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Emlence for Enhancement of Gluon and Valence-Quark Distributions in Nuclei
l’rom Hard Lepton-Nucleus Processes . o

‘L. L. Frankfurt® and M. L. Stéikman @
Leningrad Nuclear Physics Institute, Gatchina 188350, U.S.S.R.

S. Llutx

Istituto Nazionale d: Fisica Nucleare Sezione Sanita, Viale Regina Elena 299, [-0016! Roma, Italy } Sy
" (Received 9 May 1990) .

Current data on dcep-melastlc proccsscs oﬂ' nuclc1 are analyzed by using exact QCD sitm rules for the

total momentum and baryon charge of nuclei.” Evidence for an overall enharicement of the gluon field in ’

heavy nuclei (= 4%) is found which, combined with the calculation of nuclear shadowing, yields a sub-
stantial enhancement of valence-quark and gluon distributions at x == 0.1, as well as a suppression of the
It is also shown that scaling violations lead to a strong decrease of shadowing for the sea
at x == 0.05. Implications for disentangling the origin of internuclear forces are further discussed.

sea for x <0.1.

PACS numbers: 25.30.Mr, 12.38.Lg, 13.60.Hb, 25.40.Ve

The main aim of this Letter is to analyze the impuca-
tions for the nuclear structure of current experimental

results on parton distributions i nuclei at small values of -

x obtained both in deep-inelastic muon-nucleus scatter-
ing'? and in the Drell-Yan process.? We show that
valence-quark and gluon distributions in nuclei are
enhanced at x = 0.1, namely, for the kinematics where
essential longitudinal distances in decp-inelastic process-

es, | (I = 1/2Myx in the nucleus rest frame); are compa-

rable with mean internucleon distances ryy:

ran=1.7fm>1/2Myx > ry =0.6 fm, )

A . : '
j; %[GA(XA,Q2)+VA(XA,Q2)+SA(XA,Q2)]XA dx,g —_I;I[GN(X,QZ)+ VN(x,Q2)+SN(x,Q2)]x dx =0 R

W{W}
s

/ T

at 5""-(/ ¥

-rn being the nucleon radius (the nontrivial relationship

between the nucleus-rest-frame and the infinite-mo-

- mentum-frame descriptions at small x is discussed at

length in Ref. 4).

In the first step of our analysis we use only exact QCD
sum rules for parton distributions in nuclei, while in the
second step we add information from calculations of nu-
clear shadowing at small x.** The sum rules for the
baryon-charge and total-momentum conservation in nu-
cleus A4 may be written as

[y 0Ddxa— [ vuxoDax=0 @
o 2 4 (x4,0)dx4 oVN x,0°)dx=0 2

and

3)

where ¥V4,G4,S4 and ¥n,Gn, Sy represent the valence, gluon and sea parton distributions in nucleus 4 and in the free
nucleon, respectively. Moreover, x is the usual Bjorken variable, whereas x4 =AQ 22M 4qgo=AMN/ M 4x. Equations
(2) and (3) are valid for Q*= Q& = 1-2 GeV?, where the parton model seems to be apphcablc

Since, for an lsoscalar target,
Fﬁ‘ (V) (X, Q 2)
x

-———[VA(N)(x Q2)+SA(N)(x Qz)]

SA(N)(x Q )+s,4(N)(x Q )

(4)

6

{s4v) Gav)) being the strange-quark (-antiquark) distribution] and, experimentally, foGN (x,0%)xdx = 0.5, one can
define (neglecting contributions from the charm sea which are very small for the values of Q2 of interest)

i = JE/A)Galxs, @M xadx4 _
JIGn€x, 0D xdx
or, equivalently, '

4 JAFY (i, @Ydx — — JECAVFF6,@0dxa

i'fé‘(l/A')EA (x4,0D x4 dx?q — fdsn(x,0%)x dx

(5a)

(5b)

Y =

JeFY (x, Qz)dx _ S

iGN (x,0¥) x dx

Equation (5b) can be calculated by using the New Muon Collaboration data' on the ratio between the second mo-
ments for F£ in Ca and in the deuteron. By disregarding both the change of gluon momentum in the deuteron with

1725
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respect to the free nucleon (i.e., by assuming y¢ =0 for

A=2=D) and the possidble change in the slrangc sea, we

find for “Ca, L
yd=(2.18+£028+0.50)%, (62)
yd=(231+0. 35+039)%-- (6b)

corresponding to Ref, l(a) [Eq. (6a)l and Ref. 1¢b) [Eq.
(6b)], respectively.
Nevertheless, it is natural to expcct lhat y8>0

though much ‘smatler than.yd (y8fré= 7 w=3 for .

