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PHYSICAL REVIEW D, VOLUME 62, 074004

Deeply virtual Compton scattering at small x

lan Balitsky* and Elena Kuchina
Physics Department, Old Dominion University, Norfolk, Virginia 23529
and Theory Group, Jefferson Lab, Newport News, Virginia 23606
(Received 24 February 2000; published 31 August 2000

We calculate the cross section of deeply virtual Compton scattering at large energies and intermediate
momentum transfers.

PACS number(s): 12.38.Bx, 13.85.Fb, 13.85.Ni

[. INTRODUCTION whereq,p andq’,p’ are the initial and the final momenta of
the photon and the nucleon, respectively. The momentum

In recent years the study of deeply virtual Compton scattransfer is defined as=p’ —p. SinceQ?=—q? is large we
tering (DVCS) has become one of the most popular topics incan use perturbation theory for the hard part of the DVCS
QCD due to the fact that it is determined by skewed partorprocesg9,10]. The typical diagram for the DVCS amplitude
distributions[1-3] which generalize the usual parton densi-in the lowest order in perturbation theory is shown in Fig. 1
ties introduced by Feynman. These new probes of thérecall that the diagrams with gluon exchanges dominate at
nucleon structure are accessible in exclusive processes sublgh energies). It is convenient to calculate at first the imagi-
as DVCS and potentially they can give us more informationnary part of the amplitudei”8
than the traditional parton densities. In this paper we con-
sider the small-xDVCS where the energy of the incoming 1
virtual photonE is very large in comparison to its virtuality VAB:;lm TAE, 3)
Q2. (The first study of smalk DVCS was undertaken in Ref.

4].) To be specific, we calculate the DVCS amplitude in the ) ) ) )
Eeg:]i)on P P In the leading order in perturbation theory the amplitude at

high energy is purely imaginary up to ti@?/s corrections
s>Q%> —t>m? (1) (see, e.g., the reviewll]). At high orders in perturbation
theory the amplitude will be purely imaginary in the leading
wheres=2mE, m is the nucleon mass, artds the mo- logarithmic approximationLLA) and we will restore the
mentum transfer. DVCS in this region is a semihard pro-/€@l part using the dispersion relations. _
cesses which can be described by the Balitskii-Fadin- At high energies itis convenient to use the Sudakov,van—
Kuraev-Lipatov (BFKL) Pomeron[5]. It turns out that at ablesz. Let us define the lightlike vectomm=q’, po=p
large momentum transfer the coupling of the BFKL Pomeron~ (M7/S)p1, then
to the nucleon is essentially equal to the Dirac form factor of
the nucleorF4(t), so the DVCS amplitude in regiofi) can rf ,
be calculated without any model assumptions. The results q=p1(1—?) TXP2—r, O =P
obtained in this region can be used for the estimates of the
amplitude at experimentally accessible energies where one or 22 2
more conditions in Eq(1) are relaxed. To be specific, we _ L . m
have in mind the DES¥¢p collider HERA kinematics where P=Pa(1 )+ — Pl p'=pat "p (4)
x~10"2-10% Q°=6 Ge\?, and —t~1-5 GeV [6].
Since there are only model predictions for the smdllVCS
in current literaturg 7], even the approximate calculations of LL
the cross section in QCD are very timely. 1

Y

II. SMALL-x DVCS IN THE LOWEST ORDER IN
PERTURBATION THEORY

A

Similarly to the case of deep inelastic scatteribdS), the
amplitude of DVCS is determined by the matrix elemggit
AB_ ;i ,ALB iq’ ’ ; ‘v
H _leve,uf dzd" Xp'|T{j“(2]"(0)}Ip), (2
p )14

*Email address: balitsky@jlab.org FIG. 1. A typical Feynman diagram for the high-energyp
TEmail address: kuchina@jlab.org — yp scattering.
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FIG. 3. Photon impact factor.

dak

1
In(ky ,rp)= 25p1p1

X 1m (I)f;‘,ag,]( k— r,k)|Bk:0, (9)
FIG. 2. Block structure of smait-DVCS in the leading order in
perturbation theory. and (Eeg) is the sum of squared charges of active flavors
(u,d,s, and possiblyc). The photon impact factor is given
WherexE(Q2+t)/szQ2/s:xBj andt= —rf at large ener- by the two one-loop diagrams shown in Fig. 3. The standard
gies. Consider the integral over gluon momentkmea,p,  calculation of these diagrans2]yields
+ ka2+ ki ’ I

