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Single-spin asymmetry in deeply virtual Compton scattering: Fragmentation region
of polarized lepton
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For the kinematical region when a hard photon is emitted predominantly close to the direction of motion of
a longitudinally polarized initial electron and relatively small momentum is transferred to a proton we calculate
the azimuthal asymmetry of photon emission. It arises from the interference of the Bethe-Heitler amplitude and
amplitudes described by a heavy photon impact factor. Azimuthal asymmetry does not decrease in the limit of
infinite c.m.s. energy. The lowest order expression for the impact factor of a heavy photon is presented.

DOI: 10.1103/PhysRevD.64.094010 PACS number~s!: 13.60.Hb
te
is

e
ep
o
c

pl
h
a

e
o

a
e

ha
he
io

n
io
rk

se
f
ni

ton
the
ari-

e-

BH
m
to

p-

-
at-
wn
the
ned
the
f

on
n, a
re-
ri-
er

an

ty pli-
I. INTRODUCTION

At present the process of deeply virtual Compton scat
ing ~DVCS! in lepton-nucleon collisions at high energies
of firsthand interest to theorists@1–8# as well as to experi-
menters@9# investigating the long-standing problem of th
nucleon spin content. Among others it was realized that l
toproduction of real photons off nucleons could shed light
the so-called spin crisis problem by allowing for a dire
measurement of off-forward parton distributions. Indeed
decomposition of the nonforward Compton scattering am
tude for the case in which one of the photons is on mass s
and another one is off contains 15 structure functions with
least 4 of which could be put to the test@1–8#. Their first
moments determine the Dirac, Pauli, axial-vector, and ps
doscalar form factors of a proton while their second m
ments are related~in the forward limit! to a proton spin frac-
tion carried by gluons and quarks and the orbital moment
the latter. These structure functions could be tested in d
inelastic scattering~DIS! experiments with the longitudinally
polarized initial lepton aimed at measuring the azimut
correlation between a real photon and scattered lepton. T
are two mechanisms of photon emission: namely, emiss
off leptons ~Bethe-Heitler! and quark lines. The last optio
may be split up into two gauge-invariant sets: the emiss
off a proton valence quark and emission from a qua
antiquark pair produced by a virtual photon and a gluon~Fig.
1!. For the case of small angle scattering~the limit of small
Bjorken variablexB j) and the limit of high c.m. system
~c.m.s.! energies the leading nonvanishing contribution ari
from the impact factor~IF! mechanism, the amplitude o
virtual photons conversion into real photons in the gluo
field of a proton~for more details see@4,8#!. It should be

*On leave of absence from the National Center of Particle
High Energy Physics, 220040 Minsk, Belarus.

†On leave from the Institute of Physics and Technology, Alma
82.
0556-2821/2001/64~9!/094010~8!/$20.00 64 0940
r-

-
n
t
a
i-
ell
t

u-
-

of
ep

l
re
n

n
-

s

c

stressed that we deal with a kinematical region of lep
fragmentation which means that the invariant mass of
scattered lepton and real photon is much less than the inv
ant variables: (p21k1)2!s. In this region both Bethe-
Heitler ~BH! and IF amplitudes do not fall withs increasing
which is ensured by at-channel photon~BH case! or two-
gluon ~IF case! exchange, whereas the contribution corr
sponding to the so-calledhandbagdiagram@5# falls with s
and dominates in the region (p21k1)2&s. The effect of azi-
muthal correlation appears as the interference of a real
amplitude with a purely imaginary one of an IF mechanis
of real photon creation. The interference is not zero due
the purely imaginary spin density matrix of a polarized le
ton.

The azimuthal asymmetry has the simplest formA
5DuM u2/uMBHu2;sinf, wheref is the azimuthal angle be
tween the planes formed by the momenta of initial and sc
tered leptons and of initial leptons and photons. It was sho
that the higher harmonics in the Fourier decomposition of
asymmetry are related to the structure functions mentio
above. The contribution derived here is sensitive only to
gluon densityzg(z,Q2) inside a proton. For small values o
the energy fractionz carried by gluons, one haszg(z,Q)
'6Q2 @GeV2#,Q2;1 GeV2 @10#.

