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Accessing the longitudinally polarized photon content of the proton

A. Mukherjee* and C. Pisano†

Institut für Physik, Universita¨t Dortmund, D 44221 Dortmund, Germany
~Received 12 May 2004; published 30 August 2004!

We investigate the QED Compton process in longitudinally polarized lepton-proton scattering both in the
elastic and inelastic channels and show that the cross section can be expressed in terms of the polarized
equivalent photon distribution of the proton. We provide the necessary kinematical constraints to extract the
polarized photon content of the proton using this process at HERMES, COMPASS, and eRHIC. We also
discuss the suppression of the major background process coming from virtual Compton scattering. We point
out that such an experiment can give valuable information ong1(xB ,Q2) in the smallxB , broadQ2 region at
the future polarized collider eRHIC and especially in the lowerQ2, mediumxB region in fixed target experi-
ments.
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I. INTRODUCTION

QED Compton process~QEDCS! in the scatteringlp
→ lgX, where l is a lepton, has a distinctive experiment
signature: both the outgoing lepton and photon are dete
at large polar angles and almost back to back in azim
such that their transverse momenta almost balance
other, with little or no hadronic activity at the detector@1,2#.
In fact, such a reaction in the unpolarizede2p scattering has
long been suggested as an excellent channel not only to
termine the structure functionF2(xB ,Q2) of the proton, but
also to extract the equivalent photon content of the pro
@1–3#. In a recent Monte Carlo analysis of the QED Com
ton process performed by some members of the H1 Colla
ration at HERA@4#, it was found that, although the cros
section in the elastic channel was accurately described by
equivalent photon approximation~EPA!, this was not the
case in the inelastic channel. In two previous papers@5,6# we
have suggested improved kinematical cuts for a more a
rate extraction of the unpolarized equivalent photon distri
tion of the proton, which furthermore suppress the ma
background process coming from virtual Compton scatter
~VCS!. In this work we study the QED Compton process
the polarized scatteringlWpW → lgX ~both elastic and inelastic
channels!, where the initial lepton and proton are longitud
nally polarized. We show that when the virtuality of the e
changed photon is not too large, the cross section can
approximated as a convolution of the longitudinally pola
ized equivalent photon distribution of the proton@7,8# and
the real photoproduction cross section. We provide the n
essary kinematical constraints to extract the polarized pho
content of the proton at HERMES, COMPASS, and eRH
~the future polarizedep collider planned at BNL!. In addi-
tion, we show that such an experiment can also access
polarized structure functiong1(xB ,Q2) at HERMES in the
low Q2 region and at eRHIC over a wide range of t
Bjorken scaling variablexB andQ2. g1(xB ,Q2) and its first
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xB moment in the lowQ2 region have been studied in full
inclusive measurements at SLAC@9#, HERMES@10,11#, and
JLab @12,13#. The most recent measurements by CLAS@14#
are in the kinematical regionQ250.15–1.64 GeV2. The
low Q2 region is of particular interest because contributio
due to nonperturbative dynamics dominate here and thus
transition from soft to hard physics can be studied. In fact
data in@14# clearly indicate a dominant contribution from th
resonances and at higherQ2 it is below the perturbative
QCD-evolved scaling value ofg1. This in fact illustrates the
necessity of further investigation ofg1(xB ,Q2) in the tran-
sition region. In these fixed target experiments, lowQ2 is
associated with low values ofxB , thus the covered kinemati
cal region is smaller compared to the unpolarized data. D
on g1(xB ,Q2) for small xB and in the scaling region ar
missing due to the absence of polarized colliders so far~with
the exception of RHIC, which has started operating in
polarized mode forpp collisions only very recently!. The
small xB region is again interesting; it is the region of hig
parton densities, and measurements in this region will p
vide information about the effects of large@asln

2(1/xB)#k

resummation and DGLAP evolution, and also about
‘‘soft’’-to-‘‘hard’’ scale transition @15–17#. A better under-
standing ofg1(xB ,Q2) in this region is necessary in order t
determine its first moment, experimentally. The kinemat
of QED Compton events is different from the one of incl
sive deep inelastic scattering due to the radiated photo
the final state, and thus it provides a novel way to acc
g1(xB ,Q2) in a kinematical region not well covered by in
clusive measurements$also forF2(xB ,Q2) @4#%.

The plan of the paper is as follows: In Secs. II and III, w
derive the analytic expressions of the cross section for
polarized QED Compton process in the elastic and inela
channels, respectively. In Sec. IV, we discuss the backgro
coming from virtual Compton scattering~VCS! and also the
interference between QEDCS and VCS. The numerical
sults are presented in Sec. V. Summary and conclusions
given in Sec. VI. The analytic expressions of the matrix
ements are given in Appendixes A and B.