A=40; cf. Ref. 4); moreover, accounting for the
strange-quark term in Eq. (4) would somewhat increase
the value of yd, provided the strange-sea distribution in
nuclei has a dependence upon A similar to the one found
for the nonstrange distribution (for the nonstrange sea,
both deep-inelastic muon data'? and Drell-Yan data
show a decrease with 4 of the momentum fraction).
the above corrections are taken into account, the value of

& [Egs. (6)] is enhanced by 0.2%~0.7%.

y& should increase with A4 due to the increase of .the

mean nuclear density (p4) with 4. In fact, an enhance-

ment of the gluon field in nuclei is likely to arise in the -

range x > 0.05, where the gluon component of the virtu-
al photon interacts mostly with two nucleons (see Ref. 5
and discussion below); thus for small nuclear densities,
yd «<{p,), whereas in the case of nuclear matter (NM),

787 "= ylpnmllpa) = 4%, 7

where pNM, the nuclear-matter dcnsxty, is taken equal to

0.17 fm ~3. Note that, due to scaling violations, yé de-
creases with increasing @2, mostly because of the anom-
alous dimension of the difference between the second
moments of G4 and Gy which is equal to 3. y¢ was

evaluated in Egs. (5)-(7) by using the experimental -

determination of the ratio between the second moments

for F4 and FY, corresponding to Q*=3 GeV?%' ac--
counting for scaling violations thus leads to a 20% in-

Ca/D

1.20F

10‘2 x 1

FIG. 1. Ratio R=Rg(x,0%) = (/A4 (x,00)/Go(x,07)
id line, Q% =2 GeV?%,

plotted vs x, for different values of Q%
dot-dashed linc, 02 =15 GeV2.

1726 | ’ %AW 624—45/165

- scaling vnolatlons _(scc Fig. 1).

crease of 74 at Qf =1 GeV? (for A=200 MeV), with
respect to the values given in Egs. (6) and (7).
Therefore, we conclude that in the .nonperturbative

"' parton wave function for nuclear matter, the gluon field

is enhanced by about 5%, whereas the momentum car- -
ried by charged partons is depleted by the same amount.
- The second question we want to address concerns the

.. value of x at which the enhancement of the gluon field is

concentrated. In Ref. 5 it was demonstrated that sha-

: dowmg of the soft compoenent of the nuclear wave func-
- tion is responsxble for the nucléar shadowing of F# which

was observed in Refs. 1 and 2. Similarly, we expect sha-
dowing of the gluon field G4(x,04) to be of the same
magnitude as for F#(x,Q4), since the essential longitu-
dinal distances for small x are practically equivalent in
both the gluon and quark channels (cf. discussion in Ref.
4). Thus, one may write

Ga (X,Q(%)

F#(x,08)
AGy(x,03) ®

AFY (x,08)

X < x4 =0.01-0.02

At the same time, the positive contribution to y8 should
“arise from' the region of relatively small x where both

Eq. (1) and the requirement that the virtual-photon
components can interact with two nucleons are satisfied
(x < 0.15). Thus, it is natural to expect the positive con-
tribution to y& to be localized in the region xo < x < x|,
where xp=0.05 (x> xs) and x;=<0.15. The mean
value of the enhancement factor in this x range is given
by :

2 [(1/4)G 4( )—Gal( Nxd
colay =Tl A2G41x.08) ~ G x, QG xdx
’ JiGnx,Q8)xdx

- For *°Ca we find, based on the above value of 74,

-¢g(A4) =0.06 when the negative contribution in Eq. (3)
‘in the x < xq region is neglected, whereas cg(A4) =0.10
when such contribution is taken into account by using
Eq. (8). The corresponding estimates for nuclear matter
are ¢c(NM)=0.10 and 0.20, respectively. Therefore,

. quite. a significant gluon enhancement is. expected for
“heavy. nuclc: at x-O I and Q2

Q4. As Q7 increases,
In our calcu]atmns ‘we
neglect higher-twist corrections to the QCD evolution
equations, since it was demonstrated in Ref. 6 that they
lead to negligible corrections for the x and Q% range of
interest in this Letter. »

The enhancement of G4 in the range xg<x <x;
‘leads to. a'significant scaling violation for the sea distri:
bution S4 at x =0.05, for which shadowmg was recently
observed in the Drefl-Yan process at @2> 16 GeV?
(note that theé data of Ref. 3 refer to the & and d distri-
butions only; therefore, in the following, S4 will repre-
sent the i and 4 contributions to the sea-quark distribu-
tion). By using QCD evolution equations and the above
estimates of the gluon enhancement [Egs. (7) and (8)],

Q'ﬁﬂ 26¢€ 1’
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we find that the difference Rs(x;0%) —1=54(x,0%)/

ASn(x,02) — 1, evaluated at x =0.0S, increases by a
factor of 2 as @2 varies between Q2=3 and 25 GeVi In

particalar, if we - use the -QCD aligned-jet model
(QAIM) of Refs. 4 and 5 (which is a QCD extension of
the well-known parton logic of Bjorken) to calculate