In what follows we study the case when the initial prot
is unpolarized and the final states are a scattered lepto
recoil proton, and a hard photon from the fragmentation
gion of initial leptons. Furthermore, the lowest order cont
bution (;as

2) to the asymmetry is investigated. The high

d

- FIG. 1. Feynman diagrams corresponding to BH and IF am
tudes~the crossed diagram for the IF is implied!.
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PT effects were considered in Ref.@8# and took into accoun
the Balitskii-Fadin-Kuraev-Lipatov~BFKL! ladder.

II. BETHE-HEITLER AMPLITUDE

Let us consider the radiative electron-proton scattering

e~p1 ,j!1P~p!→e~p2!1P~p8!1g~k1!,

where we indicate in parentheses the four-momenta of
ticles, andj is the degree of the longitudinal polarization
electron. We will restrict ourselves to the kinematics wh
the absolute magnitude of a square of the momentum tran
between initial and final state electrons is small with resp
to the c.m.s. energy squared:

s5~p11p!2@Q1
252~p12p2!2,

2t5Q252q2@p1
25p2

25me
2 ,

p25p825M2, q5p82p. ~1!

Note that we use notation typical for calculations based
Sudakov parametrization of four-vectors. The invariants
not always coincide with those routinely used in data ana
sis. Thus ourx, Q1

25p2
2/x, andQ2 correspond to 12y, Q2,

and2t, adopted by experimental collaborations;y is a scal-
ing variable.

The leading nonvanishing in the limit of larges contribu-
tion arises from the two Feynman amplitudes. One of the
the so-called Bethe-Heitler amplitude, describing hard p
ton emission by an electron blob, has the following form

Ml
BH5

~4pa!3/2

q2
ū~p2!Omsu~p1 ,j!ūl~p8!

3Vnul~p!gmnes~k1!

5
~4pa!3/2

q2 S 22x1

sdd1
D ū~p2!vsu~p1 ,j!

3es~k1!sNl, ~2!

with

Vn5gnF1~Q2!1
@gn ,q̂#

2M
F2~Q2!,

Nl5
1

s
ūl~p8!S p̂1F1~Q2!

1
q̂p̂1

M
F2~Q2! D ul~p!,

(
l

uNlu252F~Q2!,

F~Q2!5F1
2~Q2!1

Q2

M2
F2

2~Q2!. ~3!
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Here l561 describes a proton chiral state,F1,2 are the
Dirac and Pauli form factors,M is the proton mass,e(k1) is
the photon polarization vector, and

vs5sx~d2d1!gs1xd1gsq̂p̂1dp̂q̂gs ,

the effective vertex describing the Compton scattering@11#.
The quantities

d5xx1@~p12q!22me
2#, d152x1@~p12k1!22me

2#, q2

can be reexpressed using the Sudakov decomposition o
four-vectors:

d5x1
2me

21~k11x1q!2, d15x1
2me

21k1
2 , Q252q25q2,

wherek1 ,p2 ,q are the two-dimensional components of t
photon, scattered electron, and recoil proton momenta in
plane transverse to the beam axis. They obey the conse
tion law k11p21q50. Herex,x1 are the energy fractions o
the scattered electron and real photon satisfyingx1x151.
The squared matrix element summed over polarization st
and the cross section can be brought to the form@11#

( uMBHu25211p3a3
s2

q2

x1
2x~11x2!

dd1
F~Q2!,

dsBH
eP→(eg)P5

2a3x1~11x2!

p2q2dd1

F~Q2!d2k1d2qdx.

~4!

It is important to note that the amplitudeMBH is real.

III. ASYMMETRY EVALUATION

Consider now the two-loop level correction to the amp
tude studied above, describing emission of a hard pho
from the intermediate state of a pair of charged quarks c
ated by the virtual photon and converted to the real o
through the two gluons exchange. The corresponding am
tude differs from the QED one only by the factorC5(Qq

2

(Qq is a quark charge in units ofe) and the gluon density
factor G(z,k,Q)5zdg(z,k,Q)/d lnQ2,k2;Q2!s ~see Ref.
@10#!. The amplitude of the IF mechanism is purely imag
nary and may be expressed in terms of the photon IF:

MIF54Cas
2a

is~4pa!1/2

q1
2

ū~p2!gmu~p1 ,j!Nl

3E d2kG~z,k,Q!

pk2~q2k!2

d2q1dx1

px1x2
I mses~k1!,

q1
252

p2
2

x
, ~5!

where the tensorI ms is given through the tensor of elast
gluon-photon scattering,
0-2
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I ms5
papb

s2
Tabms . ~6!