II. ELASTIC QED COMPTON SCATTERING

We consider QED Compton scattering in the elas
process:
©2004 The American Physical Society29-1
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A. MUKHERJEE AND C. PISANO PHYSICAL REVIEW D70, 034029 ~2004!
eW~ l !1pW ~P!→e~ l 8!1g~k8!1p~P8!, ~2.1!

where the incident electron and proton are longitudinally
larized and the four-momenta of the particles are given
brackets. Instead of the electron, one can also consid
muon beam~COMPASS!; the analytic expressions will b
the same. We introduce the invariants

S5~P1 l !2, ŝ5~ l 1k!2, t5k2. ~2.2!

k5P2P8 is the four-momentum of the virtual photon. Th
photon in the final state is real,k8 250. We neglect the elec
tron mass everywhere except when it is necessary to a
divergences in the formulas and take the proton to be m
sive,P25P8 25m2. The relevant Feynman diagrams for th
process are shown in Fig. 1, withX being a proton andPX
5P8. The squared matrix element can be written as

uDM el
QEDCSu25

1

t2H el
Amn~P,P8!Tmn

A ~ l ,k; l 8,k8!, ~2.3!

H el
Amn(P,P8) and Tmn

A ( l ,k; l 8,k8) being the antisymmetric
parts of the hadronic tensor and leptonic tensor, respectiv
which contribute to the polarized cross section. As bef
@5#, we use the notation

dPSN~P;P1 , . . . ,PN!

5~2p!4dS P2(
i 51

N

Pi D)
i 51

N
d3Pi

~2p!32Pi
0 ~2.4!

for the Lorentz invariantN-particle phase-space element. T
cross section can be written as

Ds el~S!5
1

2~S2m2!
E dPS211~ l 1P; l 8,k8,P8!

3uDM el
QEDCSu2. ~2.5!

Following the same approach as in@5,18#, we can write this
as

Ds el~S!5
1

2~S2m2!
E dŝ

2p
dPS2~ l 1P; l 8

1k8,P8!
1

t2 H el
Amn~P,P8!Xmn

A ~ l ,k!. ~2.6!

FIG. 1. Feynman diagrams for the QED Compton proc
~QEDCS!. X[p ~andPX[P8) corresponds to elastic scattering.
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Xmn
A contains all the informations about the leptonic part

the process and is defined as

Xmn
A ~ l ,k!5E dPS2~ l 1k; l 8,k8!Tmn

A ~ l ,k; l 8,k8!; ~2.7!

Tmn
A ( l ,k; l 8,k8) is the antisymmetric part of the leptonic ten

sor,

TA
mn~ l ,k; l 8,k8!52

4ie4

ŝû
emnabkb@~ ŝ2t !l a1~ û2t !l a8 #.

~2.8!

Here e254pa and we have definedt̂5( l 2 l 8)2 and
û5( l 2k8)2.

For polarized scattering,Xmn
A is antisymmetric in the in-

dices m, n and can be expressed in terms of the Lore
scalarX̃2

A :

XA
mn52

i

~ ŝ2t !
emnabkal bX̃2

A~ ŝ,t !, ~2.9!

with

X̃2
A~ ŝ,t !522Xmn

A PA
mn . ~2.10!

PA
mn is the antisymmetric part of the photon polarization de

sity matrix @19#:

PA
mn5

1

2
~emen* 2enem* !5

i

2Auk2u
emnrskrts, ~2.11!

wherets is the spin vector of the photon:

ts5NtS ks2
k2

l •k
l sD ; Nt5

1

Auk2u
. ~2.12!

We define the functionsX2
A( ŝ,t, t̂ ) as

X̃2
A~ ŝ,t !52pE

t̂ min

t̂ max
d t̂X2

A~ ŝ,t, t̂ !. ~2.13!

The integration limits are given by Eq.~2.18! of @5#.
X2

A( ŝ,t, t̂ ) can be obtained using the leptonic tensor giv
above:

X2
A~ ŝ,t, t̂ !5

4a2

ŝû~ ŝ2t !
F ~ ŝ2t !21

2t t̂~ û2t !

ŝ2t
2~ ŝ1 t̂ !2G .

~2.14!

The hadronic tensor for polarized scattering is expres
in terms of the proton form factors as@7,20#,

Hmn
A 52 ie2emnrsmkrF2GEGMSs

2
GM~GM2GE!

11t

k•S

m2 PsG , ~2.15!

s
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ACCESSING THE LONGITUDINALLY POLARIZED . . . PHYSICAL REVIEW D70, 034029 ~2004!
with t52t/4m2 and Ss51/m@Ps2(m2/P• l ) l s# being the
spin vector of the proton, which satisfiesS2521 andP•S
50. GE andGM are the proton electric and magnetic for
factors and are empirically parametrized as dipoles:

GE~ t !5
1

@12t/~0.71 GeV2!#2
, GM~ t !52.79GE~ t !.

~2.16!

The elastic cross section can then be written as

Ds el5
a

8p~S2m2!2E
me

2

(AS2m)2

dŝE
t min

t maxdt

t Et̂ min

t̂ max
d t̂

3E
0

2p

dfX2
A~ ŝ,t, t̂ !F S 2

S2m2

ŝ2t
211

2m2

t

ŝ2t

S2m2D
3GM

2 ~ t !22S S2m2

ŝ2t
211

m2

t

ŝ2t

S2m2D
3

GM~GM2GE!

