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Contributions of gluon recombination to saturation phenomena

Wei Zhu, Jianhong Ruan, Jifeng Yang, and Zhengi Shen
Department of Physics, East China Normal University, Shanghai 200062, People's Republic of China
(Received 6 June 2003; revised manuscript received 13 August 2003; published 19 November 2003

Parton distributions in the smallregion are numerically predicted by using a modified Dokshitzer-Gribov-
Lipatov-Altarelli-Parisi(DGLAP) equation with Glek-Reya-Vogt(GRV)-like input distributions. We find that
gluon recombination at the twist-4 level obviously suppresses the rapid growth of parton densities with
decreasing. We show that before the saturation goél'es reached, saturation and partial saturation appear in
the smallx behavior of parton distributions in the nucleus and free proton, respectively. The antishadowing
contributions to the saturation phenomena are also discussed.
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[. INTRODUCTION to the input parton distributions. Referencgd use the

CTEQ input distributiong11] at Q3=1.4 GeV* to fit the

The QCD evolution equations for parton densities at theHERA data for the structure functiofi,(x,Q?) of the pro-

twist-2 level, the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi ton. Then they predict the saturation sca@sin the proton

(DGLAP) equation[1] and BulitskitFadin-Kuraev-Lipatov  and the nucleus by evolving backward from a higi@#
(BFKL) equation[2], predict a rapid increase of the parton scale, where the nonlinear terms in the equation can be ne-
densities in the smal region due to parton splitting, and the gjected. Therefore, one can linearly add the input distribu-
unitarity limit is violated. Therefore, the corrections of the tions of the nucleons in a nuclear target. However, the back-
higher order QCD effG?CtS- which suppress or sha_dow t_hQVard evolution paths for gluon and sea quarks are not unique
growth of parton densities, have become a focus of Intens"\’End hence there are uncertainties in the results. Unlike Refs.

o a0 We use he GocReya-WogiGRY) model[17 o he
PP P P Input distributions, where the evolution begins at a very low

limiting form and unitarity is restored. This is called satura- i .
tion 9 y Q3<1 Ge\A. All partons in the GRV input take the valence-

There are various ways to define and analyze the saturdlke form and it. implies the finiteness of the parton number
tion phenomena based on perturbative Q@GR¥. The shad- gnd a IQW .den.sny qf partons. Therefc_>re, we can construct the
owing corrections of gluon recombination to the integratednPut distributions in the nucleus using the input set for the
parton distributions were mainly studied by adding nonlineairoton and evolve them according to the standard evolution
terms in the DGLAP evolution equation in the collinear fac- technique.
torization scheme. Pioneering work in this aspect was de- We fit the parameters in the input distributions using the
rived by Gribov, Levin, and RyskifGLR) in [5] and by —HERA data[13] for both F5(x,Q%) anddF,(x,Q%)/dInQ
Mueller and QiuMQ) [6] at the twist-4 level. The GLR-MQ for the proton in a limiting kinematical region. Then we pre-
equation sums the contributions of gluon recombination diadict the smalix behaviors of parton distributions at different
grams using the AGKAbramovsky-Gribov-Kanchelicut- scalesQ? in the proton and nucleus, respectively. We find
ting rule[7]. In the next step, the contributions of multipar- obvious screening effects in the quark and gluon distribu-
ton correlations were summed by using the Glauber model i#ions. We also show that a partial saturation appears in the
Mueller’s work [8], and this Glauber-Mueller equation re- parton distributions of the proton. In particular, a flatter pla-
duces to the GLR-MQ equation in the twist-4 approximation.teau appears in the region of smalterand lowerQ? in

Recently, the predictions of the GLR-MQ equation for themedium and heavy nuclei. However, we have not found the
gluon saturation scale were studied[#. However, the ap-  saturation scal®? in the expected domain according to the
plication of the AGK cutting rule in the GLR-MQ equation definition in the literature[5,14]. We introduce the new
was argued in a more general formulation by two of\W&Z. scalesQﬁ andx, to describe the smal behaviors of parton
and J.H.R. in [10], where the Feynman diagrams are distributions in the leading recombination region. We also
summed in a quantum field theory framework instead of usstudy the contributions of the antishadowing terms in the
ing the AGK cutting rule. We shall refer to this evolution MD-DGLAP equation. Antishadowing compensates the lost
equation as the MD-DGLAP equation. A major difference momentum in shadowing. Although this lost momentum is
among the above mentioned nonlinear equations is that themall, our calculations show that the contributions of the
momentum conservation is restored in the MD-DGLAPantishadowing terms to the saturation phenomena cannot be
equation by the antishadowing corrections, which mayneglected.
change the predictions of the GLR-MQ equations. The paper is organized as follows. In Sec. Il we introduce

