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Generalized parton distributions at x—1
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Generalized parton distributions at largeare studied in the perturbative QCD approach.xAs1 and at
finite t, there is not dependence for the GPDs which means that the active quark is at the center of the
transverse space. We also obtain the power behawgf(u,g,t)fv(l—x)z/(l—§2) for the pion, Hq(x,§,t)
~(1-x)%(1- %)% and Eo(x,£,1) ~(1-x)°/(1— €)% (&) for the nucleon, wheré(£) represents the addi-
tional dependence o&
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In recent years, there has been considerable interest in We take (1-x) as a small parameter, and expand the
generalized parton distribution&PDs [1-3|, which were  GPDs in terms of (+x). In the process, we assume the
introduced originally to understand the quark and gluon convariables¢ andt finite. Finite ¢ meansé<<x and restricts our
tributions to the proton spifil]. They are also related to the analysis valid in the Dokshitze-Gribov-Lipatov-Altarelli-
quantum phase space distributions of partons in the hadrorRarisi(DGLAP) region for the GPDs. The relevant Feynman
[4]. The theoretical framework of the GPDs and their impli- diagrams are shown in Fig. 1 for pion, and in Fig. 2 for
cations about the deeply virtual Compton scattering, deepljpticleon for a typical contribution. The variablesand P"
virtual meson production, and the doubly virtual Comptonare the initial and final state hadron momenta, respectively,
scattering have been well establisige-13. Apart from the ~ andt=A%=(P—P’)2. We further introduce two vector8
renormalization scale, the GPDs depend on the momentugind n: E:(p+ P")/2, n?=0, andn-P=1. The skewness
transfert, the light-cone momentum fraction and the skew-  parameter is defined as=—n- (P’ —P)/2. The initial and
ness paramete¢ which measures the momentum transferfinal light-cone momenta of the quarks are thern-¢) and
along the light-cone direction. In phenomenology, the GPDgx— ¢), respectively. In the following, we will neglect the

are parametrized and fit to the experimental d&®,13. masses of the hadrons, and then— Ef/(l—gz) WhereAl
However, these parametrizations have too much freedorg the transverse part of the momentum trandfer

[13], and we still have a long way to go for a complgte As shown in Fig. 1, the intermediate state has momentum
understanding of the GPDs. In this context, any theoretlcail( which will be integrated out. To avoid an infrared diver-

resqlt on the behavior of GPDs will provide i_mportant infor- gence, we kee, much larger tham ocp. The offshellness
mation. For exam_ple, the polynomality conditipi a_md_ t_he of the quark and gluon propagators are on the order of
positivity constraints[14] have already played significant -, . . .
roles in the parametrizations of GPDs. The light-cone frameX./(1—X). So, we have the following hierarchy of scales in
work provides useful guidelines for calculating the GPDsthe limit of x—1: ki/(1-x)>ki>A%cp, andk?/(1-x)
once the wave functions are knoWb5]. More recently, the >(—t) as well. These relations will be used to get the
GPDs at large have been exploreld 6], yielding important  leading-order results, and any higher power ir-() will be
constraints as well. neglected.

In this paper, we study the GPDs in the kinematic limit of The GPDH(x,,t) for a pion is defined as
x—1. For the forward parton distribution, a power behavi0r|_| (X.£1)
at largex was predicted based on the power counting rules, 9>’
for example, (1 x)? for pion, and (£ x)* for nucleon[17— 10 dn {2 N
21]. This power behavior comes from the fact that the hard = Ef Zel)\x<ﬂ-;Pl|l//q< - §n>m£l//q(§n) |7;P),
gluon exchanges dominate the structure functions-atL,
and is calculable in perturbative QGR2-27. In this paper, (@+& (z-9

we will follow these ideas to analyze the dependence of 1 U

GPDs on the three variables ¢ andt in the limit of x B, ﬂ ﬁ

—1. We use the QCD factorization approach, and express, /% k ny . \
(b)

the GPDs in terms of the distribution amplitudes of hadrons.
In the limit of x— 1, the power behavior of the GPDs does