11t G . ~2.17!

f is the azimuthal angle of the outgoinge2g system in the
center of momentum frame. The limits of integration are
same as in Eqs.~2.18! and ~2.24! of @5#. These limits are
modified due to the experimental cuts that we impose
merically. In the EPA limit, we neglectutu versusŝ and m2

versusS and get

X2
A~ ŝ,t, t̂ !'X2

A~ ŝ,0,t̂ !5
4a2

ŝ
S ŝ

û
2

û

ŝ
D 52

2ŝ

p

dDŝeg→eg

d t̂
,

~2.18!

whereDŝ/d t̂ is the differential real photoproduction cros
section andX̃2

A( ŝ,0)524ŝDŝ. The elastic cross section the
becomes

Ds el'Ds el
EPA5E

xmin

(12m/AS)2

dxE
me

2
2 ŝ

0

d t̂Dg el~x!
dDŝ~xS, t̂ !

d t̂
~2.19!

where me is the mass of the electron andDg el(x) is the
elastic contribution to the polarized equivalent photon dis
bution of the proton@7#
03402
e

-

-

Dg el~x!52
a

2pEt min

t maxdt

t F S 22x1
2m2x2

t DGM
2

22S 12x1
m2x2

t D GM~GM2GE!

11t G ~2.20!

with x5 ŝ/S and the limits of integration are given by Eq
~2.30! of @5#.

III. INELASTIC QED COMPTON SCATTERING

We next consider the corresponding inelastic process

eW~ l !1pW ~P!→e~ l 8!1g~k8!1X~PX!, ~3.1!

wherePX5(Xi
PXi

is the sum over all momenta of the pro
duced hadronic system. We take the invariant mass of
produced hadronic system to beW. The Bjorken variablexB
is defined as

xB5
Q2

2P•~2k!
5

Q2

Q21W22m2 , ~3.2!

whereQ252k252t. The cross section for inelastic scatte
ing reads:

Ds inel~S!5
1

16p2~S2m2!2E
W min

2

W max
2

dW2E
me

2

(AS2W)2

dŝ

3E
Q min

2

Q max
2 dQ2

Q4 WA
mnXmn

A , ~3.3!

where Xmn
A is given by Eq.~2.9! and WA

mn is the hadronic
tensor:

WA
mn5 ie2

m

P•k
emnrskrFg1~k2,P•k!Ss

1g2~k2,P•k!S Ss2
k•S

k•P
PsD G ~3.4!

with Ss5(1/m)@Ps2(m2/P• l ) l s# being the polarization of
the proton, satisfyingS2521 andP•S50.

The cross section can be written as
Ds inel~S!5
a

4p~S2m2!2E
W min

2

W max
2

dW2E
me

2

(AS2m)2

dŝE
Q min

2

Q max
2 dQ2

Q2

1

~W21Q22m2! H F22
S2m2

ŝ1Q2
1

W21Q22m2

Q2

1
2m2

Q2 S ŝ1Q2

S2m2D Gg1~xB ,Q2!1
4m2

W21Q22m2 g2~xB ,Q2!J X̃2
A~ ŝ,Q2!, ~3.5!
9-3
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here X̃2
A( ŝ,Q2)52p*

t̂ min

t̂ maxd t̂X2
A( ŝ,Q2, t̂ ) with X2

A( ŝ,Q2, t̂ )

given by Eq.~2.14!. The limits of theQ2,W2, and t̂ integra-
tions are given in Eqs.~3.11!, ~3.12!, and ~2.18! of @5#, re-
spectively. In the limit of the EPA, as before, we approxima
S2m2'S and ŝ1Q2' ŝ; the cross section then becomes

Ds inel~S!'Ds inel
EPA

5E
x min

(12m/AS)2

dxE
me

2
2 ŝ

0

d t̂Dg inel~x,xS!
Ddŝ~xS, t̂ !

d t̂
,

~3.6!

where againx5 ŝ/S andDg inel(x,xS) is the inelastic contri-
bution to the polarized equivalent photon distribution of t
proton:

Dg inel~x,xS!5
a

2pEx

1dy

y E
Q min

2

Q max
2 dQ2

Q2

3S 22y2
2m2x2

Q2 D2g1S x

y
,Q2D , ~3.7!

where we have taken the scale to beŝ. Here we have ne-
glected the contribution fromg2(xB ,Q2). Expressing
g1(xB ,Q2) in terms of the polarized quark and antiqua
distributions, one can confirm that the above expression
duces to that given in@7,8#. However, in this case, on
chooses the minimal~but not compelling! boundary condi-
tion Dg(x,Q0

2)50 at a scaleQ0
250.26 GeV2. Equation

~3.7! is free from this particular boundary condition. Th
limits of the Q2 integration can be approximated similar
the unpolarized case$see Eq.~3.16! of @5#%.