Its explicit form is presented in Appendixes A and C. In t
last appendix we derive the heavy photon IF with both p
tons off mass shell.

The relevant expression for the contribution to the cr
section reads

DuM u25( 2MIF~MBH!*

5s2j211C
xx1p2

q2p2
2dd1

a3as
2

3E d2kG~k,Q,z!

pk2~q2k!2 E d2q1dx1

x1x2p
J•F1~Q2!,

J5
i

s
I mnLmn , Lmn5

1

4
Tr@ p̂2vnp̂1gmg5#. ~7!

Using the gauge invariance conditionsTab . . .ka5Tab . . . (q
2k)b50 we can make the following replacement in the e
pression forI ms :

papb

s2
→

ka
'~q2k!b

'

s̃s18
,

s̃5
1

x1
@~q11q2!21~q11k!2#,

s185
1

x1
@~q11q2!21~k11k2q!2#. ~8!

The next step is to perform the d2k integration. We suppose
that small values ofuku dominate as this region is enhanc
by the factorzg(z,uku). Then the integration could be carrie
out as follows:

E d2k

pk2k82
kik8 jG~z,k,k8!

5E
0

1

dxE d2kki~q2k! jG~z,k,q2k!

p@~k2xq!21Q2x~12x!#2

'
1

2
d i j E

0

1

dxzg„z,xQ,~12x!Q…'
1

2
d i j zg~z,Q/2!. ~9!

Thus to the accuracy of approximately 10%~with Q2 of a
few GeV2) we may putuku5uk8u5Q/2 in the nonsingular
part of the integrand.

It should be noted that only the structure

E5~p,p1 ,p2 ,q!5«abgdpap1
bp2

gqd5
s

2
@p23q#z ~10!
09401
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survives integrations over d2q1 ,dx1 ~for details see Appen-
dixes A,B!.

The single-spin asymmetry is defined as

A5
ds↑2ds↓

ds↑1ds↓ , ~11!

where the arrows refer to the electron polarization, ands
stands for the total differential cross section, ds5dsBH
1ds INT . This asymmetry is related (A5Afsinf) to the
azimuthal one given by

Af5

E
0

p

df ds2E
p

2p

df ds

E
0

2p

df ds

, ~12!

which is sometimes simpler for measurements.
It is easy to see that the definition of the asymmetry giv

in Eq. ~11! coincides with the one given in the Introductio
and is found to be

A5Cj
as

2

p

zg~z,Q/2!uz→0F1~Q2!

F~Q2!
U q

p2
UF~x!sinf,

F~x!52
11x

3@11x2#
S 2 ln

p2
2

m2
21D . ~13!

Here Q5uqu is the momentum transfer to a proton whic
bears to a some extent a latent dependence on an en
fraction of the scattered lepton,up2u is the transverse compo
nent of the scattered electron momentum, andm50.3 GeV
is the quark constituent mass. In addition it has been
sumed that p2

2@Q2@m2 and terms of order
(m2/p2

2)ln(p2
2/m2) have been dropped for their subleadin

nature~which gives an accuracy of the derivation of;10%).
Equation~10! could be slightly rewritten to take the form

E52~p,p1 ,q1 ,q!52
s

2
@q13q#z ,

which gives us an azimuthal angle between lepton a
virtual-real photon planes. The corresponding asymmetr
often used in theoretical and experimental papers.