1AB(k, ,r)=1%B(k, ,r )—17B0,r), (10)
d 1 b
__g flw @ T +k)2 Im ®2B(k+r,—k) where
X Im ®E728(—k—r k), (5) _ 1de (1d
N P8(k, 1, )= —f af 49 b2 | QP!
where®2)(k,r +k) and @y)in(k,r +k) are the upper and
the lower blocks of the diagram in Fig. @tripped of the $I(1—2aa)P2(e” B
strong coupling constangf). Herea,b and &, » are the color i aa)Pi(e%e%),
and Lorentz indices, respectively. It is well known that in the +4a£r[p2(eA,eB)_2(eA,p)l(eB,p)l]
Regge kinematics %s> everything else)a,~m?/s, and *
Br—X SO kzz—kf. Moreover, a’s in the upper block are —4a;(1—2a)(r,eA)L(P,eB)L} (11)

~1 so one can drop in the upper block. Similarlyg’s in
the lower block are~1 and one can negleg, in the lower  for the transverse polarizatiods B= 1,2 (cf. [13]) and
block. We gef ®3°=(4,,/8)d°]

lda lda — b —_1
VAB:g_4 d*k i 1 13B(k, ,r,)= ZQJ f 2o’ +Q%aal
4a) 167 12 (1 +k)? _ .
><{(1—2aa)Pi(r,eB)L+4aaa’[Pi(r,eB)L
XIM DFA(K+1,—K)| 4 =0 IM PR (—k—1,K)| 5, =0 _
) —2(r,P), (€%, P), ]-4aa(l

. : : . —2a)Q%(P,e%),} (12)
At high energies, the metric tensor in the numerator of the
Feynman-gauge gluon propagator reducegtb—2/spg;p;  for the longitudinal polarization
so the integral(6) for the imaginary part factorizes into a
product of two “impact factors” integrated with two-

dimensional propagators e(q)= 6(p1+Xp2)- (13)
2
VAB:§g4 D ez) dk, i 1 HereP, =k, +r, « and (@,b), denotes thépositive)scalar
T A2 ki (r+k)f product of transverse components of vectarand b. At
large transverse momenkd>r? the impact factox10) re-
Xk ro) (ke ), (7) " duces to
where

|AB(k r ) (e eB)L k2 Q2
1 B, L) i
|(kivr¢):2_8p§pg(2 eé)fﬁ 4mQ rl

The impact factor for the proton which decribes the
Pomeron-nucleon coupling cannot be calculated in the per-

(14)

XIm @ (k+1,—K)| 4,0, (8)

074004-2
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turbation theory. However, in the next section we demon-r+ k
strate that at high momente >m? this impact factor re- T l
duces to = + +
ke >m? ﬂ /—’—\
In(ky,r) = FEF (1), (15) p 2
where FY 7 (t) is the sum of the proton and neutron Dirac FIG. 4. Nucleon impact factor.

form factors. As we shall see below, the characteristic trans-

verse momenta in our gluon loop are large so the estimatshown in Fig. 4 and similar diagrams with two gluons re-

(15) is sulfficient for our purposes. Substituting the nucleonplaced by two photongup to the trivial numerical factor

impact factor(15) into Eq. (7) we obtain cg=3 and replacement ad«g). In this case the lower part
of the diagram can be formally written as follows:

FRHn(t )f d2k, 178k, ,r))

2s
v g( am? K2 (r+k)?
T (H—k)l

16 bu—k-rio PP gy

Performing the final integration ovés, , one gets

2 as)? 2| ep+ 1 ,Q° =zi tpy | dze¥(p’|T*{J,(2)J,(0)}|p)
VAB=— > 2R (eheB), |5 5 In o+ 2 3'P1P1 P w2)IAD)5IP
X\ flavors |t|
(19)
—(eh,eP) +3(eA r),(e®r), +0(t/Q?) (17) — —
L 20 LA onL where J,=uy,u+dy,d. The T* means theT product
where the diagrams with pure gluon exchanges éhannel
for the transverse polarizations and are excluded; by definition, such diagrams contribute to sub-
) sequent ranks of BFKL ladder rather than to impact factor.
N 2[as 2 & Fp“‘(t)( e, (1 I , Q (This is the reason why we have not includedlithe con-
x\ ) | nidvors Q It tribution of strange quarksSincek? in our case is large and
Q2 15 ) negative (k?=k?>m?) we can expand th& product of
- .
_5in = |t| ?Jro(t/Qg)) (18) two currents near the light corieee, e.g.[14])

for the longitudinal one. The longitudinal amplitud&8) is
twist-suppressed ag[t|/Q in comparison to the transverse
amplitude(17) (as it should, due to the fact thit-0 corre- _
sponds to real incoming photon). +¢(0)[0,2]p1(2)|P) oy (20)
Since the integral ovek, (16) converges ak, ~Q the
regionk, ~m, where we do not know the nucleon impact
factor, contributes to the termsO(t/Q?) which we neglect.