The purpose of this work is to study the behavior of thethe MD-DGLAP equation and compare it with the GLR-MQ
parton (quark and gluohdistributions inQ? andx at high  equation. In Sec. Ill we fit the parameters in the GRV-
gluon density using the MD-DGLAP equation. It is known likeinput distributions in the proton using the MD-DGLAP
that the solutions of QCD evolution equations are sensitiveequation and HERA data; then we predict the parton distri-

0556-2821/2003/68)/09401511)/$20.00 68 094015-1 ©2003 The American Physical Society



ZHU et al. PHYSICAL REVIEW D 68, 094015 (2003

butions beyond the HERA region. In Sec. IV we discuss théby parton recombination to the QCD evolution equation
parton distributions in the nucleus. A discussion and sumare considered by summing up all possible twist-4 cut

mary are given in Sec. V. diagrams in the leading logarithmic approximatio®2.
In the derivation of the equation, time-ordered perturba-
IIl. THE MD-DGLAP EQUATION tion theory instead of the AGK cutting rule is used to pick

up the contributions of the leading recombination dia-
As we know, the DGLAP equation produces a rapidgrams. In consequence, the corrections of the gluon recom-
growth of gluon density toward smaller values xf The  bination to the evolution of parton distributions witR?
gluons therefore must begin to overlap spatially and recomare described by the following modified DGLAP equation
bine in a thin target disk. In Ref10], the corrections caused [10]:

dxG(x,Q?) alK [ 5
ano? =Pgi®G(x,Q%) + PQqP®S(X,Q2)+éfxlzdxlxlez(xl,Qz)Z PI99(x, ,x)
2K e
- aQSZJ’ dxlxlez(xl,Qz)Ei PP979(x1,x) (1a
X

for the gluon distribution and

dxsxin) Cl’gK X .
anQ? =Py ®G(x,.Q%) +Pga®S(x,Q%) + o L/chxlxxlez(xl,QZ)Ei P99, x)
2K i
- a;zf dX]_XXlGZ(Xl,QZ)E Piggﬁq(xlax) (1b)

for sea quark distributions, wheRé*P are the evolution kernels of the linear DGLAP equation and the recombination functions

27 (2x,—X)(— 13606 — 64x X3+ 13232+ 99T + 16x%)

99—9 = —
Zi PI (Xlux) 64 XX? ) (1C)
|
and dxG(x,Q%) .o b ap ,
deZ :P99®G(X’Q )+qu®S(X=Q )
2 Piggﬂq(xllx)
' 2
asKgr-mq [(H2dX, 212
1 (2%~ X)(36¢ + 49 x*— 14x%— 60x°X) a T L S a9

48 X3 (2b)

The nonlinear coefficienK in Eq. (1) depends on the there are the following properties in E€).
definition of the double parton distribution and the geometric (i) The third term on the right-hand side of E() is
distributions of partons inside the target. For simplicity, positive and is called the antishadowing, while the negative
wetakeK as a free parameter in this work. Comparing withfourth term arises from the shadowing correction. The coex-
the GLR-MQ equatiori6] istence of shadowing and antishadowing in the QCD evolu-
dx SX.02) tion of the parton densities is a general requisition of the
X X, local momentum conservation. We emphasize that the shad-
dinQ? - PQQP®G(X’Q2)+ quP®S(X’Q2) owing and antishadowing terms are defined on different ki-
nematic domaingx,1/2] and[ x/2x], respectively. Thus, the
net recombination effects in EQl) are not only related to
[XG(X,Q%)]%+ - - - + Gy the value of the gluon density, but also depend on the slope
of the gluon distribution in the spade/2x], i.e., a steeper
(2a) (or flatten gluon distribution has a strongéor weakey an-
tishadowing effect. On the other hand, the AGK cutting rule
and is used in the derivation of Eq2), where it is assumed that

