pg. The required matrix element measures the spin-
orbit correlationS’- L within the target hadron’s wave func-
tion, the same matrix element which produces the anoma-
lous magnetic moment of the proton, the Pauli form factor,
and the generalized parton distributiéhwhich is mea-
sured in deeply virtual Compton scattering. Since the same
matrix element controls the Pauli form factor, the contri-
bution of each quark current to the SSA is proportional
to the contributions,,,, of that quark to the proton tar- e
get's anomalous magnetic momesnt= Zq eqhiq/p [117]. v
Avakian [108] has shown that the data from HERMES and
Jefferson laboratory could be accounted for by the above
analysis. However, more analyses and measurements, es- a
pecially azimuthal angular correlations, will be needed to e
unambiguously separate the transversity and Sivers effect}-2003
mechanisms.
Physically, the final-state interaction phase arises as
the infrared-finite difference of QCD Coulomb phases foFigure 13: lllustration of the final-state gluon exchange
hadron wave functions with differing orbital angular mo-which produces single-spin asymmetries in inclusive
mentum. The final-state interaction effects can be idemlectron-positron collisions.
tified with the gauge link which is present in the gauge-
invariant definition of parton distributions [118]. When the We can also consider the SSA@©fe~ annihilation pro-
light-cone gauge is chosen, a transverse gauge link is reesses for any inclusive process producing a polarizable
quired. Thus in any gauge the parton amplitudes need hadron, such aste™ — ~* — wAX. TheA reveals its
be augmented by an additional eikonal factor incorporatingolarization via its decajx — pn—. The final state gluon
the final-state interaction and its phase [119, 120]. The nekchange mechanism which cau§és- odd spin correla-
effect is that it is possible to define transverse momentutions in inclusivee™ e~ annihilation processes is illustrated
dependent parton distribution functions which contain thi Fig. 13. The spin of thé is normal to the decay plane.
effect of the QCD final-state interactions. The same finalFhus we can look for a SSA through the T-odd correlation
state interactions are responsible for the diffractive compe,, ., S p ¢} pg. This is related by crossing to SIDIS on
nent to deep inelastic scattering, and that they play a criticalA target. In addition one can consider single spin asym-
role in nuclear shadowing phenomena [121]. metries in inclusive reactions such@se~ — v* — 7.X
Measurements from Jefferson Lab [122] also show sigavolving the incident polarized electron beam.
nificant beam single spin asymmetries in deep inelastic
scattering. Afanasev and Carlson [123] have recently TESTING SOFT PION THEOREMS IN
shown that this asymmetry is due to the interference of lon- THE TIMELIKE DOMAIN
gitudinal and transverse photoabsorption amplitudes which
have different phases induced by the final-state interactionin an important theoretical development, Pobylitta
between the struck quark and the target spectators just asin[127] have shown how to compute transition form fac-
the calculations of Ref. [117]. Their results are consistenbrs linking the proton to nucleon-pion states which have
with the experimentally observed magnitude of this effectninimal invariant mas$?. A new soft pion theorem for
Thus similar FSI mechanisms involving quark orbital anhigh momentum transfers allows one to compute the three-
gular momentum appear to be responsible for both targgtiark distribution amplitudes for the near threshold pion
and beam single-spin asymmetries. states from a chiral rotation. The new soft pion results are
A related analysis shows that the initial-state interadn a good agreement with the SLAC electroproduction data
tions from gluon exchange between the incoming quartor W2 < 1.4 GeV? and7 < Q? < 30.7 GeV?.
and the target spectator system will lead to leading-twist The soft pion analysis can be applied to timelike reac-
single-spin target spin asymmetries in the Drell-Yan protions such ag*te~ — pnat in the regime where the pion
cessHyHy — (¢~ X [124, 125]. Initial-state interac- is emitted at small relative rapidity with respect to one of




the outgoing nucleons. The fall-off of the cross sectionbw relative velocity with respect to each other or with

should be identical to that ef" e~ — pp. other quarks. The opening of the strangeness and charm
threshold in timelikee e~ and~~ reactions show sensitiv-
NEAR-THRESHOLD COULOMB ity to this physics. Two distinctly different scales arise as
CORRECTIONS arguments of the QCD coupling near threshold: the rel-

ative momentum of the quarks governing the soft gluon

One of the most interesting effects due to QED radiaexchange responsible for the Coulomb potential, and a

tive corrections is the Coulomb correction to production ofarge momentum scale approximately equal to twice the

charges pairs near threshold. The lowest order Coulonguark mass for the corrections induced by transverse glu-

exchange is illustrated in Fig. 14. The original theory issins. One can use the angular Distribution of heavy quarks
due to Sommerfeld. For example, to obtains a direct determination of the heavy quark po-
tential. Predictions for the angular distribution of massive