2 i, Z —
Dy +K) = [ a2 S (']~ U2 2.01611(0)

where agai{ . . .)* stands for the matrix element with pure
gluon exchanges excluded. Herr,y] denotes the gauge
link connecting the points andy ([x,y]=P exp(ig/sdu (x
—y)#*A, [ux+(1—u)y])). The matrix elemen(16) can be

In the lowest order in perturbation theory there is no dif-parametrized in terms of skewed parton distributif®ikas
ference between the diagrams for the nucleon impact factdollows:

IIl. NUCLEON IMPACT FACTOR

_ _ 1 . 1
<|0’,k’Iq(Z)[Z.O]lblq(O)lp,>\>§z:o=U(p’,k’)mU(p,k)LdXé(X‘X’pZVQ(X.t)JrﬁU(p’,h’)rﬁlfLU(p.k)
1 . _
X fodxe(x‘X’pZWE(x,tXp’,A'|q(0>[o,z]p1q<z>|p,x>:z:0
_ 1 i
=U(p’,>\’)¥51U(p.>\)JOdXe"XpZVi‘(X,t)
+iU "N u( )\)JldXe‘iXpZWq X,t) (21)
Zm (p ’ LN p! 0 X( A VX

074004-3
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whereV(X,t) andWi(X,t) are the nonflip and spin-flip skewed parton distributions forwhalence uquark (recall that we

must take into account only valence quarks since we forbid diagrams with pure gluon exgh&nydarly, Vﬂ(x,t) and
WY(X,t) refer to the valence-quark distributions. At large energiegp’,\’)p,u(p,\)=58,, SO

(p",\'|q(0)[0,2]p1a(z) — q(2)[2,0]p1G(0) | P, \) 2,

— fldx(efisz_ ei(Xfx)pZ)
0

1_—
S5WV§(X,'[)+%U(D',?\’)blhu(p,h)Wg(X,t)}- (22

After integration overz the lower block(19) reduces to

o b 2 fldx (X—x)s+2p;-k —Xs+2p;-k
N(—k=rk)=52 o 1=KZ=2p-k(X—x)—ie —KZ+2p-kX—ie
1
X aw[v:(x,o+vs<x,t>]+mu<p',x’)Mu(p,x)[Wz(x,t)+W‘x’<><1t>1)- 23

The nucleon impact factd®) is the integral of the imaginary part of the right-hand siB&1S) of Eq. (23) over energy

lda

_ k
IN(k er)_fo 20 Irn(I)N

2
re
- ( ag— g) p1—k =1 ,apitk;

11 1
=§J dakJ dX[s(X—x) o[ k? — ey S(X—x)]—sX8(k* + s X)]
0 X

X

1
m,[v;’(x,t)+v;’<x,t>]+mu<p',x')rhhu(p,m[vvz(x,t)+W;’<x,t>])

11 1 —
=3 J dX( S VXX D+ V(X D]+ mu(p'm')Mu(p,x>[w;<x,t>+w;‘<x,t)1). (24

Since valence quark distributions decreasg-at0 we can extend the lower limit of integration in the RHS of E2f}) to 0
and obtain

>m?

K 11 1 — '
In(k, 1) = gfodX(mr[v:(x,t)+v;’<x,t>]+mu<p',x’)nslnu(p,x)[w;‘(x,t)+W;‘<x,t>]). (25)

Let us recall the sum ruld®,9] 1 1
f XV, = FU(D), f XWX, )= F3(1).
0 0

1 a (27)
| o - Fin-Fi,

0
Substituting this estimate to E¢R5) and using the isospin
invariance, we get the final result for the nucleon impact

1 —
f AXT A0 — K IX, 0] = FY(D), 26) factor at large transverse momenta
0

kf>m2

q q
where FJ(X,t) and K(X,t) are the total(valence+ sea Ik T = S FR()

nonflip and spin-flip skewed quark distributions while
FI(X,t) and £I(X,t) are the antiquark ones. HeFg(t)
andFJ(t) stand for theg-quark components of the Dirac and
Pauli form factors of the proton. Since the contribution of sea
quarks drops from the differenc&9— F9 we can rewrite whereF) "(t)=F}(t)+ F}(t) andF5""(t)=F5(t) + F5(t).
Egs.(26) as the sum rules for valence quark distributions  As usual,F?™ and F5" are the Dirac and Pauli form fac-