B i agKGLR*MQ
30 Q2
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both the positive and negative contributions of the Feynmartribution form. The GRV model with the linear DGLAP evo-
diagrams have the same kinematics domain. This results ilution equation gives a good description for the proton struc-
the violation of the momentum conservation in the GLR-MQture functionF,(x,Q?) in a broad region but the fit in the
equation. slope ofF,(x,Q?) at lowerQ? remains to be improvetsee

(i) The GLR-MQ equation2) takes the double leading the dashed curves in Fig. 2 belpwVe shall show that the
logarithmic approximation(DLLA) for both Q? and 1%, corrections for gluon recombination improved the fit. In
where one keeps only the @f/u?)In(1/z) factor in the so- practice, we use the initial valence quark and gluon densities
lutions of the evolution equation or, equivalently, takes onlyin the GRV98LO se{16] as the input distributions a3
the terms having %~ x,/x factor. On the other hand, the =0.34 Ge\, i.e.,
MD-DGLAP equation(1) is derived under the leading loga-

rithmic approximation foiQ?. Therefore, Eqs(1c) and (1d) xU(x,Q2)=1.23%%*q1—x)27(1— 1.8/x+9.5),
contain terms beyond the leadingz l@pproximation. One

can find that the contributions from these terms do not vanish XD(X,QS) =0.6141—- x)°-9xU(x,Q3),

even in the smalk region, sincez runs fromx to 1 asx;

varies, that isz is not restricted to the smallerregion. and

(iii) Note that the sea quark evolution in Eg$) and (2)
takes different forms. The reason is that the transition of

gluon-—quarks is suppressed in the DLLA manner. Theand the mass of the charm quark is 1.4 GeV. In the mean-

D.L.LA diagram contains only the gluon ladders and any tran'time, we let the parameters in the sea quark distributions be
sitions of gluon—quark break the gluon ladder structure.

Therefore, a special technique is used to include the corre determined by the HERA dafd 3] in the MD-DGLAP evo-

tions of gluon recombination to the quark distributions in the(funon equation. The results are

XG(x,Q3)=17.4%*81—x)%8 ©)

GLR-MQ equation. However, this extra technique is unnec- — N 2
essary in the derivation of the MD-DGLAP equation, since X[d(x,Qp) +u(x.Qo)]
we can produce the evolution equations for gluon and sea =0.%%%Y1—x)8%(1—3.6yx+7.8),
guarks in the same framework at the leading log approxima-
tion (Q?). =y 2y _ T 2
Therefore, we use the MD-DGLAP equation to study the X[d(x,Qo)~u(x,Qo)]
saturation phenor_nena insteaq o_f the GLR-MQ dynamics. We =0.23%%%1—x)1131— 12.0/x+50.%). (4)
shall show the different predictions of the evolution equa-
tions with or without antishadowing terms in Sec. V. In this fit, the nonlinear coefficier in the evolution equa-

tion is taken ak=0.0014. It implies that the nonlinear re-
combination corrections cannot be neglected in the HERA
data[13]. The results are shown in Figs. 1 and(lid
curves, where the dashed lines are the fitting results of the

The numerical solutions of the evolution equation dependinear DGLAP equation using the GRV98L[Q6] as the in-
sensitively on the input partofgluon and quarkdistribu-  put distributions. One can find that the contributions of gluon
tions at a lower scal®3. In principle, they are not calculable recombination improve the fit aD?>1 Ge\. There are
within perturbative QCD but are determined by data. Be-derivations between the fit and data@f<1 Ge\?, they
cause the electromagnetic probe cannot directly measure tliply that the corrections beyond the leading log approxima-
gluon density, the input gluon distribution has a larger un-tion (Q?) are necessary at much low@¢. However, as we
certainty. The early data for the deep inelastic scatteringhall show, our main conclusions in this work are insensitive
structure functions can always be fitted by using the lineato the choice of parameters in the GRV-like input.
DGLAP equation provided that a satisfying input gluon den- Now we give the predictions of the gluon and quark dis-
sity is assumed. However, new HERA data in the small tributions beyond the HERA region in Figs. 3—8olid
region, in particular, the slopes of the structure functioncurves. The parton distributions from the DGLAP equation
dF,/d In Q? have restricted the above mentioned uncertaintywith GRV98LO are also plottettashed curvgdor compari-
In fact, the global analysis of the HERA data using the DG-son. The results show obvious suppression in both the quark
LAP dynamics has been given by the MREIB] and CTEQ and gluon distributions and a flat tendency at the small
[11] Collaborations, where the MRST2001 set shows thdimit. Figures 5 and 6 give th&? dependence of parton
negative value of the gluon distribution %<1 Ge\?. distributions at fixed values of. The dashed curveghe
This means that if a positive input gluon distribution below predictions of the DGLAP dynamigsn Figs. 3 and 4 have
1 Ge\? is taken, the screening corrections to the evolutiorthe exponential form-{exd yIn 1/x]) and it violates unitar-
equation are useful. ity. However, the solid curveghe results of the MD-DGLAP