(a)

not depend on a particular input of the distribution ampli-

tudes, and therefore can be predicted model-independently Ub- ‘\/-P-
(c) (d)

More importantly, the¢ andt dependences can also be cal-
culated. For example, we find that there is trdependence
atx—1, which agrees with the previous intuitiof3]. FIG. 1. Leading order contributions to the generalized parton
distributionH(x,£,t) for pion at largex. The crosses represent the
intermediated states, and the double lines represent the eikonal term
*Electronic address: fyuan@physics.umd.edu from the gauge link.
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y>—® > which implies that there is nb dependence in the leading

! a order, and any dependence will be suppressed by a factor of
ky pa (1—x)2. Since the propagators are the only source oftthe
) > =3 t P a > \ dependence of the GPD in E(fl), we conclude that ax
, 2

—1 the GPDH(x,¢,t) for pion has not dependence, and
) . o any t dependence must be suppressed by a factor of (1
FIG. 2. The typlce_ll _dlagrarr_l cont_rlbu_tlng to the nucleqn QPDs at__ x)2. These conclusions agree with the analysis in the im-
the piaces hee we need to consider the nteral wansverse mEaCt Parameter dependent picture of the GPDS-2D [26),
menFt)um expansion 1o get helicity flip amplitude hile our .results are valid for any finite value é6f

' Collecting the above results, we have the GRIX, ¢,t)
for the pion in the limit ofx—1,

—t L

where L represents the light-cone gauge link. We work in
Feynman gauge, and the leading-order diagrams were shown

in Fig. 1, where the double lines represent the eikonal con- - (1—x)2 [ d%k, 1
tributions from the gauge link, and the cross indicates the Hq(x, &)= 1-¢2 f (2m)3 (k2+A2)ZI'
intermediate state on the mass shell. The initial and final +

states are replaced by the light-cone Fock component of had- , ) )
rons with the minimal number of partons. After integrating There is an infrared divergence where the transverse momen-

over the internal transverse momentdm, the light-cone UMk, becomes soft. This divergence breaks the factoriza-
wave function leads to the distribution amplitudg(x)  tion in principle. However, this does not change the power

()

= [[d2l, /(27)%](x,],). behavi_or. Nevertheles_s, we include a regulatpto_reg_ulate
The calculation of the diagrams in Fig. 1 is straightfor- such d|verger_10&_3]. Like the forward parton (_j|str|but|ons, a
ward, and the result is power behavior is found here for the GPDs in Eg). If we
take é=0 andt=0, Eq.(3) will reproduce the forward par-
_ d2k, 1 ton distribution of the pion. So, in the limit af—1, the
Hg(x,&1) f (27 (2k~P)(2k-P’)I(X’§)' (1) GPD H(x,¢,t) for the pion can be related to the forward

parton distributiong™(x),
The integralZ depends on the distribution amplitudes of the

- . 1
initial and final states, HE(x,£,0) = : ngW(X)' (4)
*
I(ny):("rﬂascl:)zj dX1dY1M
X1Y1 We note that the above equality saturates the positivity con-
straints[14,10 if we take the power behavior for valence
| 1+ 1 1+ 1 quark distributiong™(x) ~ (1—x)?.
— 1-x — 1-x _ |’ We turn now to the study of GPDs for the nucleon. Since
X1~ 1T§ —le Yi— 1T§ tle the leading Fock component of a nucleon has three partons,

many more diagrams will contribute. Here we only show a
whereCp=4/3 and?lz 1—x,. The light-cone singularities particular diagram !n Fig. 2. There are two inFermediate.mo—
in the integralZ can be regulated by the principle value pre- Menta.k; andks. Similar to the above analysis for the pion
scription[25,26). In the limit of x— 1, this integral will have ~ case, we have a hierarchy of scalék?)/(1—x)>(k?)

the logarithmic contribution from the end point region >AéCD and(k®)/(1—x)>(—t), where(k?) represents the
[25,263, which means that the. Sudakpv rgsummatipn will betypical transverse momentum Scalézf>~(|2§l>~(|2§l>.
important[22,23. However, this logarithmic correction does again e are only interested in the leading-order result, and
not destroy the power behavior of the GPDs we will get inoq6ct any higher-order corrections in<X).