1
+orrdi(p’ N)Baf u(p,MFBF(L), (28

074004-4
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FIG. 6. Typical diagram in the next-to-next-to-leading order in

FIG. 5. Typical diagram in the next-to-leading order in pertur- perturbation theory.

bation theory.

tors of the protor(neutron), respectively. With our accuracy

they can be approximated by the dipole formulas

t 1
Fi+ —— FO=GP= ;
Yoam® 2 TE T (1411/0.7 GelR)?
2.79
FP+F2=G = FENE
1+ ——
0.71 GeV
n t n n
F1+WF2= EZO,
-1.91

FI+F)=GY =

1L)
0.71 GeV
(29)

which leads tb

F?Jrn(t) —

>, F5'"=0. (31)

1
A L
0.7 GeV

k% >m?
InCkprp) S FIT(), (32)
where FP*" is given by the dipole formul&31)? In what
follows we shall omit the factob,,  [as it was done in Eq.
(15)] since all our amplitudes will always be diagonal in the
proton’s spin.

IV. THE BFKL LADDER

In the next order in perturbation theory the most impor-
tant diagrams are those of the type shown in Fig Galcu-
lation of this diagrams in the leading log approximation
yields

_=d

w

VAB

folzkL d2k] 17B(k, ,r,)
4m? 4w? KE(r+k)?

=4

1
Bagln ;

In(ki . rD)

XKk, k' 1 )———————,
oy i)<ki>2<r+k'>f

(34)

2The dipole formula for the neutron form factor does not seem to
work as well as the dipole formula for the proton form factor. As a

Note that the spin-flip term turned out to be negligible for measure of the uncertainty we can compare the results obtained

our values ot. Moreover, it vanishes d@t=0 which suggests

that it is numerically small at ali.
Our final estimate of the nucleon impact factor is

ILiterally, one obtains

It]
1 l+0.88m

FE ()= 2

UL
am?

It
1+——
( 0.71 GeVf
o 0.12
F5 :T’ (30)
1+ ————
( 0.71 GeV
but with our accuracy we can use the estim@®).

from Eq. (31) to those obtained using the model from REE5]
(which was fit only to the proton form factor

1
=3 J: dVEXD +VEX D],

_ X
VY(X,1)=1.89X 24351+ 6X)exg — = ———|,
x(Xt) ( ) X278 GeVv

VI4(X,1)=0.54X"%x*%(1+8X)

y p( X_I
P " X28 Gev?
The results for the DVCS cross section in this model are about 1.5
times bigger than the results obtained from the dipole forn@da.
3Actually, this diagram gives the total contribution in the leading
log approximation(LLA) if one replaces the three-gluon vertex in
Fig. 5 by the effective Lipatov’'s verte)Xl1].

. (33)

074004-5



IAN BALITSKY AND ELENA KUCHINA PHYSICAL REVIEW D 62 074004

whereK(k, ,k! ,r,) is the BFKL kernel5]

K2(r+k")? k'2(r+k)?
+

(k=kH?  (k=k)?

k? (k+r)? )
x| d + ) (35
f pl(pi(k—p)i (p+1)2(k—p)?

’ 2 2 21 ’
Kk, k] ,rp)==r7+ +kl(k_p)L§5(kL_kL)

As we shall see below, the integral ou€r converges ajk| |>m so we can again use the approximat{@s) for the nucleon
impact factor. One obtains

k> (k+r)
- P*n _J‘ +

f d?k| K(k, k| ,r)
and therefore the amplitud84) takes the form

VAB— g p+n(t)(3as )fdsz I(ky,ry) n
T

+In
4% K2 (r+k)?

2 2
rL rL

(37

k2 (k—r)i)

Finally, the integration ovek yields
2 ag\? 3a 1
VABz—(—S> e2|FY Mt ( >In —)
X\ flzrs ajt i ® w X

where the accuracy 9(1/Inx).
In the next order in BFKL approximatiofsee Fig. it is still possible to obtain the DVCS amplitud8) in the explicit
form [we have not obtained the explicit expressions for higher-order terms in the BFKL exp&88ibn The amplitude in

this order is
g* d%k, d%k| d*k! 1
VAB= ( e)(Ga In ) J — (k,, )—
E X 4% Am? Ax? (oot k2( -l—k)l

1 2 2
(eA,eB)L( ﬁ +21n ﬁ

—2+¢(3) |+

%(eAxr)L(eB!r)L_(eAveB)L) y

ry

(39)

XK(kLakzirL) K(ki,ki,ri) 2|N(ki1ri)' (39)

(K)2(r+k")? (k)2(r+k")?