Rs(x,0%, we find, in the case of *“Ca, Rs(x=0.04, :

0?=3 GeV?) =09 and Rs(x=0.04, Q>=25 GeV?)
=(0.97.. The last number is in good agreement with
Drell-Yan data® (sec Fig.: 2). Thus, we conclude that

the small shadowing for 'S, observed in Ref. 3 for -
x=0.04 and Q2> 16 GeV? corresponds to a much

larger shadowing for Q*=0¢. :

Shadowing in the sea-quark distribution-at x =0.04
[Rs(x=0.04, 02=3 GeV?)=09], combined with the
experimental data for F#(x,0%)/AFY(x,Q%) at the
same value of x [F£(x,0%)/AF¥(x,Q?%) > 1], unambi-
guously implies an enhancement of the valence quarks,
ie, Ry(x,0%)= Va(x,03/AVN(x,0%) > 1. For 40Ca,
Ry(x=0.04-0.1, Q0?=3 GeV?)=1.1, whereas for
infinite nuclear matter, we find Ry (x =0.04-0.1, Q2=3
GeV2) = 1.2. By.applying the baryon-charge sum rule

[Eq. (2)), we conclude that experimental data require '

the presence of shadowing for valence quarks at small
values of x [ie, Ry(x,0%) <1 for xs<0.01-0.03].
Moreover, the amount of shadowing for Ry(x,0%) is
about the same (somewhat larger) as the shadowing for
the sea-quark channel (see Fig. 3). The overall change

of the momentum carried by valence and sea quarks at .

02=1GeVliis
y#(Q4§) =1.3%,

To summarize, the present data are consistent with the
parton-fusion scenario first suggested in Ref. 7: All par-
ton distributions are shadowed at small x, while at larger

78(Q8) = —4.6%.

x, only valence-quark and gluon distributions are en-
hanced. At the same time, other scenarios inspired by
the now popular (see, ¢.g., Ref. 8) idea of parton fusion,

Ca/D

i . i .
1072 x 107 1

FIG. 2. Ratio R=(2/A)il4 (x,Qz)/ﬁp(x,Qz) plot{ed vs X,

for different values of Q2. Notations as in Fig. 1. :Experimen-
tal data from Ref. 3.

" (dashed

which assume that the momentum fraction carried by
sea quarks in a nucleus remains the same as in a free nu-
cleon,” are hardly consistent with deep-inelastic and
Drell-Yan data. = .~ -

Let us briefly consider dynamical ideas that may be
consistent with the emerging picture of the small-x
(x=<0.1) parton structure of nuclei. In the nucleus rest

. frame the x = 0.1 region corresponds to a possibility for

the virtual photon to interact with two nucleons which

-~ are at distances of about | fm [cf. Eq. (1)]. But at these
- distances -quark and gluon distributions of different nu-

cleons may overlap. So, in analogy with the pion model
of the European Muon Collaboration effect, the natural
interpretation of the observed enhancement of gluon and
valence-quark distributions is that intermediate-range-in-
ternucleon forces are a result of interchange of quarks
and gluons. Within such a model, screening of the color
charge of quarks and gluons would prevent any sig-
nificant enhancement of the meson field in nuclei. Such
a picture of internucleon forces does not necessarily con-

‘tradict the experience of nuclear physics. Really, in the

low-energy processes where quark and gluon degrees of

" freedom ' cannot be excited, the exchange of -quarks

(gluons) between nucleons is equivalent, within the
dispersion representation over the momentum transfer,
to the exchange of a group of a few mesons. Another

1072 b x gttt 1

FIG. 3. Ratios R(x.08)=(2/AIF{Ge,08)/FP(x,08)

line), R=Ry(x,08)=(/A)WV4(x.08)/Vo(x,08)
(solid line), and R=Rs(x,08) =(2/4)S4(x,08)/Sp{x,08)
(dot-dashed line) in *°Ca. "All curves have been obtained at
Q48 =2 GeV?. The low-x behavior (x =< xsn) corresponds to the
predictions of the QAJM of Refs. 4 and 5; the antishadowing
pattern (i.c., a 10% enhancement in the valence channel

- whéreas no enhancement -in the sea, leading to:a-less than 5%

increase of F# at x = 0.1-0.2) has been evaluated within the

© present approach by requiring that sum rules (2) and (3) are
" satisfied. - Experimental data are from Ref. .} (diamends) and

