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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.
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[. INTRODUCTION stressed that we deal with a kinematical region of lepton
fragmentation which means that the invariant mass of the
At present the process of deeply virtual Compton scatterscattered lepton and real photon is much less than the invari-
ing (DVCS) in lepton-nucleon collisions at high energies is ant variables: (p,+k;)2<s. In this region both Bethe-
of firsthand interest to theorisfd—8] as well as to experi- Heitler (BH) and IF amplitudes do not fall witk increasing
menters[9] investigating the long-standing problem of the which is ensured by &channel photor(BH case or two-
nucleon spin content. Among others it was realized that lepgluon (IF cas¢ exchange, whereas the contribution corre-
toproduction of real photons off nucleons could shed light orsponding to the so-calledandbagdiagram[5] falls with s
the so-called spin crisis problem by allowing for a directand dominates in the regiom4+ k;)?<s. The effect of azi-
measurement of off-forward parton distributions. Indeed amuthal correlation appears as the interference of a real BH
decomposition of the nonforward Compton scattering ampliamplitude with a purely imaginary one of an IF mechanism
tude for the case in which one of the photons is on mass shedif real photon creation. The interference is not zero due to
and another one is off contains 15 structure functions with athe purely imaginary spin density matrix of a polarized lep-
least 4 of which could be put to the tddt—8]. Their first ~ tON.
moments determine the Dirac, Pauli, axial-vector, and pseu- 'he azimuthal asymmetry has the simplest forh
doscalar form factors of a proton while their second m0_=A|M|2/|MBH|2~sm¢, where¢ is the ammutha} 'angle be-
ments are relate€in the forward limi to a proton spin frac- tween the planes for_m_e_d by the momenta of initial and scat-
tion carried by gluons and quarks and the orbital momenta ofered leptons and of initial leptons and photons. It was shown

the latter. These structure functions could be tested in deeg?at the higher harmonics in the Fourier decomposition of the

inelastic scatteringDIS) experiments with the longitudinally symmetry are rglatgd to the structure funcypns mentioned
. T ) : . bove. The contribution derived here is sensitive only to the
polarized initial lepton aimed at measuring the azimutha

. 2 . .
correlation between a real photon and scattered lepton. The?ﬁlgogndefgiltzza%(ﬁzég )c ;rr]rsi:adde gypé?az':{:%rnzm; ;g?zlugi’ of

are two mechanisms of photon emission: namely, emission .2 2
. : SIS 6Q? [GeVP],Q2~1 GeV [10].
off leptons (Bethe-Heitley and quark lines. The last option In what follows we study the case when the initial proton

may be split up into two gauge-invariant sets: the EMISSIORg unpolarized and the final states are a scattered lepton, a
off a proton valence quark and emission from a quark-

i K bai duced b rtual ohot d a gl(Fi recoil proton, and a hard photon from the fragmentation re-
antiquark pair proguced by a virtual photon and a giteg. gion of initial leptons. Furthermore, the lowest order contri-
1). For the case of small angle scatteriftige limit of small bution (~ az) 0 the asvmmetrv is investiaated. The hiaher
Bjorken variablexg;) and the limit of high c.m. system s y y 9 ' 9

(c.m.s) energies the leading nonvanishing contribution arises

from the impact factor(IF) mechanism, the amplitude of  e(p) e(p2) e 2]
virtual photons conversion into real photons in the gluonic 7*(q1)
field of a proton(for more details se¢4,8]). It should be
7*(q) v(k1) €
*On leave of absence from the National Center of Particle and ~ » BH p IF

High Energy Physics, 220040 Minsk, Belarus.
On leave from the Institute of Physics and Technology, Almaty- ~ FIG. 1. Feynman diagrams corresponding to BH and IF ampli-
82. tudes(the crossed diagram for the IF is implied
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PT effects were considered in Rg8] and took into account Here =1 describes a proton chiral staté; , are the
the Balitskii-Fadin-Kuraev-LipatoyBFKL) ladder. Dirac and Pauli form factorsyl is the proton mass(k;) is
the photon polarization vector, and
Il. BETHE-HEITLER AMPLITUDE

. - . v, =sx(d—d;)y,+Xxdyy,qp+dpgy,
Let us consider the radiative electron-proton scattering o= SX VYo 1Y-AP~APqYs