(22)  quarks and leptons are presented in Ref. [128], including
the fermionic part of the two-loop corrections to the elec-
whereX=r2 with 2 = 1— 4My . Thus the absolute square tromagnetic form factors using with the BLM scale-fixing

B s o
of measured timelike form factor&:},|? and|G%|* are prescription.

corrected by the factojp_efﬁ ~ T3 for small velocities
B < ma. Thus the Coulomb correction becomes infinte ~ EFFECTIVE QCD CHARGES AND
at zero relative velocity — 0! The Coulomb-corrected CONFORMAL ASPECTS OF QCD
cross section is finite at threshold, although the Born cross
section vanishes linearly with due to the vanishing phase
space. Observation of the angular distributionropair
production can provide a measurement of the magnetic m
ment of ther [128].

+

_ _ X
a(efe” —pp) = ag(eTe pr)m

One can define the coupling, of QCD from virtually
any physical observable [129, 130]. Such couplings, called
gffective charges, are all-order resummations of perturba-
tion theory, so they correspond to the complete theory of
QCD; it is thus guaranteed that they are analytic and non-
singular. An important example is the effective charge
wherel + O‘RT(S) is defined from the ratio of the total e~
[ annihilation cross section to the leading order QCD pre-
diction. Unlike theMS coupling, a physical coupling is
Y analytic across quark flavor thresholds [131, 132]. Fur-
thermore, a physical coupling must stay finite in the in-
® frared when the momentum scale goes to zero. In turn,
e this means that integrals over the running coupling are
11-2003 H™ well defined for physical couplings. Once such a phys-
8680A2 ical couplinga,nys(k?) is chosen, other physical quanti-
ties can be expressed as expansionsgr,s by eliminat-
519 the MS coupling which now becomes only an inter-
mediary [49]. In such a procedure there are in principle
no further renormalization scaleX or scheme ambigui-
ties. The physical couplings satisfy the standard renor-
malization group equation for its logarithmic derivative,

H+
e+

Figure 14: Final state Coulomb correction to charge
hadron pair production

The Coulomb enhancementdirie™ — HT H ™ is dual
to the presence of Couloml ™ H~ bound states just be- ) = ) :
low threshold. In the case ef e~ — utu~ andete~ —  Qphys/dIE" = Bpnyslapnys(k7)], where the first two
7+~ there is an accumulation of Bohr levels from “true!®'Ms in the perturbative expansion of the Gell-Mann Low
muonium” (u* ) and “true tauonium’(7+7-) just be- function Gy, are scheme-independent at leading twist,
low the continuum. whereas the higher order terms have to be calculated for

It would be interesting to observe these Coulomb boundach observable separately using perturbation theory.
state atoms. In the case @fp), (x+7~), (DT D), etc, Th_e_effectlve charge (s) can be defln_ed using the high
the S — wave Coulomb states decay hadronically via anPrecision measurements of the h_adromc decay ghannels of
nihilation, but the nonzero orbital states could be quasf®€7~ — v-h™. Let R, be the ratio of the hadronic decay
stable. It is possible that the threshold enhancements se@fg to the leptonic one. The, = R? [1+ <], where
in pp — ete~, and.J/1) — ~ypp is due to the Coulomb RY is the zeroth order QCD prediction, defines the effec-
enhancements. tive chargea.. The data forr decays is well-understood
channel by channel, thus allowing the calculation of the
QCD THRESHOLD EFFECTS hadronic decay rate and the effective charge as a function
of the 7 mass below the physical mass [133]. The vector
One can expect strong effects analogous to the QE&nd axial-vector decay modes which can be studied sepa-
Coulomb effects whenever heavy quarks are produced raitely.



Using an analysis of thedata from the OPAL collabora-
tion [134], we have found that the experimental value of the _ ,

couplinga, (s) = 0.6214+0.008 ats = m?2 correspondsto [~ ‘% L \\ T BiLloop
a value ofags(M2) = (0.117-0.122) + 0.002, where the o % \\ \ L g 3loop
range corresponds to three different perturbative methods 15 ; e =
used in analyzing the data. This resultis in good agreement ¢ \\ L B 4loopK. = 75 ]
with the world averagev(M%) = 0.117 & 0.002. How- L % il Qy, P AIoP K =25
ever, from the figure we also see that the effective charge 1 | BTN ]
only reaches, (s) ~ 0.940.1 ats = 1 GeV?, and it even 075 | , =% E
stays within the same range downste- 0.5 GeV?2. g ——
The results foro,(s) are in good agreement with the ~ °° -

estimate of Mattingly and Stevenson [135] for the effec- o025 ; B oL T desaye
tive couplingar(s) ~ 0.85 for /s < 0.3GeV de- N i [t OPAL T decays
termined frome™e™ annihilation, especially if one takes g ; Bo,  OPAL T decays
into account the perturbative commensurate scale relation, -025 |
aT(mQ,):aR(*)where forar = 0.85, we have 05 b rg A IR I I