IV. BACKGROUND FROM VIRTUAL COMPTON
SCATTERING

The cross section of the process in Eq.~3.1! ~also the
elastic channel! receives contribution from the virtual Comp
ton scattering~VCS!, when the photon is emitted from th
proton side~see Fig. 2! as well as the interference betwee
the QED Compton process~QEDCS! and VCS. The cross
section for the elastic process is given by

FIG. 2. As in Fig. 1, but for the virtual Compton scatterin
~VCS! background process.
03402
e

e-

Ds el~S!5
a3

8p~S2m2!2E
me

2

(AS2m)2

dŝE
t min

t max
dtE

t̂ min

t̂ max
d t̂

3E
0

2p

df
1

~ ŝ2t !
uDM elu2, ~4.1!

where

uDM elu25uDM el
QEDCSu21uDM el

VCSu2

22 ReDM el
QEDCSDM el

VCS* ~4.2!

is the matrix element squared of the subprocess. The lim
of integrations are the same as in Eq.~2.17!. The interference
term will have opposite sign if we consider a positron inste
of an electron. The cross section of the VCS process is
pressed in terms of generalized parton distributions, and
needs a realistic model for a quantitative estimate of t
background@21#. Here, in order to find the constraints t
suppress the VCS, we make a simplified assumption: we
the proton to be a massive pointlike particle with an effect
g* p vertex, 2 igmF1(t). The explicit expressions for the
matrix elements are given in Appendix A.

Particularly interesting for our purpose of extracting t
polarized photon distribution of the proton is the inelas
channel. Here we use a unified parton model~similar to our
analysis in@6#! to estimate the VCS and QEDCS rates. T
cross section within the parton model is given by

dDs inel

dxBdQ2dŝd t̂df
5(

q
Dq~xB ,Q2!

dDŝq

dŝdQ2d t̂df
,

~4.3!

whereDq(xB ,Q2) are the polarized quark and antiquark d
tributions of the initial proton,q5u,d,s,ū,d̄,s̄, anddDŝq is
the differential cross section of the subprocess

eW~ l !1qW ~p!→e~ l 8!1g~k8!1q~p8!. ~4.4!

HereqW is a longitudinally polarized quark in a longitudinall
polarized proton, andq is a quark in the final state. Th
integrated cross section becomes

Ds inel~S!5
a3

8p~S2m2!2 (
q
E

W min
2

W max
2

dW2E
me

2

(AS2W)2

dŝ

3E
Q min

2

Q max
2 dQ2

Q2 E
t̂ min

t̂ max
d t̂E

0

2p

df

3
1

~ ŝ1Q2!
uDM inelu2Dq~xB ,Q2!, ~4.5!

where

uDM inelu25uDM inel
QEDCSu21uDM inel

VCSu2

22 ReDM inel
QEDCSDM inel

VCS* . ~4.6!
9-4
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The limits of integrations are the same as in Eq.~17! of @6#.
The explicit expression of the matrix element is given
Appendix B. It is useful to define the auxiliary invariantsŜ

5(p81k8)2 and Û5(p82k)2, which can be written in
terms of measurable quantities,

Ŝ5
t̂~xl2xB!

xl
, Û5 t̂2Ŝ1Q2, ~4.7!

with xl52 t̂ /@2P•( l 2 l 8)#. In addition to the leptonic vari-
ablexl we definexg5 l •k/P• l , which represents the fractio
of the longitudinal momentum of the proton carried by t
virtual photon@5#. In the limit of the EPA, bothxl andxg are
the same and become equal tox.

V. NUMERICAL RESULTS

In this section, we present our numerical results. The c
used for HERMES, COMPASS, and eRHIC kinematics
given in Table I. The constraints on the energies and p
angles of the detected particles reduce the background
tributions coming from the radiative emissions~when the
final state photon is emitted along the incident or the fi
lepton line! because they prevent the lepton propagators
become too small@1,22#. QED Compton events are single
out at HERA by imposing a maximum limit on the acopl
narity anglefA , which is defined asfA5up2ufg2feuu,
wherefg and fe are the azimuthal angles of the outgoin
photon and electron, respectively. We have observed@5,6#
that instead of this limit onfA , the constraintŝ.Q2, which
is applicable experimentally, is more efficient in extracti
the equivalent photon distribution from the ‘‘exact’’ resu
Here we use this constraint.

The unpolarized cross sections have been calculated u
the formulas in@5#, but for HERMES, COMPASS, and eR
HIC kinematics, respectively. In the numerical estimate
the unpolarized cross section, we have used ALLM97 par
etrization@23# of the structure functionF2(xB ,Q2) as before,
which is obtained by fitting DIS data of HERA and fixe
target experiments together with the totalpp and gp cross
sections measured, and is expected to hold over the e
range ofxB andQ2. We have takenFL(xB ,Q2) to be zero,
assuming the Callan-Gross relation, similar to@4,22#. In the
polarized cross section, we have neglected the contribu

TABLE I. Energies, angular acceptance, and kinematical c
for various experiments.