, the effective vertex describing the Compton scattefihdj.
e(p1.£)+ P(p)—e(py) + P(p')+ y(Ky), The s : P i

where we indicate in parentheses the four-momenta of par- 5> 2 5 2
ticles, and¢ is the degree of the longitudinal polarization of d=XXa[(Pa=@"=me],  di=—x;[(p1—ky)"~me], ¢
electron. We will restrict ourselves to the kinematics when
the absolute magnitude of a square of the momentum transf
between initial and final state electrons is small with respec
to the c.m.s. energy squared:

2

an be reexpressed using the Sudakov decomposition of the
our-vectors:

d=ximi+ (k;+x,9)2%, dy=x2mi+kj, Q%=-q?=¢?,
— 2. 02— _ )2

S=(PtP)™>Qx (P1=P2)", wherek,,p,,q are the two-dimensional components of the

photon, scattered electron, and recoil proton momenta in the

plane transverse to the beam axis. They obey the conserva-

p2=p’2=M2, q=p'—p. (1) tion law k; +p,+qg=0. Herex,x; are the energy fractions of
the scattered electron and real photon satisfyirgc;=1.

Note that we use notation typical for calculations based ohe squared matrix element summed over polarization states

Sudakov parametrization of four-vectors. The invariants dand the cross section can be brought to the fptdj

not always coincide with those routinely used in data analy-

sis. Thus oux, Q%= pa/x, andQ? correspond to +y, Q?,

—t=Q%=—g?>pi=p3=m;,

s2 x3x(1+x?)

and —t, adopted by experimental collaboratiogss a scal- 2 M BH|2:2117730‘3_2 d—le(Qz)’
ing variable. q
The leading nonvanishing in the limit of largecontribu- 3 )
tion arises from the two Feynman amplitudes. One of them, doeP— (NP _ 2073 (14X )F(Qz)dzk d2adx
the so-called Bethe-Heitler amplitude, describing hard pho- BH m2oPdd, 1o
ton emission by an electron blob, has the following form: (4)
_ (4ma)¥2 It is important to note that the amplitudé®" is real.

MR Tu(pgowu(pl,w(p')

lll. ASYMMETRY EVALUATION
XV,ut(p)g”"e’(ky)

Consider now the two-loop level correction to the ampli-

_ (Ama)®? [ 2%\ — tude studied above, describing emission of a hard photon
- 92 sdd, Uu(p2)v,U(p1,é) from the intermediate state of a pair of charged quarks cre-
ated by the virtual photon and converted to the real one
X e%(ky)sN, (2)  through the two gluons exchange. The corresponding ampli-
. tude differs from the QED one only by the factGr= EQS
with (Qq is a quark charge in units af) and the gluon density
Ly ] factor G(z,k,Q)=zdg(z,k,Q)/dInQ?k*~Q?<s (see Ref.
Yv.9 [10]). The amplitude of the IF mechanism is purely imagi-
_ 2y 1 2 p purely g
Vi=7F1(Q0) 2M Fa(Q), nary and may be expressed in terms of the photon IF:
VTN I is(4ma)2_
N*=~u*(p )(plFl(Qz) M'F=4Caia———5——u(py) y,u(p;, &N
1
qp PkG(z,k,Q) d?q. d
+ Vle(Q%)u*(m, x [ LR T etk
mk?(g-k)? XX
NM2=2F(Q?), 5
2 NP=2rh) =-"2, ©
X
2
F(QY)=F2(Q)+ Q_Fg(Qz)_ (3y  Where the tensot, is given through the tensor of elastic
M?2 gluon-photon scattering,
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pepf survives integrations overd, ,dx. (for details see Appen-
|#0=—2Taﬁlw.. (6) dixes A,B).
S The single-spin asymmetry is defined as

Its explicit form is presented in Appendixes A and C. In the do'—dot
last appendix we derive the heavy photon IF with both pho- =
tons off mass shell. do’ +do

The relevant expression for the contribution to the CTOSSvhere the arrows refer to the electron polarization, and d
section reads

stands for the total differential cross sectiony=ddogy
+dont. This asymmetry is related A= A,sin¢) to the

11

AIM|2=2D) 2M'F(MBH)* azimuthal one given by
T 2
2 d¢p do— de d
= 2¢211C XXy o3a? fo ¢do ™ ¢ do
o’podd;  ° Ag= 5 , (12)
d¢ do
Xf dsz(k!Q!Z) f dZQ+dX+J F (Qz) 0
7k?(q—k)? X X_ ! ’ which is sometimes simpler for measurements.
It is easy to see that the definition of the asymmetry given
i 1 . . in Eqg. (11) coincides with the one given in the Introduction
J= gIMVLMV’ L/.Lv:ZTr[pZU VplyMYS]' (7) and is found to be
2
Using the gauge invariance conditiofigs = K,=T,s. . (q A=cels 29(2,Q/2)|,-.0F1(Q%) a ®(x)sing
—k) =0 we can make the following replacement in the ex- T F(Q?) [ '
pression forl ,,,:
ki(g—k)% d(X)=——— 2|np—§—1 (13
papﬁ_) a S B 3[1+x7] m?2 :
s? ss;