Once again, if we use the fact that the integral dverconverges atk| |>m we can approximate the nucleon impact factor
by Eq.(32), and obtain

d2K] 1 1
Koor ) ———— KK k! r ) ——————— Ik 1’
f Loy KRR e ke )

d?k] K(k, k] ,r K")2 K'+r1)?
:_Fp+n( )J “ I n( (k)? (K407

)L(r+k”)l re re
LK (k+n)?
=S FP"(t)| In2— +In? = . 40)
16772 1 ()( rJz_ I’JZ_ (

The resulting integration oveéq, yields

“It is possible to write down the result of the summation of the BFKL ladder in the form of Mellin integral over complex momenta using
the Lipatov’'s conformal eigenfunctions of the BFKL equation in the coordinate space. Unfortunately, we were not able to perform explicitly
the integration of the Lipatov’s eigenfunctions with impact factors and without it the Mellin representation of the DVCS amplitude is useless
for practical applications.

074004-6
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2 2 2
(e? e%(l % +1In? % 2In(|2| +2[¢(3)—1]+1.46

9

VAB=— (Tr) (2 e )F’”“(t)ln X

X

(41)

+ %(eA,r)l(eB,r)r(eA,eB)i) :
rL

As we mentioned, we were not able to obtain the explicit expressions for the amplitude in higher orders in perturbation theory.
It turns out, however, that for HERA energies the achieved accuracy is reasonably good; the estimation of the next term gives
~30% of the answer at not too low (see the discussion in next sectio®@ur final result for the DVCS amplitude with
transversely polarized photons is

2
vae—2 @) (ﬂE eé)FE*“(t) (e4,6°) 0+ %(e‘\,rn(eB,rn—(eA,eBn)v’}, (42
avors 1
where
, Q° 3a5Q) 1(1 . Q7 Q?
v(x,Q%t)= ( il 2)+S—I ( In3 |t|+2In N 2+§(3)>
2 2 2 2

+%(3“S(Q) ;) (1 In 4% +1n2 (ﬁ|+2[g (3)- 1]|n(|?| +1.46), 43)

304(Q) 1 1

n ; (44)

2
0! (0 QU) =1+ == In =+ 3aiQ)| 1).

Note that the spin-dependent parv’ does not contain any I?/|t]) and is hence much smaller than the spin-independent
part~v. For the longitudinal polarizatiofi3) the amplitude is twist-suppressed-as/[t[//Q? so we have not calculated any
terms beyond Eq.18). In the numerical analysis carried out in the following sections we keep only the spin-independent part

of the amplitude
as(Q)) 2
el |FY"
™ flg;)rs q

The above expressions give us the imaginary part of the DVCS amplitude. For the calculation of the DVCS cross section
we need to know also the real part of this amplitude which can be estimated via the dispersion relation. For the positive-
signature amplitudél, (=3>ef'e®H”B) we get[18] (see alsd7])

V, = 1 AeB\/AB_Z

e
4 Ll X

"(Ho(x,Q%,1). (45)

T d
ReHl(s)=§tar<sd—s)lm H,(s), (46)
which amounts to the substitution
1 .
Ins—>§[ln(—s—|e)+lns] (47)
in our amplitude(45). Thus, the real part is

2
RE%RGHLZE(% ( 2 eé)[F?(tHF?(t)]r(x,Qz,w,

X\ flavors
2 2 2 2 2 2
[(x,Q%t)= [3: (1| 3(|?t| +21n (ﬁ' —21¢3) |+ 3—%) In %(2—14In ﬁ +In2 ?t|+2[g(3) 17 ﬁl +146)

(48)

SIn the leading logarithmic approximation it is not possible to distinguish betwigé®) and a( \/m)—to this end one needs to use the
next leading ordefNLO) BFKL approximation[16] (see alsd17]) which is beyond the scope of this paper.