HERMES COMPASS eRHIC

Ep5250 GeV
Ee527.5 GeV Em5160 GeV Ee510 GeV
0.04,ue , ug,0.2 0.04,um , ug,0.18 0.06,ue , ug,p20.06
Ee8 , Eg8.4 GeV Em8 , Eg8.4 GeV Ee8 , Eg8.4 GeV

ŝ.1 GeV2 ŝ.1 GeV2 ŝ.1 GeV2

ŝ.Q2 ŝ.Q2 ŝ.Q2
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from g2(xB ,Q2) and used the parametrization of@24# for
g1(xB ,Q2). In this parametrization,g1(xB ,Q2) is described
in the low-Q2 region by the GVMD model together with th
Drell-Hearn-Gerasimov-Hosoda-Yamamoto sum rule, a
the asymptotic part ofg1(xB ,Q2) is expressed in terms o
NLO GRSV00@25# parton distributions~standard scenario!
in terms of a suitably defined scaling variablex̄5(Q2

1Q0
2)/(Q21Q0

21W22M2) with Q0
251.2 GeV2. The scale

Q2 is changed toQ21Q0
2, so as to extrapolate to low-Q2

region. It is to be noted that for QED Compton scattering,
effects ofFL(xB ,Q2) andg2(xB ,Q2) have to be taken into

ts

FIG. 3. QEDCS cross section versus energy of the incident
ton; ~a! polarized,~b! unpolarized. The continuous line is the tot
cross section, and the dashed line is the cross section in the ine
channel. The cuts imposed are given in the central column of Ta
I. We have used the ALLM parametrization ofF2 @23# and the
Badeleket al. parametrization ofg1 @24#.
9-5
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FIG. 4. Cross section for QED Compton scattering~QEDCS! at HERMES in bins ofxg ~a! polarized,~b! unpolarized,~c! the asymmetry;
for the polarized cross section Badeleket al. @24# parametrization ofg1 ~BKZ! and for the unpolarized cross section ALLM parametrizati
of F2 have been used;~d! polarized inelastic cross section for QEDCS~long dashed!, VCS ~dashed-dotted!, and the interference~dashed! at

HERMES in the effective parton model. The bins are inŝ2Ŝ, expressed in GeV2. The continuous line is the QEDCS cross section us
the BKZ parametrization ofg1(xB ,Q2). The constraints imposed are given in Table I.
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account in a more accurate study as their effect may bec
non-negligible in the low-Q2 region. However, this is be
yond the scope of the present work.

Before discussing the results for specific experiments,
interesting to investigate some general properties of the t
cross section. Figures 3~a! and 3~b! show the total QEDCS
cross section, polarized and unpolarized, respectively,
function of the incident lepton energyEl . We have imposed
the constraints in the second column of Table I on the en
gies and angles of the outgoing particles, as well as thos

ŝ. Both polarized and unpolarized cross sections incre
sharply withEl , reach a peak at aroundEl520 GeV and
then start to decrease. The cross section in the inelastic c
nel is also shown, which has similar trends except that
peak in the polarized case is broader.
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A. HERMES

Figures 4~a! and 4~b! show the total~elastic1 inelastic!
polarized and unpolarized QED Compton scattering cr
sections, respectively, in bins ofxg for HERMES kinematics,
subject to the cuts of Table I. We have taken the incid
electron energyEe527.5 GeV. We also show the cross se
tion calculated in the EPA. The same in the inelastic chan
is also shown. The cross section, integrated overxg , agrees
with the EPA within 7.1 %~unpolarized! and 4.8 %~polar-
ized!. From the figures it is also clear that the agreemen
the inelastic channel is much better than for HERA kinem
ics @5,6# ~2.5 % in the polarized case!. This is because a
HERMES Q2 can never become too large~maximum
13.7 GeV2), subject to our kinematical cuts, which is e
pected in a fixed target experiment. The agreement is no
9-6
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good without the constraintŝ.1 GeV2. Figure 4~c! shows
the asymmetry, which is defined as

ALL5
s112s12

s111s12
~5.1!

where1 and 2 denote the helicities of the incoming ele
tron and proton. They are calculated with the same se
constraints. The asymmetry is quite sizable at HERMES
increases in higherxg bins. The asymmetry in the EPA i
also shown. It is interesting to note that the discrepancy
the cross sections with the EPA approximated estimate,
tually gets canceled in the asymmetry, as a result it show
excellent agreement with the EPA, except in the last bin.
have also shown the expected statistical error in the b
which have been calculated using the formula, valid wh
the asymmetry is not too large:

dALL'
1

PePpALs bin

; ~5.2!

wherePe andPp are the polarizations of the incident lepto
and proton, respectively,L is the integrated luminosity, an
s bin is the unpolarized cross section in the correspondingxg
bin. We have takenPe5Pp50.7 and L51 f b21 for
HERMES. The expected statistical error increases in hig
xg bins because the number of events become smaller. H
ever, the asymmetry seems to be measurable at HERME

The background from virtual Compton scattering is
duced at HERA by the experimental condition of no obse
able hadronic activity at the detectors. Basically the elect
and photon are detected in the backward detectors and
hadronic system in the forward detectors. In our previo
work, we have observed that for unpolarized scattering
HERA, such a constraint is insufficient to remove the VC
contribution for higherxg . We have proposed a new con
straintŜ> ŝ, whereŜ andŝ can be measured experimental
to be imposed on the cross section. Here, we investigate
effect of this constraint on the polarized cross section.
estimate the inelastic contribution coming from VCS, we u
Eq. ~4.5!, together with an effective model for the parto
distribution of the proton. The effective parton distribution
of the form

Dq̃~xB ,Q2!5Dq~ x̄,Q21Q0
2!, ~5.3!