the following analysis. We note that there is a residual imagi- Thea calculations are performed in the helicity bases for

nary part in the integraIZ V.VhiCh i_s _in the order of (1 g jnitial and final nucleon stated (,A), in which the fol-
—x)log(1—x), and vanishes in the limit of—1.In Eq. (1), lowing off-forward matrix elements are defined:
the denominator factors R(P) and 2k-P") come from the

gluon propagators in the diagrams. They depend on the mo-

mentum transfet in general. However, if expanded at small He ) = 1 f d—)\e”"(P’ ?\'W B En
(1—x), they become M-l 2m a2
_ [ W20 £2v4 ] Y
1 i 1—x 1+(1 x)2(1 *g )t <L —n)IP,M-
2k-P2atg|T Ao 2
1 1-x | (1—x)2(1—§2)t- The helicity non-flip amplitude has contributions from both
== = | (2 H andE GPDs, while the helicity flip one only has the con-
2k-P" ki(1-8)[ 4(1-§)%kT | tribution from E GPD[10],
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2 atx—1.
Hi=H, =Hq(x,&t)— é:—E (X,&,1), Since hard scattering conserves the quark helicity, in order
2 —q .. . . .
1- to get the helicity flip amplitudé{,, we must include non-
zero orbital angular momentum either for the initial or final

AXEiAY states. In other words, we need to consider the light-cone
Hyp=—Hj| =———E4(X,§1). (5  Fock components of hadrons with at least one unit of orbital
2Mp(1-¢€9) angular momenturfi30]. The calculation for the helicity flip

) ) o ) amplitudes is much more complicated than that for the he-
We will show how the diagram in Fig. 2 contributes to thesejicity conserving ones. The method we are using follows Ref.

amplitudes. . . _ . [31] where the helicity flip Pauli form factor was calculated
The helicity non-flip amplitude for the diagram of Fig. 2 in perturbative QCD. We will sketch the method and sum-
has the following form: marize the main results, but skip the detailed derivations.
First, we keep the internal transverse momdntaf the
B d?ky, d%ky, da scattering partons in the hard partonic scattering amplitudes.
Hyp = (2m)3 aB(1-X) Then, we expand the amplitudes at snhall SinceA | is the
only relevant external transverse momentum, the expansion
1 1 Pk, of the amplitudes will be proportional ta&, -I, or A,
x 2P (ky+ky) 2P" - (ki +ky) p/,kZIP(X'f)’ ><|1. Integrating these terms ovér with the light-cone

6 e functions, we will get, e.g.fd? A, T (1%
Fil)gBO~(AX+iAV)OGY, and  [dA A, XTI, (1%

where any other factorsuch as color factors and coupling +il¥) g9~ —i(AY+iAY)DCY, where 3% are the

constants, etg.are included in the integral,(x,£). This  light-cone wave functions for the Fock state with one unit

integral depends on the leading-twist distribution amplitudesrbital angular momenturfi30], and ®# are the related

of the proton[29], and will become a constant integral at the twist-four distribution amplitudef29]. Thus, the final results

limit of x— 1. The longitudinal momentum fractions &f  of 7/, depend on the twist-three and twist-four distribution

andk, are defined as-k;=a(1—x), n-k,=pB(1—x), and amplitudes of the nucleon.

a+ B="1. For the propagators, we make expansions at small We must consider the expansions for all propagators and

(1—x) as before, for example, quark wave functions which have dependencd onAs an
example, in Fig. 2 we indicate all places where ithexpan-
1 sion should be considered if the initial state has one unit of
2P (ki1 Kky) orbital angular momentum. These expansions will give addi-
tional power of (1 x)2, leading to the helicity flip ampli-
(1—x) 0t tudes suppressed by {Ix)2. For instance, one of the gluon
= @1+ 8 1+0((1-x) )<|22 LR (7). propagators in the diagram of Fig. 2 has the following ex-
L + pansion:
which again has n¢ dependence at the leading order, and 1 1