074004-7
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V. COMPARISON WITH THE DEEP INELASTIC SCATTERING

It is instructive to compare the DVCS amplitudté® given by Eq.(3) with the corresponding amplitude for the forwaytl
scattering

TAB= jeAcS J dzd9(p| T{j ()] "(0)} ). (49)

The imaginary part of this amplitude is the total cross section for deep inelastic scat2i8)g

1
— ImTAB=WAB=¢/e?
T M

4.9, 1
(?_gﬂll> Fl(X!Q2)+m

pM—qM?) ( pv—qyg) Fz(XyQZ)]- (50)

For exampleWB averaged over the transverse polarizations of the photons is
1 A .B\p/AB 2 1 2
W defz 7 X efePWAB=Fy(x,Q%) = 5 Fa(x,Q%) (51)

(at the leading twist level we have the Callan-Gross relafigr 2xF;). We will compare the imaginary part of the DVCS
amplitudeV, given by Eq.(45) to the result folW, calculated with the same accura¢We use the notatiokV, (x) rather
thanF,(x) in order to avoid confusion witl,(t)].

Similarly to the DVCS case, the DIS amplitude has the f¢am Egs.(16), (34), and(39)]

2

2g9°%s L) [d%k, 1 3g° 1( ,
W, == > eq)fmqll(kl,O) l+g—3n ;f d?k K(k, ,k/,0)
994 2 1 2L 2L " 1 ” ’ 1 ’
+ 12856 N ;J d li d kLK(klikL'O)W K(K] ki ,0) WIN(k 0), (52)
(k1) (kp)

wherel | (k, ,0) is the virtual photon impact factor averaged over the transverse polarizgt@hs

1 (1da (1da’ K2(1-2aa)(l-2a’a’)
k05 | . . (53)

0 27 Jo 27 kfa’a’-l—Qza’aa

The nucleon impact factory(k|,0) cannot be calculated in perturbation theory since it is determined by the large-scale
nucleon dynamics. However, we know the asymptotics at largem

2 .2
ki >m

In(k;,0 = FE™"(0)=1. (54)

Also, atly(k,,00—»0 atk—0 due to the gauge invariance. It seems reasonable to model this impact factor by the simple
formula

ki

In(k 0= (55)

k? +m?
which has the correct behavior both at large and skall With this model, the DIS amplitudé?2) takes the form

F2 Q**2=10 F2 Q**2=35

[y
(S D I S I |

Log x Log x

-3 -2 -1 0 -3 -2 -1 0

FIG. 7. F»(x) from Eq. (56) versus experimental data @=10 Ge\? andQ?=35 Ge\’.
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Q**2=10 Q**2=35
0.8 0.6
0.6 0.5
0.4
0.4 0.3
0.2
0.2
0.1
2.5 -2 1.5 -1 Leg = 2.5 -2 15 —q Log =

FIG. 8. The ratio of the Ifx term (57) to Eq. (56) at Q?=10 Ge\? andQ?=35 Ge\~.

_Fy 4 [agQ))\? ) 1|2Q2+7| Q2+77 +3asl 1 1|3Q2+ |2Q2

tT2x 3x| @ S 2 T " g T Mxle T m T 2" e
77 Q% 131 1/3as  1\*(1 ,Q° ,Q° 77 Q7
+1—8|I’1W+?+2§(3))+E = In;) ﬂln WJr%In WJr%In W

131
Note that the coefficients in front of leading logs @, determined by the anomalous dimensions of twist-2 operators,
coincide up to the factor 2/3. The graph of the mo@&6) versus the experimental data is presented in Fig. 7Q6r
=10 GeV’ andQ?=35 GeV (we takeSel= ).

In the case of DIS it is possible to calculate explicitly the next term in BFKL séf65° It has the form

4(aS(Q))2 S @ 1/(3as 13( 1 Q? 7 Q 77 ,Q?
& m (flavorseq) 6(7"];

150"zt g’ 2t e et

2 1396 =t 14
g 2 |

13133|22
B T3 I

1200 m? 144 m? 108
1396 = . Q? 4736 77 77 314 625 -
tl g T TR |In St ST g T3 43 +6L5) || (57)

The ratio of this sInx)* term to the sum of the first three 1

ones(56) is presented in Fig. 8 fo?>=10 Ge\? and Q? Vi(x,t,Q%) = §F1(X,Q2)ebt/2, (58)

=35 Ge\2. From these graphs we see that the sum of the

first tree terms gives the reliable estimate of the DIS ampli-

tude at not too lowx and it is expected that the same will

also _be_ true fqr DVCS amplitude. Vy(x,1,Q2) = lFl(x,Qz)
It is instructive to compare thedependence of our DVCS R

amplitude(43) with the model used in the papEgf]