Here Q=|q| is the momentum transfer to a proton which

- 1 bears to a some extent a latent dependence on an energy
s= X—[(Q++q7)2+(Q1+ k)], fraction of the scattered leptolp,| is the transverse compo-

! nent of the scattered electron momentum, end0.3 GeV

1 is the quark constituent mass. In addition it has been as-
s;=—[(q,:+9.-)%+(ky+k—0)?]. (8) sumed that p>Q?>m? and terms of order

X1 (mzlpg)ln(pglmz) have been dropped for their subleading
nature(which gives an accuracy of the derivation-ef.0%).

The next step is to perform thédintegration. We suppose Equation(10) could be slightly rewritten to take the form

that small values ofk| dominate as this region is enhanced
by the factorzg(z,|k|). Then the integration could be carried

s
out as follows: E=—(p,p1,q1,q)=—E[qlxq]z,
J’ d’k KKIG(zkK') which gives us an azimuthal angle between lepton and
k2K’ 2 T virtual-real photon planes. The corresponding asymmetry is

often used in theoretical and experimental papers.

1 d’kk'(q—k)1G(z,k,q—k)
- fo dXJ’ IV. DISCUSSION AND CONCLUSION

7l (k—xq)?+Q*(1—x)]?
1 1 1 As was shown in Refl12] at high virtualities of the vir-
~Z 5l f dxzg(z,xQ,(1-x)Q)~ = 8lzg(z,Q/2). (9)  tual y* one can apply the perturbative QGPQCD) factor-
2 0 2 ization in order to study the process of hard exclusive elec-
troproduction of vector mesons. The nonperturbative
Thus to the accuracy of approximately 108ith Q® of a  jnformation related to the proton is described by the matrix
few GeV?) we may put/k|=|k’'|=Q/2 in the nonsingular element of a two-gluon operator approximated by the gluon
part of the integrand. distribution function. In DVCS, as was emphasized bf2J;
It should be noted that only the structure one can measure the asymmetric gluon distribution. In our
case one has a small momentum transfer to the nucleon and
_ _ o 5. S the approach of Ref12] is valid. Moreover, the quark-gluon
E=(P.P1.P2,0) = €apysP"PLPI =3P al (10 mixing in the evolution can be ignored. In diffractive kine-
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16 | Q2= 50 GeV? APPENDIX A: EXPLICIT FORM OF 1,

To find the contribution of the Feynman diagram contain-

14 |
i ing the impact factor of a heavy photon we need to calculate

Q2= 25 GeV?

12

the trace,
10} 1
L 2 2 - -
of Q=10 GeV L= ;Tr[(qﬁm)B,L(qrm)Ry],

T A
Bu= g, Yuk= A TPt g7p2(q-—ktm)y,,,

1 . - . 1. . .
[ T RV:_Vv(q—_k,+m)p2+d_,pz(k/_Q++m)')’w

0 01 02 03 04 05 06 07 08 09 1 (AD)
FIG. 2. The factorA(x) versusx for Q?=1-50 GeV and wherem s a quark mass and
|a/p,| =0.1.
d.=k?—2kq., d.=k2—2K'q..
matics higher order corrections acquire odderon features, un-
like in DIS, and in our approach these are parametrized by 4 is easy to show that the gauge conditions for the on-mass-

gluon density factor. shell quarks are satisfied:
Above we applied this approach to give a rather rough _ _
estimate for the azimuthal asymmetry of a real photon emis- u(q-)B,v(dq4)q;=0, v(g:)R,u(q-)ki=0. (A2)

sion induced by longitudinally polarized electron in its frag- o
mentation region. It turns out that the asymmetry is enhanced Taking into account an enhancement due to the large
by the gluon densitgg(z,Q) which for z—0 appears to be gluon density factorg(z,Q)>1 one can restrict further con-
~5-7 [Q(GeV)]Z Ev|dent|y the asymmetry results from sideration to the kinematic@» k2~q2 which is thus pl’efer-
the interference between the Born-level Bethe-Heitler ampliable. Then it could be verified that
tude and that of two-loop level containing a photon-gluon

fusion block. The first amplitude is real and the last one is do=d. =—x.3 3= i[sl+q2]= g
completely imaginary. Aiming at obtaining a definite analyti- - = X1 HoxyLy
cal result for the asymmetry we study the problem within the
requirementsp§> Q?>m?. Using this approximation we ex-