IV. DISCUSSION AND CONCLUSION

As was shown in Ref.@12# at high virtualities of the vir-
tual g* one can apply the perturbative QCD~pQCD! factor-
ization in order to study the process of hard exclusive el
troproduction of vector mesons. The nonperturbat
information related to the proton is described by the ma
element of a two-gluon operator approximated by the glu
distribution function. In DVCS, as was emphasized by Ji@2#,
one can measure the asymmetric gluon distribution. In
case one has a small momentum transfer to the nucleon
the approach of Ref.@12# is valid. Moreover, the quark-gluon
mixing in the evolution can be ignored. In diffractive kine
0-3
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matics higher order corrections acquire odderon features,
like in DIS, and in our approach these are parametrized b
gluon density factor.

Above we applied this approach to give a rather rou
estimate for the azimuthal asymmetry of a real photon em
sion induced by longitudinally polarized electron in its fra
mentation region. It turns out that the asymmetry is enhan
by the gluon densityzg(z,Q) which for z→0 appears to be
;5 –7 @Q(GeV)#2. Evidently the asymmetry results from
the interference between the Born-level Bethe-Heitler am
tude and that of two-loop level containing a photon-glu
fusion block. The first amplitude is real and the last one
completely imaginary. Aiming at obtaining a definite analy
cal result for the asymmetry we study the problem within
requirementsp2

2@Q2@m2. Using this approximation we ex
tract the gluon density factorzg(z,Q). The nonenhanced
terms are estimated to give a contribution of order of un
thereby claiming the accuracy of the calculation to be of
order of 15% –20%. Just to illustrate what the asymme
looks like we give a plot in Fig. 2 of the multiplicative facto
A(x) in front of j sinf in Eq. ~13! for the momentum trans
fer Q1

251 –50 GeV2. The ratio ofuq/p2u is kept at 0.1 for all
curves in the plot. The fall of the asymmetry for high valu
of x and Q1

2 is caused by the relatively large values ofuqu
and, as a result, by the little bit lessas values. A similar
approach was developed in the papers in Ref.@4#, where the
authors give the formulas for the cross sections in terms
observable characteristics of diffractive scattering such
h5ReA/Im A. Numerical estimates show an agreement
tween our results.
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APPENDIX A: EXPLICIT FORM OF I µn

To find the contribution of the Feynman diagram conta
ing the impact factor of a heavy photon we need to calcu
the trace,

I mn5
1

s2
Tr@~ q̂21m!Bm~ q̂12m!Rn#,

Bm5
1

d1
gm~ k̂2q̂11m! p̂21

1

d2
p̂2~ q̂22 k̂1m!gm ,

Rn5
1

d28
gn~ q̂22 k̂81m! p̂21

1

d18
p̂2~ k̂82q̂11m!gn ,

~A1!

wherem is a quark mass and

d65k222kq6 , d68 5k8222k8q6 .

It is easy to show that the gauge conditions for the on-ma
shell quarks are satisfied:

ū~q2!Bnv~q1!q1
n50, v̄~q1!Rmu~q2!k1

m50. ~A2!

Taking into account an enhancement due to the la
gluon density factorzg(z,Q)@1 one can restrict further con
sideration to the kinematicsp2

2@k2;q2 which is thus prefer-
able. Then it could be verified that

d65d68 52x6s̃, s̃5
1

x1
@s11q1

2#5
s

x1y1y2
,

s15~q11q2!25
1

y1y2
@m21qt

2#,

s5m
*
2 1qt

2 , m
*
2 5m21y1y2p2

2 ,

qt5q11y1p252q22y2p2 , y65
x6

x1
. ~A3!

Here x6 are the energy fractions of the pair,q6 their com-
ponents of momentum transverse to the beam axis. T
obey the conservation laws

y11y251 and q11q21p250.

With the substitutionp2m→2skm
'/ s̃ in the quantityB and,

respectively,p2m→2skm8
'/ s̃ in R the tensorI mn can be trans-

formed to take the following form:

I mn5
1

4s̃4
Tr@~ q̂21m!B1m~ q̂12m!R1n#,
0-4
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B1m5
s̃

s S 1

x1
gmp̂k̂2

1

x2
k̂p̂gmD1gmZ,

R1n5
s̃

s S 2
1

x2
gnp̂k̂81

1

x1
k̂8p̂gnD1gnZ8,

Z5
2

x1x2
rk, Z85

2

x1x2
rk8, r5x1qt . ~A4!

Here the vectorsk, k85k2q are pure two-dimensional one
transverse to the beam axis.