SFor DIS it is possible to write down the total BFKL sum as a

Mellin integral and unlike DVCS the integrals of impact factors Ref [7 ds /- but it i tural t .
with the BFKL eigenfunctionsl(f)’l’“'” can be calculated explic- ef.[7] corresponds &/, but it is more natural to approxi-

itly. Equations(56) and (57) correspond to the expansion of this maFe tha_dependencg by t_he dipole forzmll[EZ]). The corg-

explicit expression in powers afIn x. parison is shown in Fig. 9 forQ*=10 GeV?, Q
At very smallx~10"3-10"° the full BFKL result forF, inour ~ =39 GeV, andx=0.01, x=0.001.

model is growing more rapidly than Fig. 7. On the other hand if one

takes into account the NLO BFKL correctiofiss,17]the result for

whereR=0.5 for our energiegqLiterally, the model used in

F, at very smallx goes well under the experimental points. This VI. DVCS CROSS SECTION
indicates that at suck we need to unitarize the BFKL Pomeron, ) )
which is currently an unsolved probleffiThe best hope is to find In order to estimate the cross section for DVCS at HERA

the effective action for the BFKL Pomerdgee, e.9f20,21])]. on  kinematics Q*>6 Ge\? andx<10"?) we will use formu-
the contrary, at “intermediate’k~0.1-0.001, we see from Fig. 7 las from Ref.[7] (see also Ref23]) with the trivial substi-
that, since the corrections almost cancel each other, it makes sengéion (1/2)F,(x)R™1e®?>—V, (x,Q?t). The expressions
to take into account only a few first terms in BFKL series. for the DVCS cross section, the QED Compt@Bethe-
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r x=0.01,Q**2=10 x x=0.001,Q**2=10

10

r x=0.01,Q**2=35 r x=0.001,Q**2=35

2 3 4 5 2 3 4 5

FIG. 9. The ratioV,/V, (lower curve)andV,/V, (upper curve).

Heitler) cross section, and the interference term have th@nd thex-z plane andg, is the azimuthal angle between the

form (y=1—y)® plane defined by the initial and final state electron ard
o plane (see Ref[7]). As mentioned above, we approximate
doPVes S 1Ty ) 5 5 the Dirac and Pauli form factors of the proton by the dipole
dxdydtd;&r:Tm X Q* [VIX. Q%D +RI(X.Q% 1], formulas(29).
y (60) At first let us discuss the relative weight of the above
cross sections. We start with the asymmetry defined in Ref.
dO-QEDC a,3 y(1+V2) ([Fp(t)]2+ |t| [FZ(t)]Z [24]
i o 1 Am2 ’ T )
dxdydtdp,  mx |t|Q%y Am= " f * dgydo f " dg,do®®
(61) Altm /2 /2 63)
I = 2m !
T 2™ g w@euFteoss J; sorom
Todudias  Tee T /KRR r
dxdydtdp 3. /o1
' Q> Vylt| 62) where
doPR=dgPVCS+ dgQEPCH d/NT, (64)

Herey=1—-E'/E (E andE’ are the incident and scattered

electron energies, respectively, as defined in the proton rethe asymmetry shows the relative importance of the inter-
frame) and ¢, = ¢+ ¢y Where ¢ is the azimuthal angle ference term, which is proportional to the real part of the
between the plane defined by and the final state proton DVCS amplitude. In our approximation the asymmetry is

|
Q2 Qg 2 |t|
ay\[— > ez)(— 1+2.8—5|r
A(YH= !~ T o (65)
)= 2 7 272 .
) 2% o afas it} yQ t]
A (2 eq) (v2+72) W) (1+—4m2)+ ol 1+7.847 5

The plots of asymmetry versysand|t| are given by Fig. 10.
Second, we define the ratio of the DVCS and Bethe-Heitler cross se¢fipns

8The expression for the interference term from R&.is corrected by factor £22,25].
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=10

0.001,Q**2

Asymmetry at x

=10

0.01,Q%*2

Asymmetry at x

=35

0.001,Q**2

Asymmetry at x

=35

0.01,Q**2

Asymmelry al x

0.1-0.6 andt|=1-5 Ge.

FIG. 10. Asymmetry versug

=10

0.001,Q**2

x=

=10

0.01,Q**2

x=

=35

0.001,Q**2

x=

=35

0.01,0%*2

x=

0.1-0.6 andt|=1-5 Ge.

FIG. 11. The ratidD(x,Q?/t) versusy
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Asymmetry at x=0.01,Q**2=10 Asymmetry at x=0.001,Q**2=10

Asymmetry at x=0.01,Q**2=35 Asymmetry at x=0.001,Q**2=35

FIG. 12. Asymmetry with the correction fact¢88).