1
$1=(q: +q-)*=——[m*+ ],

tract the gluon density factorg(z,Q). The nonenhanced Y.Y_
terms are estimated to give a contribution of order of unity,
thereby claiming the accuracy of the calculation to be of the o=m’+q, m2=m?+y.,y_p3,

order of 15%—-20%. Just to illustrate what the asymmetry

looks like we give a plot in Fig. 2 of the multiplicative factor X,

A(X) in front of £ sing in Eq. (13) for the momentum trans- =0+ +tYiPo=—0-—Y_pP2, Y+=—. (A3)
fer Q2=1-50 GeVf. The ratio of|g/p,| is kept at 0.1 for all X1

curves in the plot. The fall of the asymmetry for high vaIuesHerex+ are the energy fractions of the paif, their com-

2 . .
of x and Q1 is caused by the relatively large values|af  ponents of momentum transverse to the beam axis. They
and, as a result, by the little bit less; values. A similar  gpey the conservation laws

approach was developed in the papers in R&f.where the

authors give the formulas for the cross sections in terms of y.+y_=1 and q,+q_+p,=0.
observable characteristics of diffractive scattering such as

n=ReA/ImA. Numerical estimates show an agreement be- \jith the substitutionp,,,— — sk;fs in the quantityB and,

tween our results. respectivelyp,,— —sk/’f/E in Rthe tensot ,, can be trans-

formed to take the following form:
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31 1 APPENDIX B: INTEGRATION OVER QUARK PAIR

Using the Sudakov parametrization of four-vectors

>
- - P
P1~P1, pZZXpl+X_Sp+p2L1
S 1 .. 1. .
Rlvz_<

s _ZYVpk +Zk Py, +‘y;/Z ’ 5 qi+m2~

0+=X+pP1t p+q+,,
k2
2 2 ky=X;P1+ ¢ p+ku, pi=p?=0,
rk, Z'= rk’,  r=xyq. (A4)
X X_ XX
M? _— - ~
IOZIO—?IOL 2pp;=s, a,pi=a, p=0,
Here the vectork, k’'=k—

. . (B1)
k—q are pure two-dimensional ones .
transverse to the beam axis and the conservation law, +Xx_=X,, the scalar products
Once again one can check that the gauge conditions, USed can be written as follows:

1
2p;Q. = Z[qi+mz]zai :
u(g-)By,0(0:)ai=0,

2sz+——[m X2+ (XQe — PoXs)?]=al . (B2)

Upon averaging over the azimuthal angle of gluon momenta
(A5) i

v_(q+)Rl#u(q_)k"l‘:0 and using the permutation symmetry

X_eoXy,  Q-<Qy,
the quantityd could be symbolically written in the following
are satisfied up to terms of ordb?/pg. manner:

s J 1(1+7> )[xB+C]
S .7 5 + X il
p; K22

CE25t Am'e +2( )| - 25 +St2+2a+2 i 2(

- Xl p p21 - !q 1X+Zq+ X Z 22 X_X% p1p21 ’

s XS, xs  rfal,  x§
B=2(p.py, q,q)(——tpz o

S;a
oz T xR +2X_Xl) +(P.P1,AT) S — +(p P1.p zr) 9-9
S 2, 2s(xatx-) st 2,
+2(D,P1,p2,Q)(Efq ;r Q+Q)+E Wqu 27 Z—r(St p3) | +2(p,p2,9-,q)
2
] [ S S R B qr)—+s 2(p1,p q) +(p p qr) (B3)
XX4Z ' 2%Z 22 2x X2 z P2 L

wheres,=x;s, z=x,x_ andP. is the permutation operator. In deriving these formulas it has been assum&éstiigt The
structures (- -) entering Eq{(B3) can be rewritten as follows

(p,pP2,9-,9)=X(p,pP1,9-,9) —X_E,

IAt this point one should be aware that only the transverse components of the fourgéetee to be taken into account
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2
P2
S(P1,P2,9-,9)==-(P,p1.q-.q) +a-E,

P5
S(P1,P2,0,1) =" (P,P1.1,0),

(P,P2,0,r)=—X(p,p1.r,q).