In this work, we use GRV-like input distributions. In the equation show that the growth 0kG(x,Q?) andxS(x,Q?)
GRV model[12], the parton distributions are evolved from a is slower than In(%) at 1<Q?<10 Ge\? and x<10 .
much lower resolution scaléut larger than the QCD param- This partial saturation behavior is softer than the predicted
eter Aqcp). A specific assumption of the GRV model is that result by the DGLAP equation and the BFKL equation
the input parton distributions take the simple valencelike dis{~x"*, A>0).

lll. THE SOLUTIONS OF THE MD-DGLAP EQUATION
IN THE PROTON
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Q%(GeV?)=1.7 [

dF,/dlogQ?

FIG. 2. The fits of the computediF,(x,Q?)/d In Q? in the pro-
ton by the MD-DGLAP equatiofisolid curvesto the H1 data. The
dashed curves are the DGLAP equation results from GRV98LO.

small x approximation wherQ? is fixed to be a few Ge¥/
Therefore, although the gluon and quark distributions in the
proton do not saturate at small valuesxptheir partial satu-
ration behavior satisfies the Froissart boundary in the pertur-
bative QCD means.

As we know, the saturation scaﬂ@ﬁ(x), which indicates
the saturation limit, is usually defind8,14] to be

X

(b)
FIG. 1. The fits of the computell,(x,Q?) in the proton by the
MD-DGLAP equation(solid curves to (a) H1 and(b) ZEUS data.

The dashed curves are the DGLAP equation
GRV98LO.

In the hadron-hadron cross section, suchpap, the
Froissart boundary17] requires

oPP(s)< 12 log?(s/'so) (5)
m

ks

results from R

dx G(x,Q?)
dno? |, 0 63
2
QS
S5E N
Wb Q*(GeV?)=0.4 ol 1.0
x6 *F x6 [
2 F 20 F
W E S
£ X,
oL 0 vonnd 1 od 3o s | o
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FIG. 3. The predictions for the gluon distribution function in
proton. The soliddotted curves are the results of the MD-DGLAP
equation with (without) antishadowing corrections. The dashed

at the highs limit, where s is the center-of-mass energy curves are the results of the DGLAP equation with the GRV98LO.
squared andk=Q?/s. The high energy limit implies the Notice that the solid and dashed curves have opposite concavities.
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FIG. 4. As Fig. 3 but for the sea quark distribution function in
the proton.
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FIG. 5. TheQ? dependence of the gluon distribution function in
the proton at fixed values of the solid(dotted curves correspond
to functions with (without) antishadowing contributions. The
dashed curves are the results of the DGLAP equation.
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FIG. 6. As Fig. 5 but for the sea quark distribution function in
the proton.

nonlinear terms of Eq.1)

Ws linear terms of Eq(1)

=1, (7)
Q2

which requires that the nonlinear recombination effect in the
MD-DGLAP equation fully balances the linear splitting ef-
fect. Thus the saturation limit is reached. However, we have
not found such saturation solutio@ in EQ.(1). This means
that the net shadowing.e., shadowing-antishadowin@f-

fect in the leading recombination approximation is not large
enough to cancel the increase of parton densities with in-
creasingQ?. In other words, the higher-order recombination
contributions would become significant and should be in-
cluded in the evolution equation near the saturation limit.
However, in this paper we focus on the range where the
gluon recombination begins to work. Therefore, we intro-
duce the recombination sca@&(x) instead ofQZ(x) as fol-
lows:

__nonlinear terms of Ed.1)
R™  linear terms of Eq(1)

=adQi(x)]. (8)

QR

The Qﬁ(x) for the gluon distribution in the proton is shown
in Fig. 7 (solid curve. It is interesting that the line has a
corner neaQﬁ(x)zZ Ge\2. The anomalous behavior of the
line at Q%(x)sz Ge\ is the results of the antishadowing
corrections. In fact, the relative stronger antishadowing ef-
fect at lowerQ? locally raises the gluon distribution. It shifts
the flatter plateau toward a largrrvalue. We can also see
this effect in the behaviors of; in Figs. 3, 8, and Jsee the
following sections.