2 w4
4772(2 eg) <v2+rz)(f) (H'L'z)ﬁQLL

dO'Dvcs_

D(y’t)EdUQEDC_ 2 (60)
y an?

1t
1+7.84

This ratio is presented on Fig. 11. We see that there is @on O(\/[t[//Q) coming from the expansion of electron

sharp dependence on aty>0.2 the DVCS part is negli- propagator in the u-channel of the Bethe-Heitler amplitude.

gible in comparison to Bethe-Heitler background whereas af\s suggested in Ref25], at intermediaté one can keep the

y<0.05 the QEDC background is small in comparison topropagator in unexpanded fortand expand the rest of the

DVCS. amplitude, as we have done abpv&his amounts to the
Finally let us estimate the relative weight of the DVCS replacement

signal (starting from|t|=1 Ge\?) as compared to the DIS

background. We defingf. Ref.[7]) _ It| Itly 2-y) [Tt
y—y 1+ —2_ 1+ —2 -2 -2
. , ) /1" Q VyoVe
_o(y*tpoytp)  4ma (%) (2 2)
"o(YHp—y D) QF(xQ)) | m % It

X COS¢, +4—5 COS b,

o (68)

2

foduFT%nV@%nqﬁo+r%xQ%U) 67)

1 in the numerator in Eq9461) and (62) (see Ref[23]). The
resulting asymmetry63) is presented in Fig. 12. We see that
At Q°=10 GeV we findR,=1.56x10"° for x=0.01 and the correction factof68) crucially changes the behavior of
R,=2.36x10° for x=0.001, while forQ?=35 Ge\? we  the asymmetry due to the fact that it restores the azimuthal
find R,=0.62x10 ° for x=0.01 andR,=0.71x10"° for ~ dependence of the QEDC amplitude which was not taken
x=0.001. into account in Eqs60)—(62). In order to find asymmerty at

The expression$60)—(62) are correct ifQ2<|t| up to theseQ? andt with greater accuracy one should take into
O(|t|/Q?) accuracy with the notable exception of the correc-account other twist-4 contributions as well. On the contrary,
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x=0.01,Q**2=10 x=0.001,Q**2=10

x=0.01,Q**2=35 x=0.001,Q**2=35

FIG. 13. The ratioD (x,Q?/t) with the correction facto(68).

the ratioD(x,Q?/t) does not change mudisee Fig. 13)s0 Finally, let us discuss uncertainties in our approximation
we hope that our leading-twist results for the ratio presente@nd possible ways to improve it. One obvious improvement
in Fig. 11 are reliable. would be to calculate(at least numerically)the next

~(asInx)® term in the BFKL series for the DVCS ampli-
tude. Hopefully, it will be as small as the corresponding
calculation of the DIS amplitude suggests. Second, there are
The DVCS in the kinematical regiofl) is probably the nonperturbative corrections to the BFKL pomeron which we
best place to test the momentum transfer dependence of tfieention above. These nonperturbative corrections corre-
BFKL Pomeron. Without this dependence, the mo@)  spond to the situation like the “aligned jet model” when one
would be exact, hence the upper curves in Fig. 9 indicat®f the two gluons in Fig. 1 is soft and all the momentum
how important is thé-dynamics of the pomeron. We see that transfers through the other gluon. It is not clear how to take
the t-dependence of the BFKL Pomeron changes the cros#ese corrections into account, but one should expect them to
section att>2 Ge\? by orders of magnitude and therefore be smaller than the corresponding corrections Fg(x)
it should be be possible to detect it. which come from two non-perturbative gluons in Fig[id
The perturbative QCIPQCD) calculation of the DVCS other words, from the *“soft Pomeron” contribution to
amplitude in the regioril) is in a sense even more reliable F2(x)].
than the calculation of usual DIS amplitudes since it does not The biggest uncertainty in our calculation is the argument
rely on the models for nucleon parton distributions. Indeedof coupling constantxs which we take to beQ? As we
all the nonperturbative nucleon input is contained in themention above, it is not possible to fix the argument@in
Dirac form factor of the nucleohwhich is known to a pretty the LLA, so we could have useg(|t|) instead. We hope to
good accuracy[.Of course any reasonable models of nucleonovercome this difficulty by using the results of NLO BFKL
parton distributions such as ER4) should reproduce the in our future work.
form factor after integration ovex].

VIl. CONCLUSION
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