Dq(xB ,Q2) being the NLO GRSV00~standard scenario!
distribution function@25#. In the relevant kinematical region
Q2 can be very small and may become close to zero, wh
the parton picture is not applicable. The parameterQ0

2

52.3 GeV2 prevents the scale of the parton distribution
become too small.x̄ is a suitably defined scaling variable
x̄5@xB(Q21Q0

2)#/(Q21xBQ0
2).

To estimate the unpolarized background effect, we use
same expressions as in@6# with an effective parton distribu
tion given in Eq.~22! of @6#. Figure 4~d! shows the polarized
cross section in the inelastic channel at HERMES, subjec
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the constraints of Table I, in bins ofŝ2Ŝ calculated in the
‘‘effective’’ parton model. The VCS and the interference co
tributions are also shown. QEDCS cross sections using
Badeleket al.parametrization ofg1(xB ,Q2) are also plotted.
In fact, the cross section in the effective parton model l
close to this. Within the parton model, VCS is suppress

when ŝ,Ŝ, similar to the unpolarized case at HERA@6#.
Unlike HERA, the interference between QEDCS and VCS
not negligible at HERMES, although smaller than QEDCS
the relevant region. Since the interference term changes
when a positron beam is used instead of the electron bea
combination of electron and positron scattering data
eliminate this contribution. In order to estimate the VCS
the elastic channel, one needs a suitable model for the p
ized generalized parton distributions. However, in the s
plified approximation of a pointlike proton with an effectiv
vertex as described in Sec. IV, the elastic VCS as well as
interference contribution is much suppressed at HERM
Similar observations hold for unpolarized scattering.

Figure 5 shows the asymmetries in the inelastic channe
bins of xB . In addition to the cuts mentioned above a

shown in Table I, we have also chosenŜ2 ŝ.2 GeV2 to
suppress the background. The asymmetry is small, but
able and could be a tool to accessg1(xB ,Q2) at HERMES.
In fact, QED Compton events can be observed at HERM
in the kinematical regionxB50.0220.7 and Q250.007
27 GeV2 ~small Q2, mediumxB). However, from the fig-
ure it is seen that the asymmetry is very small forxB below
0.1. We have also shown the expected statistical error in e
bin. The averageQ2 value in GeV2 for the polarized cross
section for each bin is shown, which has been calcula
using the formula

FIG. 5. Asymmetry in the inelastic channel in bins ofxB at
HERMES. We have used Badeleket al. @24# parametrization ofg1.
The constraints imposed are as in Table I~exceptŝ.Q2!, together

with Ŝ2 ŝ.2 GeV2. The averageQ2 ~in GeV2) of each bin is also
shown.
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FIG. 6. ~a!, ~b!, ~c! and ~d! are the same as in Fig. 4, but for COMPASS. The constraints imposed are given in Table I.
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bin

Q2dDs
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. ~5.4!

B. COMPASS

Figures 6~a! and 6~b! show the cross sections in bins ofxg
for the polarized and unpolarized QEDCS for the kinema
of COMPASS. We take the energy of the incident mu
beam to be 160 GeV, the target is a proton. The final m
and the photon are detected in the polar angle region 0
,um , ug,0.18. The cross sections in bins, subject to
kinematical constraints shown in Table I, are much sma
than at HERMES because they start to decrease with
increase of the incident lepton energyEl as El becomes
greater than about 20 GeV, as observed in Fig. 3. As bef
the cuts remove the initial- and final-state radiative eve
The xg integrated cross section agrees with the EPA wit
03402
s

n
04
e
r

he

e,
s.
n

14.2 %~unpolarized! and 15.5 %~polarized!. The agreement
thus is not as good as at HERMES. From the figures i
seen that the cross section in the EPA actually lies below
‘‘exact’’ one, both for polarized and unpolarized cases. T
discrepancy is due to the fact that the EPA is expected to
a good approximation when the virtuality of the exchang
photon is small. At COMPASS, with our kinematical cut
Q2 cannot reach a value below 0.07 GeV2 and can be as
large as 144 GeV2, whereas for HERMES smaller values o
Q2 are accessible~see Sec. V A!. Figure 6~c! shows the
asymmetry in bins ofxg , the asymmetry in the inelasti
channel is also shown. The asymmetry is of the same o
of magnitude as in HERMES and is in good agreement w
the EPA. We have also shown the expected statistical erro
each bin, calculated using Eq.~5.2!. We have takenPe5Pp
50.7 andL51 f b21 for COMPASS. The statistical error i
large in higherxg bins. Figure 6~d! shows the polarized
QEDCS, VCS, and interference contributions~inelastic! cal-
culated in the ‘‘effective’’ parton model, in bins ofŝ2Ŝ. As
in HERMES, VCS is suppressed, forŝ,Ŝ. The interference
9-8



se

ns
io
he
i

na
ve
s
o
.
a
a

e

n

h
gl
a
e

ffi
m
ze

in-
sec-
se
in

on-

.9 %
r
n

with
her
n.

ins

her

-

n
ore

ed
he
the
ure

,

iz-
sta-
of
to

in
in

s

ED
-
ex-
tion

ibu-
to-
ate
racy
d-
ro-
tion
ing
nd
lar,
PA.

ajor
ing.