Ref. 3 (squares), the latter representing the sea-quark ratio Rs
(cf. Fig. 2). The theoretical curves are located below the data
at small x, due to the high experimental values of Q% (@
=14.5 GeV? in Ref. 1 and {Q? =16 GeV?in Ref. 3, respec-
tively.
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(the same?) option is that the discussed change of parton

distributions is a consequence of the difference betwecn_ i
structure functioas of bound and free nucfeons Both op- -

tions suggest ‘‘melting” of nucleon degrees of freedom
with the increase of the nucleon. density, i.e., the tenden-
cy to a phase transition in superdense nuclear matter. It
is also worth emphasizing that the comparatively large
(= 20%) enhancement deduced above of valence quarks
and gluons in infinite nuclear matter for x = 6.1 should
lead to a comparable change of seme bound-nucleon

properties, for exampic, to a-change of bound-nucleon‘v :
elastic form factors at intermediate Q2 (though not to a

noticeable change of the radii or to large-Q? asymptotic
behavior).  Obviously, even larger effects of the same
kind may be expected in the cores of neutron stars.

It seems necessary, therefore, to perform further ex-
perimental studies of parton distributions in nuclei aimed
at a direct determination of the A4 dependence of the
valence-quark and gluon distributions at small values of
x, which could be obtained from u-i pair production in
nA scattering, by carefully analyzing final states in-uA
scattering, the A4 dependence of o, /o7T, etc. (see the list
of suggestions given in Ref. 4). Another interesting op-
portunity would be the comparison of hard processes in
peripheral and central high-energy heavy-ion collisions
at BNL Relativistic Heavy Ion Collider energies, which

1728

would allow a direct measurement of the parton struc-
ture of nuclear matter.

(@)present address: Physics Department, University of Illi-
nois at Urbana-Champalgn 1100 West Green Street, Urbana,
IL 61801.
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Theory expectatlons gluon shadowmg at smaII T at Ieast as
Iarge as for FZA - | - |

| | | GA(%Q%) ' '
—> Gluon enhancement at :z: Ol A6 (O ~ 1.1 for

A~ 40 ( ~ 1.2 for A 200) to keep gluon fractlon pract:cally‘ |
A- mdependent . | |

—> Small positive scaling violation for RA(_:U ~ 0.05 — 0.1).
Observed by NMC in the high precision Sn/C measurements.

T. Gousset and H.J. Pirner have demonstrated that r4(z) =
Gsn(z)/Ge(z) can be extracted from the data in a model
independent way since Ra(z) = |F5™(z)/F5 (z) — 1| < 0.02
for 0.05 <z < 0.2

The box is the r, extracted using the gluon fusion model from
the NMC .+ A — p+ J/¢ + X data.
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Scaling violation = Smaller R; for the NMC Q2 range

— Pz ~ 0.1,Q% = 4GeV?) > 1 is due to VA/VN > 1
Combined wnth BaFyOn sum rule — shadownl;lg for VA Q%)
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Summary of information on

A-dependences of parton densities

Nuclear shadowmg is dlrectly observed for |
qd, lndlrectly for GA,VA.i | L |

Nuclear enhancement (antishadowing) for
r ~ 0.1 is- directly observed for gy . Indi-
cations of a Iarge enhancement for gluons.
Enhancement is absent for antiquarks

q;vgﬁm‘&‘c
erreors

Reminder The z ~ 0.1 region corresponds to distances ~ 1—
2 fm relevant for the quark-gluon nature of internuclear forces.
The observed A dependence of Ry, Rg is hardly consistent
with the meson picture of the short-range nuclear forces which

predicted a 10-20% enhancement of Ga/qn-

AA connection Slgmﬁcant modlflcatlons of parton densities
(largest for the central impact parameters) have to be accounted
for in interpreting nucleus-nucleus collisions at RHIC.

12.13.2002, NUINTO02, M.Strikman
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Theorem: In the low thickness limit the lead-
ing twist nuclear shadowing is unambiguously ex-
pressed through the diffractive parton densities
P& ,Q2 zp,t) of ep scattering. FS 98

A-2
Hard diffraction Leading twist contribution
off parton ''j" to the nuclear shadowing for

structure function fj (X,QZ)

fija(z, Q%)/A = fin(z, Q°) — g/ d’b /_C: 4 /jo 4 /:O dop

Fon (8, Q% op,t) a0 PA(B 21)Pa(b, 22) cos(epm(z1 = 22))

F=

where fJ/A(x Q?), f;/n(z,Q?), are inclusive parton densities;

pa(r) is the nucleon density in the nucleus, é[le )/( tn )

12.3.99, BNL, M.Strikman




Predictions for F2A and g4
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X X
e NLO calculation (with CTEQ5M for f;/n)

e Valence quarks are shadowed as the sea quarks; charm quarks are not
modified at the input scale Qg = 2 GeV

e Predictions with H1 and ACWT are virtually the same for 1074 <
r < 107% F2D is measured in this range and fitted well by both

parameterizations

EIC, March 1, 2002 M.Strikman
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