~ 0.10m?2,. This behavior is not consistent with the °o 12 B e

coupllng havmg a Landau pole, but rather shows that the
physical coupling is close to constant at low scales, sug-
gesting that physical QCD couplings are effectively con-
stant or “frozen” at low scales. It is important to carefully,
extend the analysis @fz using annihilation data of higher
precision and energy.

Figure 15 compares the experimentally determined e
fective chargex, (s) with solutions to the evolution equa-
tion for o, at two-, three-, and four-loop order normalized
atm.. At three loops the behavior of the perturbative soluample, the nucleon form factors are proportional at leading
tion drastically changes, and instead of diverging, it freezesrder to two powers ofy, evaluated at low scales in ad-
to a valuea, =~ 2 in the infrared. The reason for this fun- dition to two powers ofl /¢2; The pion photoproduction
damental change is, the negative sigmipt. This resultis amplitude at fixed angles is proportional at leading order to
not perturbatively stable since the evolution of the couplinghree powers of the QCD coupling. The essential variation
is governed by the highest order term. This is illustrate¢tlom leading-twist counting-rule behavior then only arises
by the widely different results obtained for three differenfrom the anomalous dimensions of the hadron distribution
values of the unknown four loop terfy. 5 which are also amplitudes. The magnitude of the effective charge [68]
showrt Itis interesting to note that the central four-loop sopexclusive(2) = F_(Q2) /47 Q? F2 ,(Q?) for exclusive
lution is in good agreement with the data all the way dowamplitudes is connected ta. by a commensurate scale re-
to s~ 1GeV>. lation. Its magnitudea*usive(Q2?) ~ 0.8 at smallQ?, is

It has also been argued thak(s) freezes perturbatively sufficiently large as to explain the observed magnitude of
to all orders [137]. In fact since all observables are relateeixclusive amplitudes such as the pion form factor.
by commensurate scale relations, they all should have anThere are a number of useful phenomenological con-
IR fixed point [138]. This result is also consistent withsequences of near conformal behavior: the conformal ap-
Dyson-Schwinger equation studies of the physical gluoproximation with zerg3 function can be used as template
propagator in Landau gauge [139, 140]. for QCD analyses [142, 143] such as the form of the ex-

The near constancy of the effective QCD coupling apansion polynomials for distribution amplitudes [46]. The
small scales helps explain the empirical success of dimenear-conformal behavior of QCD is also the basis for com-
sional counting rules for the power law fall-off of form fac- mensurate scale relations [49] which relate observables to
tors and fixed angle scaling. One can calculate the haggch other without renormalization scale or scheme ambi-
scattering amplitudd’; for such processes [38] without guities [144]. In this method the effective charges of ob-
scale ambiguity in terms of the effective chakggor o ~ Servables are related to each other in conformal gauge the-
using commensurate scale relations [68, 141]. The effeory; the effects of the nonzero QCB- function are then
tive coupling is evaluated in the regime where the coutaken into account using the BLM method [145] to set the
pling is approximately constant, in contrast to the rapidlpcales of the respective couplings. An important example
varying behavior from powers af, predicted by pertur- is the generalized Crewther relation [146] which allow one
bation theory (the universal two-loop coupling). For exio calculate unambiguously without renormalization scale
or scheme ambiguity the effective charges of the polarized

1The values of3, 3 used are obtained from the estimate of the fourBjorken and the Gross-Llewellen Smith sum rules from
loop term in the perturbative series Bf., KMS = 25 + 50 [136]. the experimental value for the effective charge associated

Figure 15: The effective charge,, for non-strange
hadronic decays of a hypotheticallepton with m? = s
compared to solutions of the fixed order evolution equation
}or o attwo-, three-, and four-loop order. The error bands
nclude statistical and systematic errors.




with R.+.- (s). Present data are consistent with the genefi4]
alized Crewther relations within errors, but measurements
at higher precision ia™ e~ annihilation are needed to deci- [15]
sively test these fundamental relations in QCD. Such mea-
surements are also crucial for a high precision evaluation Fﬁ;
the hadronic corrections to the muon anomalous magnetic
moment [147]. The discrepancy between the annihilatioH7]
cross section in the isospih = 1 channel and the corre-
sponding isospid = 1 data fromr decay also needs to be (18]
resolved [148]. [19]
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