We can see that the gluon recombination obviously sup-
presses the evolution of parton densitiesxat10 © in the
proton. According to the definition, one can see t@é(x)
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FIG. 7. The gluon recombination sca[azR(x) in the MD-
DGLAP equation for the protofsolid curve, Ca (A=40) (dotted
curve, and Pb A=208) (dashed curje where the input distribu-

tions are Eqs(3) and(4).

<QXX). The evolution of the parton distributions from
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FIG. 9. As Fig. 8 but for the sea quark distribution function.

IV. THE SOLUTIONS OF THE MD-DGLAP EQUATION
IN THE NUCLEUS

The nuclear target is an ideal laboratory for research into

Q(x) to Q2(x) is a complicated process. We shall show thatSaturation phenomena, since the gluon recombination correc-

the contributions of the leading recombination are also im

portant in the nuclear target ne@rﬁ.

8
xG °©
4

Q*(GeV?)=0.4

40 -

xG

200

150 |-

xG 100 L

50

0 Lo vond vovnd vl v

wol 1 odT

107 g% gt
X

10t

100
75

xG 5o

25

LN L B S e o

ol vl vl sl ool

168 0% gt
X

tions are enhanced due to the correlation of gluons belonging
to different nucleons at the same impact on a nuclear target.
It is well known that nuclear shadowing is a complicated
phenomenon which has two different sourdds]: (i) it
originates perturbatively from gluon recombination in the in-
finite momentum frame of the nuclear target, or from mul-
tiple scattering in the target rest fram@) it originates from
the nonperturbative nuclear effects. The former is expressed
as the nonlinear QCD evolution equations, while the latter
relates to the structure of the input parton distributions. We
are interested in the separate relations of nuclear saturation
phenomena with the above mentioned two sources. There-
fore, as a first step, we neglect the nonperturbative nuclear
effects. The gluon distributio(B) implies a small total num-
ber and very low density of gluons, where the recombination
corrections are negligible. This conclusion can be confirmed
from Fig. 8 below, which indicates that the gluon distribu-
tions with and without recombination corrections are similar
near the evolution start point. Thus, we can predict the
nuclear parton densities using the input distributi@Bs(4)
and the MD-DGLAP equation, where the nonlinear terms are
multiplied by A2,

Figures 8—11 and 12-15 are the results corresponding to
Figs. 3—6 but for Ca A=40) and Pb A=208), respec-
tively. Our results show the plateau in the parton distribu-

FIG. 8. The predictions for the gluon distribution function in Ca tions atx<'10"° and 1<Q*<10 GeV*. We note that in the
(A=40). The solid(dotted curves are the results of the MD- DGLAP dynamics the generated gluon and sea quark distri-
DGLAP equation with(without) antishadowing contributions; the butions in the smalk region will speed up transfer from the
dashed curves are the results of the DGLAP equation; where théalence form into the power form, also through a plateau.
input distributions are Eq4$3) and (4).

However, this plateau exists in a very narr@¢ window
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600 K 300 — /I Xg

500 | B 250 |-

><Gaoo - ¢ 200 |- and

300 /! 180 2

200 | 100 L W =0. (9b)

100 50 |- n (1) Xg

E . Lo Tl 00 ol Sl
o 10° R 1 The value ofx is in the windows 107<x,<10"* and 1
" Q*(Gev?) . Q(Cev?) <Q2<10 Ge\? for medium and heavy nuclear targets. The
E =10 F =10 results show that the antishadowing effect impedes the shift
70 £ 4 of X toward smaller values with increasiiQf in the range
3 °F of Q%<2 Ge\®. We can also see that the altitude of the
xG % F xG > F plateau grows almost linearly with increasi@f in Fig. 16.
“0E “F This is consistent with the geometric scalifgy4].
oF a3 The values ofQ3 for the nuclear gluon distribution are
20F 2 plotted in Fig. 7(dashed and dotted curyessing Eq.(8).
foE : | N3 | | The behavior of the curves ne@3(x)=2 GeV is due to
o T T e S T e the antishadowing corrections, which locally raise the gluon
Q*(GeV?) Q*(GeV?) distribution.