Once again one can check that the gauge conditions,

ū~q2!B1nv~q1!q1
n50,

v̄~q1!R1mu~q2!k1
m50 ~A5!

are satisfied up to terms of orderk2/p2
2.
09401
APPENDIX B: INTEGRATION OVER QUARK PAIR
MOMENTA

Using the Sudakov parametrization of four-vectors,

p1' p̃1 , p25xp̃11
p2

2

xs
p̃1p2' ,

q65x6p̃11
q6

2 1m2

sx6
p̃1q6' ,

k15x1p̃11
k1

2

sx1
p̃1k1' , p̃1

25 p̃250,

p̃5p2
M2

s
p1 , 2p̃p̃15s, a'p̃15a'p̃50,

~B1!

and the conservation lawx11x25x1, the scalar products
used can be written as follows:

2p1q65
1

x6
@q6

2 1m2#[a6 ,

2p2q65
1

xx6
@m2x21~xq62p2x6!2#[a68 . ~B2!

Upon averaging over the azimuthal angle of gluon mome
and using the permutation symmetry

x2↔x1 , q2↔q1 ,

the quantityJ could be symbolically written in the following
manner:
ss̃4

p2
2

J

k2
5

1

2
~11P6!@xB1C#,

C5ES 2st
2

x1
2

2
4m2r2

z2 D 12~p,p2 ,q2 ,q!S 2
2st

x1x1z
q1r1

st
2

x1z
1

2a1

z2
r22

st
2

x2x1
2D 22~p,p2 ,q,r !

sta1

x1z
,

B52~p,p1 ,q2 ,q!S 2
st

x1z
rp21

xst

x1x1z
rq12

xst
2

2x1z
2

r2a18

z2
1

xst
2

2x2x1
2D 1~p,p1 ,q,r !

sta18

x1z
1~p,p1 ,p2 ,r !

2st

x1z
q2q

12~p,p1 ,p2 ,q2!S st

x1z
rq2

2

z2
r2q1qD 1EF2

2st~x11x2!

x1x2z
rq22

st
2

2z
2

2

z2
r2~st2p2

2!G12~p,p2 ,q2 ,q!

3S st

x1x1z
q1r2

st
2

2x1z
2

a1

z2
r21

st
2

2x2x1
2D 1~p,p2 ,q,r !

sta1

x1z
1sF2~p1 ,p2 ,q2 ,q!

x1r2

z2
1~p1 ,p2 ,q,r !

x2st

x1z G , ~B3!

wherest5x1s̃, z5x1x2 andP6 is the permutation operator. In deriving these formulas it has been assumed thatk2@q2. The
structures (•••) entering Eq.~B3! can be rewritten as follows:1

~p,p2 ,q2 ,q!5x~p,p1 ,q2 ,q!2x2E,

1At this point one should be aware that only the transverse components of the four-vectorq have to be taken into account.
0-5
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s~p1 ,p2 ,q2 ,q!52
p2

2

x
~p,p1 ,q2 ,q!1a2E,

s~p1 ,p2 ,q,r !5
p2

2

x
~p,p1 ,r ,q!,

~p,p2 ,q,r !52x~p,p1 ,r ,q!.

Having all the above at hand we turn to the d2q1 integration. A set of relevant integrals reads

E d2q1

p H 1

s2
,
r2

s4
,
q2

i r j

s3
,

r i

s3
,
r2q1

i q2
j

s4
,
~rq1!q2

i

s3
,
r2a18 q2

i

s4
,
r2a1q2

i

s4
,
a18 r i

s3
,
a1r i

s3
,
r2a6

s4
,
a6

s3
,
q1r

s3 J
5H 1

m
*
2

,
x1

2

6m
*
4

,2d i j
x1

4m
*
2

,0,2x1
2S d i j

6m
*
2

2p2
i p2

j y1y2

6m
*
4 D ,

x1p2
i

2m
*
2 S 1

2
y12y2D ,

x1
2xp2

i

3m
*
2 x1

S y1

x
2y22

y2y1
2 p2

2

2x2m
*
2 D ,

x1
2p2

i

3m
*
2 x1

3S y12y22
y2y1

2 p2
2

2m
*
2 D ,2

p2
i

2m
*
2

,2
p2

i

2m
*
2

,
x1

2

3x6m
*
2 S 11

y6
2 p2

2

2m
*
2 D ,

1

2x6m
*
2 S 11

y6
2 p2

2

m
*
2 D ,

x1

2m
*
2 J . ~B4!