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

f dg, | 1 dr r or’did (rg0)d rfaldl rfa.dl aln ar rfa. a. q.r
2'0_4’ 0_3 ’0_3’

U o R S L SO S ’E’ a®
I T R I IR A A xlp‘z(}y _y) XXPy Ve RAHANRS
m2emt ' am?2’ THemZ T %em? ) T2m2 1277 7/ 3mix \ x0T 2x@m2 ) 3mix,
2 .2 i i 2 2 2 2 2
_y X % 1 - X
y y+—y,—y +2p2 — pzz,_ pzz, 1 . 1+y_F;2 ' . 1+y_£)2 ' 12 . (B4)
2m; 2m,  2m 3Xx.mjg 2mg /| 2X.mg m; ) 2my

Above we have discarded terms that give contributions of omﬁpg as compared with unity. The integration ower
becomes almost trivial in the lim®3s>m?:

1dy m? 1
f —;[ Ly=.ya.y.y- ,—zy_y+] =5f{2LLL-110, (B5)
0 m, 2

whereL = In(p3/m?).

APPENDIX C: HEAVY PHOTON IMPACT FACTOR

To obtain the heavy photon IF one has to considerstblkrannel discontinuity of the heavy photon amplitude in an external
field,

Yu(P1)+A(p)—q(d,)+a(q-)+A(p")

—7,(P2) +A(p"),

PiI=-Q? P}=-Q’% (C1)
which is described by the tensor
(4ma)®(2\2
AA#V(S’t):W g N,s IM,,dF3, (C2
with
1 ofq, dq. d*p” dkdPq, dx
dl'y= P+p—qs—q_—p)=——, C3
3 (277)5 28+ 28_ ZE/, ( 1 p q+ q p) 45(277)5X+X7 ( )

and the quantityN, given in Eq.(3). The tensoll ,, has the fornsee Eq(A1)]
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X
L= (1+ P ——[20,04 ,+(2—4%:)0, 04, — 8X_0s .04, ]+
XX +4
_2q7Vq+,u+(2_8X+X7)q+vqf,u.)+g,u.u
X4 2 2 2
+ —(X_(Q°+ Q") +X:q) | s
a.al,
with
a.=a+q¢?, al=b+(d-—x.0)7?

a=m’+x,x_Q? b=m’+x,x_Q’'2

One can argue that the gauge conditlgn=0 for k=0k’

=0 is satisfied. Joining the denominators with the use of the
Feynman trick and performing an integration over the com-

PHYSICAL REVIEW D 64 094010

1
B (2X+q#Q—V+(_2X++4X+X7)qqu,u

-9y

1
H[—kaz—X+k'2+x+x7(q2_QZ_Qrz)]

(C9
[
X di b;
X“‘Zy))]+4X+X—y<x——X+>qj(ﬁ+ D+)
+ 68X X (Q°+ Q"+ 4x,x_y(Q'*=Q?)
5]
8 D7+ B D++ ’ (CG)

ponents of the quark pair momenta transverse to the beam

axis we get
f d*q. ‘fl dy J d*q. _Jl dy
ma,a, JoDii’ ma,a. JoD_y’

D++:A+q2X2+y(1_y)-

D_ =A+y(1-y)b?
b:k_x+q1
A=m?+x,x_[yQ'?+(1-y)Q?].
(CH

The result for the IF takes the following forifwe choose
only the transverse polarizations of photqusi,v=j):

X

Dy

1 1
ngzazf dx+dx,5(x++x,—1)f dy

0 0
X[8x,X_y(1-y)qid;— ¢* (1 +4x. x_y(1-2y))]

1
— ——[8x.X_y(1—y)bib;—b?&;; (1 +4x, x_y
-+

with D, . ,D_,, andb defined in the same way as in the
Eqg. (C5). Once again it is clearly seen that the gauge condi-
tions are satisfied:

Tlk=0= T|k=q: 0.
It is important to note that even for the on-mass-shell pho-

tons Q°=Q’?=0 this expression differs from the one de-
rived by Cheng and W{i13]. The difference is found to be

AT?J-'= T— Tow

=4a2f dx, dy X,x_(1—2x,)q;

X, Qi b;
% Bql N OI ,
DYy D=,

DY, =m?+x3y(1-y)d,

D, =m?+y(1-y)b? (C7)
The reason for this discrepancy is the different definition of
the initial and final photon’s four-momenta. Similar results
were obtained in Ref.14].
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