Since the MD-DGLAP equation is based on the collinear
FIG. 10. TheQ? dependence of the gluon distribution function factorization scheme and its predictions for the parton distri-
in Ca (A=40) at fixed values ok, with (solid curveg and without  putions are universal and independent of the concrete pro-
(dotted curvep antishadowing corrections obtained in the presentcess, the above mentioned saturation phenomena can be
work. The dashed curves are the results of the DGLAP equatiorchecked in ultrarelativistic heavy ion collisions such as the
Notice the plateau at small The input distributions are Eq83)  rapjdity distribution and centrality dependence of particle
and (4). production.
However, we still have not found the saturation solution
and it is unstable. The plateau in Figs. 8, 9 and 12, 13 implie@§ of Eq. (7) in the available nuclear target. Obviously, this
a saturation behavior in the parton distributions at the srall conclusion is different from that of9], which uses the
limit. We usex, to indicate this saturation effect and it is GLR-MQ equation to evolve the parton distributions back-
defined as ward from the input distributions of a free proton at much
higher Q2, where the nonlinear terms are negligible. They
give Q2~3-20 GeV at 10 °<x<10 2 for Pb (A=208)
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FIG. 11. As Fig. 10 but for the sea quark distribution func-
tion. FIG. 12. As Fig. 8 but for PbA=208).
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107" 10?10t 10t 107'% 108 10% g0t 12 -
X X 10 |-
30 - - E
| 10.0 40 - | 30.0 xq 8|
\ : \‘ 6 -_
xq [ . F
0 oF
E b
o Liwd 1ol d C o vl 0 vl vy 0 MR B EEER T BRI
107'%  1g78 107 1 10 10° 107" 1 10 102
2 2
X X Q*(GeV?) Q*(GeV?)
FIG. 13. As Fig. 9 but for PbA=208). FIG. 15. As Fig. 11 but for PbA=208).

[9]. One can understand the above mentioned difference as

follows. Comparing the solid curves of Figs. 3 and 12, Wehuclear effects in the nuclear input parton distributions. The

find that the gluon den_S|ty in the nucleus_at h'gl@% IS fact that the structure functions of bound and free nucleons
much smaller than that in the proton, even if the recombina-

. . . . are not equal was discovered long ago and it is called the
tion terms in the evolution equation do not play a role at suc MC effect [19]. However. its dynamics is still an open

a high Q2. The reason is that the parton distributions at ; ' 1S dy ; P
higher Q2 always remember the recombination effects ir]problem since several mechanisms dominate the EMC effect.

their evolution process. Therefore, a larger, but not true, inAIthough there are some models to describe the nonpertur-