ACCESSING THE LONGITUDINALLY POLARIZED . . . PHYSICAL REVIEW D70, 034029 ~2004!
term is not suppressed, but usingm1 andm2 beams this can
be eliminated. We have also plotted the QEDCS cross
tion using the Badeleket al. @24# parametrization of
g1(xB ,Q2). The VCS, and the interference contributio
~elastic! are much suppressed in the pointlike approximat
of the proton with the effective vertex. Figure 7 shows t
asymmetry at COMPASS in the inelastic channel plotted
bins ofxB with the same set of constraints and the additio
cut Ŝ2 ŝ.2 GeV2. The asymmetry is sizable and can gi
access tog1(xB ,Q2), the kinematically allowed range i
0.07,xB . We have also shown the expected statistical err
in the bins and the averageQ2 in each bin. Comparing Figs
5 and 7 one can see that there is no overlap in the kinem
cal region covered at HERMES and COMPASS. Higher v
ues ofQ2 are probed at COMPASS in the samexB range as
compared to HERMES.

C. eRHIC

The cross sections for eRHIC kinematics, both polariz
and unpolarized, are shown in Figs. 8~a! and 8~b!, respec-
tively, in bins of xg . We have taken the incident electro
energy Ee510 GeV and the incident proton energyEp
5250 GeV. The cross section in the EPA is also shown. T
kinematic constraints are given in Table I. The polar an
acceptance of the detectors at eRHIC is not known. We h
taken the range ofue , ug to be the same as at HERA. W
have checked that the constraints on the energies, and
polar angles of the outgoing electron and photon are su
cient to prevent the electron propagators to become too s
and thus reduce the radiative contributions. The unpolari
total ~elastic1inelastic! cross section, integrated overxg

FIG. 7. Asymmetry in the inelastic channel in bins ofxB at
COMPASS. We have used Badeleket al. @24# parametrization of
g1. The constraints imposed are as in Table I~exceptŝ.Q2, to-

gether withŜ2 ŝ.2 GeV2. The averageQ2 ~in GeV2) of each bin
is also shown.
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agrees with the EPA within 1.6 %. The agreement in the
elastic channel is about 6.3 %. The polarized total cross
tion agrees with the EPA within 9.8 %. The EPA in this ca
lies below the ‘‘exact’’ one in all the bins. The agreement
the inelastic channel is about 19.6 %. More restrictive c
straints instead ofŝ.Q2, such asŝ.10 Q2, makes the
agreement better, about 1.2 % in the polarized case and 1
in the unpolarized case. Figure 8~c! shows the asymmetry fo
eRHIC, in bins ofxg . The discrepancy in the cross sectio
cancels in the asymmetry, as a result good agreement
the EPA is observed in all bins except the last one at hig
xg . The asymmetry in the inelastic channel is also show
We have plotted the expected statistical error in the b
using Eq.~5.2!. For eRHIC, we have takenPe5Pp50.7 and
L51 f b21. The expected statistical error increases in hig
xg bins. The asymmetry is very small for smallxg but be-
comes sizable asxg increases. Figure 8~d! shows the polar-
ized cross section in the inelastic channel, in bins ofŝ2Ŝ, in
the ‘‘effective’’ parton model for eRHIC. The VCS is sup
pressed in all bins, especially forŝ,Ŝ. The interference con-
tribution is negligible, similar to HERA. The effective parto
model QEDCS cross section is also compared with the m
exact one, using Badeleket al. @24# parametrization for
g1(xB ,Q2). Similar effects are observed in the unpolariz
case. In the pointlike approximation of the proton with t
effective vertex, as before, the elastic VCS as well as
interference contributions are very much suppressed. Fig
9 shows the asymmetry in bins ofxB in the inelastic channel
which may be relevant for the determination ofg1(xB ,Q2)
using QEDCS at eRHIC. The asymmetry is small but s
able, however, the error bars are large; therefore, good
tistics is needed.xB can be as low as 0.002. A wide range
Q2 can be accessed at eRHIC starting from 0.008
2000 GeV2; the averageQ2 value in the bins ranges from
2.4 to 315 GeV2. Figure 10 shows the total asymmetry
Q2 bins for eRHIC. The asymmetry in this case is bigger
each bin and the error bars are smaller than thexB bins
except the last bin for highQ2 where the number of event
are smaller.