Above we have discarded terms that give contributions of orderm2/p2
2 as compared with unity. The integration overy6

becomes almost trivial in the limitQ1
2@m2:

E
0

1dy1

m
*
2 H 1,y6 ,y6

2 ,y1y2 ,
m2

m
*
2

y2y1J 5
1

p2
2 $2L,L,L21,1,0%, ~B5!

whereL5 ln(p2
2/m2).

APPENDIX C: HEAVY PHOTON IMPACT FACTOR

To obtain the heavy photon IF one has to consider thes-channel discontinuity of the heavy photon amplitude in an exte
field,

gm~P1!1A~p!→q~q1!1q̄~q2!1A~p9!

→gn~P2!1A~p8!,

P1
252Q2, P2

252Q82, ~C1!

which is described by the tensor

DAmn~s,t !5
~4pa!3

k2k82 S 2

sD 2

Nls4I mndG3 , ~C2!

with

dG35
1

~2p!5

d3qW 1

2«1

d3qW 2

2«2

d3pW 9

2E9
d4~P11p2q12q22p9!5

d2kd2q1dx1

4s~2p!5x1x2

, ~C3!

and the quantityNl given in Eq.~3!. The tensorI mn has the form@see Eq.~A1!#
094010-6
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1

x1x2
I mn5~11P6!H x1

a1a18
@2qmq1n1~224x1!qnq1m28x2q1mq1n#1

1

a2a18
~2x1qmq2n1~22x114x1x2!qnq2m

22q2nq1m1~228x1x2!q1nq2m!1gmnF 1

a2a18
@2x2k22x1k821x1x2~q22Q22Q82!#

1
x1

a1a18
~x2~Q21Q82!1x1q2!G J , ~C4!

with
th
m
ea

e
di-

ho-
e-

of
lts
a65a1q6
2 , a68 5b1~q62x6q!2,

a5m21x1x2Q2, b5m21x1x2Q82.

One can argue that the gauge conditionI mn50 for k50,k8
50 is satisfied. Joining the denominators with the use of
Feynman trick and performing an integration over the co
ponents of the quark pair momenta transverse to the b
axis we get

E d2q1

pa1a18
5E

0

1 dy

D11
, E d2q1

pa1a28
5E

0

1 dy

D21
,

D115A1q2x1
2 y~12y!,

D215A1y~12y!b2,

b5k2x1q,

A5m21x1x2@yQ821~12y!Q2#.
~C5!

The result for the IF takes the following form~we choose
only the transverse polarizations of photonsm[ i ,n[ j ):

t i j
g 52a2E

0

1

dx1dx2d~x11x221!E
0

1

dyF x1
2

D11

3@8x1x2y~12y!qiqj2q2d i j „114x1x2y~122y!…#

2
1

D21
@8x1x2y~12y!bibj2b2d i j „114x1x2y
09401
e
-
m

3~122y!…] 14x1x2y~x22x1!qj S x1qi

D11
1

bi

D21
D

1d i j x1x2„Q
21Q8214x1x2y~Q822Q2!…

3S 1

D21
2

1

D11
D G , ~C6!

with D11 ,D21 , andb defined in the same way as in th
Eq. ~C5!. Once again it is clearly seen that the gauge con
tions are satisfied:

tuk505tuk5q50.

It is important to note that even for the on-mass-shell p
tons Q25Q8250 this expression differs from the one d
rived by Cheng and Wu@13#. The difference is found to be

Dt i j
g 5t2tCW

54a2E dx1dy x1x2~122x1!qj

3S x1qi

D11
0

1
bi

D21
0 D ,

D11
0 5m21x1

2 y~12y!q2,

D21
0 5m21y~12y!b2. ~C7!

The reason for this discrepancy is the different definition
the initial and final photon’s four-momenta. Similar resu
were obtained in Ref.@14#.
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