put distribution in the nuclear target predicted a stronger

Now we consider the corrections of the nonperturbative

recombination effect if9], which may balance the parton 2
splitting effect in the evolution, and give a solution to 50 E
Eq. (7). :
40 -
800 - 400 <G E
700 f x=107° ; ss0 |- x=107° % £
600 | ! 300 [ 20
(G50 F / (G250 o E_
400 | 200 E
300 B ! 150 P P IR BN AN IR EPUVEIN BN R A
3 1 2 3 4 5 6 7 8 9 10
200 F 100 QZ(Ge\/Z)
100 | 50
-1 2 0 C
10 1 10 10 10 6 L s
Q*(GeV?) : x=10 Ca
80_ 8 5 :— __"”’,—
oFE x=10"" 7 F PP
3 xq tE ---"77 Pb
60 F ) 6 s b U
xG OF Sl xe® 2 ,,_—""/
wk R s 2 ?,
30 F 3 T E
20F 2 o B
wkE ' E ; 1 2 3 4 5 , 6 , 7 8 9 10
L vl P Y AT R Q*(GeV)
-1 2 -1 2
10 1 10 10 10 1 10 10
Q*(GeV?) Q*(GeV?) FIG. 16. Parts of Figs. 14 and 15. The lines show that the height
of the plateau in CaA=40) and Pb A=208) grows almost lin-
FIG. 14. As Fig. 10 but for PbA=208). early with increasing?.
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bative nuclear shadowing relating to the GRV-input distribu- " (e =04 o .
tions[20,21], they still have a larger uncertainty, particularly 3 (Gevi)=0. ok ‘
in the nuclear gluon distribution. In this case, we take the xG °f xG
following simplified factorsRg and Rg to describe the con- 3 o
tributions of the nonperturbative nuclear shadowing as in zm . m
Ref. [22]: 0% 0% 0% 10* 107'% 10% gt gt
X X
Sa(X,Q5)=Rs(x,Q5,A)S(x,Q}) (10 :
rys 2.0 s E 5.0
for sea quarks and < I %G s b
20 E Ca
F Ca E
Ga(x,Q5) =Ra(x,Q3,A)G(x,Q}) (1D = | =
ul aod d ol d
for gluons, where ?o“" 0% 10 gt ?o'm 108 10 1ot
! X X
200
1, Xp<x<1, ol 10.0 a0 [ 30.0
Xp— X i
R, Q8 A=) LKA -1 o, asxsin, 0 g, o0 2
n 50
5 I Pb
1- KS(Alls— 1), 0<X<XA, 0 Loumd ° v ond vod ool 0 Loss vl ool ol 1l
(12 107 0% 10® 0t 107 10® g0 gt
X X
and FIG. 17. The predictions for the gluon distribution function in
1 . <x<1 Ca (A=40) and Pb A=208) using the MD-GDLAP equation and
’ n ’ input distributions Eqs(10)—(13).
Ro(x,QZ.A) =1 1-Kg(AMB—1) " xu=x=x,,
G <0 G Xp—Xa ' the antishadowing contributions, which balance the lost mo-
1-Kg(AY3-1) 0<X<Xx mentum in the shadowing effect, cannot be negle¢&s].
' ('13) To illustrate this point, we set the antishadowing terms to

in which x,=0.05, x,=0.017A" %3, and Kg=0.09 are pa-
rameterized using the data about the EMC effé&f; while

zero in the MD-DGLAP equatiofil) and use it to evolve the
parton distributions. In this case, we refit the input distribu-
tions (4) and takeK =0.000285 using the HERA dafd3].

we takeKg=Kg for the moment. In the meantime, we ne- The new parton distributions for the proton, Ga=40) and
glect the EMC effects at>0.05 since we focus on the be- Pb (A=208) are shown by dotted curves in Figs. 3,4,8,9,

havior of parton distributions at the very smalimit. Using

Egs.(10)—(13) as the input distributions we evolve the MD- 3L

DGLAP equation. Our results are shown in Figs. 17—19 for

Ca (A=40) and Pb A=208). Comparing these results with 2
Egs.(7)—(9), we find that the differences between them are |
small.

Since we do not have enough data to fix the valuk gf
we take the parton distributions for PB€208) as an ex-

5
Q*(GeV¥)=0.4 sF 1.0
C 3B
X [ xq " E
£ Ca 2F ca
£ E— |
Pb 1TE~Pb
vl el 1 o cond 1l Ll 0 Erud vl 1o r“..J/’.‘r...u voud o v
107% 107® 1% o7t 107 10?10t 0t

ample and changeé s from 0.18 to 0 to test the sensitivity to 10 ¢
such choices. We find that the results are insensitive to the sF
above mentioned change since the gluon distribution(8q. xq ©
for x<0.05 is very small. +f
Now we can conclude that the saturation or partial satu- 2
ok

ration phenomena in the smallbehavior of parton distribu-
tions are dominated by QCD dynamics rather than nonper-

turbative nuclear shadowing corrections in the input 30

distributions.
20

xq

V. DISCUSSION AND SUMMARY 10k

Let us discuss the antishadowing contributions. Part of the ¢
momentum is lost due to the negative shadowing terms in the '
GLR-MQ equation. Most work does not make an attempt to

correct the evolution equation for momentum conservation FIG. 18. The predictions for the quark distribution functions in
since the lost momentum is only a few percent of the totalCa (A=40) and Pb A=208) using the MD-GDLAP equation and

momentum. However, as one of (M/.Z.) has pointed out,

input distributions Eqs(10)—(13).
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5 4

FIG. 20. The predictions for the gluon distribution function us-
FIG. 19. As Fig. 7 but the input distributions are taken as Egsing the GLR-MQ evolution equation with a GRV-like input parton

(10—-(13). distributions. The solid and dotted curves are the results in proton
and Pb A=208).