) B(l_X)ZEL'rL
any t dependence is suppressed by a factor of xJ2. All 5= 51 1- 557 ]
propagators in Eq(6) have this property, and all other dia- (ko=xsP=1)" (ko—x3P) (1+&)%ks,

grams which contribute t®{,, at the leading order have the (10
same dependence arThet dependence of nucleon GPDS is Extracting the expansion coefficients, and combing with
the same as that of the pion: there istripendence and any  other factors in the amplitude, we get the contribution to the
dependence is suppressed by a factor of ¢}2. In addition, helicity flip amplitude 74, from this term: H ,~(1

every diagram contributes the same dependencg. &xdd-  — y)5/(1— 2)2(1+¢)2. Adding the similar contribution
ing all of the contributions together, we get from the final state expansion, we géf ;~(1—x)%(1
— )7 U1+ €)%+ (1= €)%= (1-x)°(1+ £)/(1- £)".
- (1—X)3f d?ky, d%ky, d_aF( ks Ko AT All expansions result in the same suppression of (2.
M (1-¢2)2 (2m)3 ap @i RaL ), However, they do not contribute the same dependencg on

(8) For example, the quark wave function expansions lead to
H1~(1=x)%(1—-€%)*. In summary, the helicity flip ampli-
where the functiorF is of order 1 atx—1. Here we also tude will have the following result at—1:
include a regulatorA in F to regulate the infrared diver- (1-x)°
gences in thé&,, andk,, integrations. If we tak€ =0 and H i~ (AX+iAY)———
t=0, the above results will reproduce the forward parton (1—&%)%
distribution at largex. That means we can have

f(£). (11)

Here f (&) represents an additional dependenceépmvhich
(1-x)3 will depend on the input of the twist-three and twist-four
(9 distribution amplitudes of the nucleon. From this, we deduce

1
Hiy=——54X)~——,
1 a (1-&%)? the behavior of GPIE,(x,£,t) as

(1-¢)?
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(1—x)° aglog™ 1/(1—x)] for m=<2n series terms which need to be
(X&)~ (1-£2)3 (£). (12) resummed, leading to a Sudakov form factor suppression

[22,23,32,33 Third, the soft mechanism might contribute to
Comparing with Eq(9), we can neglect thg, contribution  the GPDg[34] at x— 1. We did not include such effects in
to the helicity non-flip amplitude, and then we have our analysis.
Ho(X,£1)~(1-%)%(1-£9)2 These power behaviors gt In summary, we have studied generalized parton distribu-
=0 are consistent with the inequalities from positivity con-tions atx—1. We found that the pion’s GPH (x £1)
straints[28]. So, in the limit ofx—1, Hqy(x,£,t) can be  —(1-x)%/(1-¢?), and the nucleon’s GPBI o, gt) (1

related to the forward quark distributiay(x), —x)%(1-¢%)? and Eq(x,&t)~(1- x)5/(1 )4 ().
1 There is na dependence, and any dependence is suppressed
%) ide i
Ho(X,&,t)= ————q(x ). (13) _by a facjtor of (:-x)~. Th,ese result_s can provide important
(1-¢9) information on the GPDs’ parametrizations.

Again this relation saturates the positivity constrditd,14] We thank Xiangdong Ji for pointing out thelependence
for nucleon GPDs if the forward quark distribution takes theof the GPDs at largex and many other stimulating discus-
power behavior at large: q(x)~(1—x)3. sions. We also thank Andrei Belitsky, Stan Brodsky, and

Before concluding, a few cautionary comments are in thelianwei Qiu for useful comments, and Enrique Ruiz Arriola,
order. First, we omit the scale dependence of the GPDs. Thiglatthias Burkardt, Markus Diehl, and Andreas Freund for
scale dependence at largds not just the simple DGLAP correspondences and comments. This work was supported by
evolution[27,32. In our calculations we implicitly assume the U. S. Department of Energy via grants DE-FG02-93ER-
Q2(1—X)>AéCD. Second, at the limit ok—1 there exist 40762.
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