VI. SUMMARY AND CONCLUSIONS

To summarize, in this paper we have analyzed the Q
Compton process in polarizedlp scattering, both in the elas
tic and inelastic channel. This process has a distinctive
perimental signature, and we showed that the cross sec
can be expressed in terms of the equivalent photon distr
tion of the polarized proton, convoluted with the real pho
production cross section. The EPA is a useful tool to estim
high-energy scattering cross sections; however, the accu
of this approximation and the kinematical region of its vali
ity have to be checked by experiment. In this work we p
vided the necessary kinematical constraints for the extrac
of the polarized photon content of the proton by measur
the QED Compton process at HERMES, COMPASS, a
eRHIC. We showed that the cross section and, in particu
the asymmetries are quite accurately described by the E
We also discussed the possibility of suppressing the m
background process, namely the virtual Compton scatter
9-9
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FIG. 8. ~a!, ~b!, ~c!, and~d! are the same as in Fig. 4, but for eRHIC. The constraints imposed are given in Table I.
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IV
We pointed out that such an experiment can give acces
the spin structure functiong1(xB ,Q2) in the region of low
Q2 and mediumxB in fixed target experiments and over
broad range ofxB , Q2 at the future polarizedep collider,
eRHIC. Because of the different kinematics compared to
fully inclusive processes, the QED Compton process
provide information ong1(xB ,Q2) in a range not well cov-
ered by inclusive measurements and thus is a valuable to
have a complete understanding of the spin structure funct
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APPENDIX A: MATRIX ELEMENT FOR THE ELASTIC
BACKGROUND VIRTUAL COMPTON SCATTERING

PROCESS

The explicit expressions of the matrix elements in Sec.
are given below:
03402
to

e
n

to
n.

s-
e

uDM el
QEDCSu25

4

t ŝû
F2A1

2m2

tS8
BGF1

2~ t !, ~A1!

uDM el
VCSu252

4

t̂U8Ŝ8
FA1

2m2

Ŝ8S8U8
CGF1

2~ t̂ !,

~A2!

with

A52t21~ ŝ22S82û!~ ŝ1û!22t~ ŝ22S82U8!22ûU8,
~A3!

B522t31 ŝ32 ŝû212t2~2ŝ1û!2t~3ŝ21û2!,
~A4!

C5~ ŝ1û!2@22S8 21 ŝû22S8û2û212m2~ ŝ1û2t !

2t~S81û!#2~ ŝ1û!@2t223t ŝ1 ŝ21 ŝ~S822û!

13û~S81û!#U82@2t21s22 ŝû12û22t~3ŝ1û!#U8 2.

~A5!
9-10
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2 ReDM el
QEDCSDM el

VCS*

52
4

t ŝût̂U8Ŝ8
FD1

2m2E

S8
GF1~ t̂ !F1~ t !,

~A6!

whereD andE read:

D5@2t21~ ŝ22S82û!~ ŝ1û!22t~ ŝ22S82U8!22ûU8#

3$~ ŝ1û!@ tû1S8~ ŝ1û!#1@ t~ ŝ2û!1 ŝ~ ŝ1û!#U8%,

~A7!

E5@ ŝ~ ŝ2t !2~ ŝ22t !1~2t32t2ŝ2 ŝ3!û1~22t223t ŝ1 ŝ2!

3û21~ t13ŝ!û3#U82~ ŝ1û!$22t3û2~ ŝ1û!

3@ ŝ2~S822û!1S8û212ŝû~S81û!#

2t@27ŝS8û1û2~22S81û!1 ŝ2~23S815û!#

1t2@2û~ û2S8!1 ŝ~5û22S8!#%. ~A8!

We have introduced the invariantsU5(P2k8)2,
û5( l 2k8)2, and Ŝ52( ŝ1û1U82m2) and used the
notations S85S2m2, U85U2m2, Ŝ85Ŝ2m2 for com-
pactness.

APPENDIX B: MATRIX ELEMENT FOR THE INELASTIC
VIRTUAL COMPTON SCATTERING BACKGROUND

PROCESS

For the corresponding inelastic channel in Sec. IV,
explicit matrix elements are given by

FIG. 9. Asymmetry in the inelastic channel in bins ofxB at
eRHIC. We have used Badeleket al. @24# parametrization ofg1.
The constraints imposed are as in Table I~exceptŝ.Q2!, together

with Ŝ. ŝ. The averageQ2 ~in GeV2) of each bin is also shown.
03402
e

uDM inel
QEDCSu254eq

2 F

Q2ŝû
, ~B1!

uDM inel
VCSu2524eq

4 F

t̂ ŜÛ
, ~B2!

with Ŝ52( ŝ1û1xBU8), Û5xBU8 and

F5 ŝ22û212Q412Q2ŝ

22xB@ ŝS81û~S81U8!1Q2~2S81U8!#. ~B3!

Here eq is the charge of the parton in units of the proto
charge. Finally

2 ReDM inel
QEDCSDM inel

VCS* 524eq
3 GH

Q2ŝût̂ ŜÛ
, ~B4!

with

G52Q41 ŝ222ŝS8xB2û@ û12~S81U8!xB#

12Q2@ ŝ2~2S81U8!xB#, ~B5!

H5Q2@ ŝ~ û2Û !1û~ û1Û !#.2xB~ ŝ1û!

3@S8û1 ŝ~S81U8!#. ~B6!

FIG. 10. Asymmetry in bins ofQ2 ( GeV2) at eRHIC. We have
used Badeleket al. @24# parametrization ofg1. The constraints im-
posed are the same as in Fig. 9.
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