and 12,13, respectively. They have the following two distin-
guishing features as compared with the solid curves. have not found a saturation soluti€ in Eq. (6) for the

(1) The results show that the parton distributions with theGLR-MQ equation.
antishadowing effect are lower than those without the anti- (2) Another interesting difference between the predictions
Shadowing effect. One can understand the above mentionéﬂ the equations without and with antiShadOWing corrections
results as follows. The main HERA data, which are used tds the position ofxs. In the former cases always moves
fit the nonlinear parametek, show a steeper form @2 toward a smaller value with increasigf (note fchab_(S runs
>1 Ge\® andx>10"4, where the antishadowing correction Ut of the diagrams, for e>'<amplle,.@f—>2 GeV® in Fig. 12,
is larger. Therefore, to fit the same HERA data, the value opvhile in the latter case this shift is impeded by the antishad-
K in the evolution equation with the antishadowing terms
should be larger than that in the evolution equation without
the antishadowing terms, since in the former case an obvious
antishadowing effect partly cancels the shadowing effect. Onxa ¢
the other hand, the net screening effect flattens the gluon [
distribution whernx enters the smallex region and therefore
weakens the antishadowing effect. Therefore, a stronger ne
screening effect appears in E@l). Comparing the solid
curves with the dotted curves in Figs. 3 and 4, one can un-
derstand that the antishadowing corrections make the growtt
of the solid curves slower than that of the dotted curves.

The above mentioned differences between the effects with
antishadowing and without antishadowing also appear in the
predictions of the MD-DGLAP equatiofwith antishadow-
ing) and the GLR-MQ equatioriwithout antishadowing
Using the same program as we used for the MD-DGLAP

3 F

H Q¥(GeV?)=0.4
2

5k

0 oo ol vnd 1o
10

sl 10.0 a0l P 30.0
equation, we fitted the related parameters in the GLR-MQ [
equation when using the GRV-like input parton distributions. *9,, 1 ™% ol op
Then we predicted the parton distributions in the proton and L pp LT
Pb (A=208) (see Figs. 20 and 21The results show that o Lol v und cond s o e o Gl s v ol ol ol o

the screening effect in the GLR-MQ equation is weaker than ~ 1°
the net screening effect in the MD-DGLAP equation if we
use similar input parton distributions. Although a plateau ap-

FIG. 21. As Fig. 20 but for
peared in the parton distributions for PA=208), we still

tion.

the sea quark distribution func-
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owing effect in the range of lowe®? (Q?<2 Ge\?). This  tion with GRV-like input distributions. We show that the
phenomenon relates to Fig. 7, where the line has a corngfuon recombination at twist 4 level obviously suppresses
near Q4(x)=2 Ge\? because the relatively stronger anti- the rapid growth of parton densities with decrease.iifhe

shadowing effect at lowe®? locally raises the gluon distri- growth of the predicted parton distributions in the proton
bution. toward smallx is slower than In(%) for x<10°. In par-

As we know, the nuclear shadowing has different mani-icular, a plateau is formed in the parton distributions of a

. . . 2
festations: suppression in the usual or unintegrated partofuclear \;arget in the smalk limit and for 1<Q
distributions and their evolutions, reduction of the structure~10 GeV'. The height of the plateau grows almost linearly

functions, and a screening effect in the cross sections. TheMsth mcr_eas_lng_gz, i.e., the scaling is geometrical. Thus, the
are many different kinds of model to study the above menpar'gon distributions in proto_ns and_nucle| umtarlze_, and_the
tioned shadowing phenomena. In this work we do not try toFroissart boundary is not violated in the asymptotic regime
compare the modified DGLAP equations with other version<f high density QCD. The saturatiofor partial saturation
of the saturation model such as the Jalilian-lancu-McLerranPhenomena appear before the saturation Qalewhere the
Weigert-Leonidiv-Kovne(JIMWLK) equation[4]. The rea-  gluon recombination correction fully balance the parton
son is that they have different research subjects: the formeplitting effects. The predicted saturation phenomena can be
equation concerns the shadowing in the parton distributionghecked in ultrarelativistic heavy ion collisions using the ra-
which are independent of the process, while the latter equaRidity distribution and centrality dependence of particle pro-
tion treats the unintegrated parton distributions and the crosduction.
sections, which are process dependent.
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