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We investigate a hitherto neglected sector of perturbative QCD which is normally hidden in con-
ventional hadron analyses but has observable consequences in nuclei. There is a modification to
structure functions arising from the fusion of quarks, antiquarks, and gluons and we derive recom-
bination factors, analogues of familiar splitting functions, and compute the effects of parton fusion
on the nuclear structure functions. This mechanism causes the structure functions to extend beyond
x =1; as x —0 we have a source of shadowing within the framework of QCD. We find that the loss
of momentum when nucleons bind is shared almost equally between ¢g and gluons. We predict that
the nuclear modification of the gluon distribution is a significant suppression as x —0 and enhance-
ment for x ~0.2. We point out how hadronic ¥ production may be used to disentangle this shadow-

ing mechanism from other nuclear effects.

I. INTRODUCTION

In perturbative QCD the evolution of the parton distri-
butions is controlled by splitting functions where quarks
or antiquarks radiate gluons, or where gluons convert
into quark-antiquark pairs. Quarks and gluons can also
fuse together [Fig. 1(b) contrast Fig. 1(a)]. Although
these “fusion” diagrams are necessary contributions in a
complete theory, they do not usually appear explicitly in
the literature; instead their effects are subsumed within
the input parton distributions [see e.g., Fig. 1(c)].

However, there are circumstances where fusion topolo-
gies can play an explicit role. When several nucleons are
in close proximity (as in a nucleus, for example) a parton
from one nucleon could leak into a neighbor and fuse
with one of the latter’s partons. The perturbation dia-
grams arising from such fusions and which “connect”
partons of two or more nucleons will give to a collection
of juxtaposed nucleons properties that the individual iso-
lated nucleons would not possess.

While this leakage can occur for all partons, the most
important contributions arise from partons with the larg-
est spatial uncertainty, i.e., those significant as x —0.
The effect of gluon fusion is expected to be appreciable at
small x where the gluon density will be dramatically
suppressed. At the same time the small-x behavior of the
quarks is largely governed by the gluon density and so
the shadowing of the gluons is translated into a shadow-
ing of the nuclear structure function. Until now, discus-
sion of this effect has concentrated on the Q2 dependence
only,!? leading to a modified form of the Altarelli-Parisi
equations, the x dependence of the gluon shadowing hav-
ing been assumed.® One of the results of this paper is the
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derivation of the shape of this shadowing. Another in-
teresting situation occurs when an exchanged wee gluon
is absorbed by a hard quark in the neighbor nucleon,
thereby boosting the quark to a larger value of x, even to
x >1. Thus modifications to F,(x) at any x can occur
from this mechanism. To the extent that this naturally
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FIG. 1. (a) Gluon radiation from quark g at O(«;); (b) fusion
of quark g and gluon g at O(«,); (c) gg fusion of (b) subsumed in
quark input distribution g which is then evolved (d).
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causes F,(x > 1)70 we have a QCD description of effects
which are well known in nuclear physics. In this paper
we develop and apply a formalism for the fusion of
quarks, antiquarks, or gluons at all x.

In Sec. II we develop the formalism for gg, gg, and qg
fusion. This technology reveals a pleasing simplicity in
the resulting expressions, which are similar to the
Altarelli-Parisi splitting functions but with difference of
detail due to 2—1 as against 1—2 phase space and flux
factors. For the first time we have a derivation of the
recombination factor guessed at in some earlier litera-
ture* in the context of hadronic collisions.

In Sec. III we apply these techniques and obtain the
modifications to qN‘(x), g '(x), and gN'(x) that arise
when nucleon N, is in the vicinity of another nucleon,
N,, whose wee partons can leak out and fuse with those
in N, (and vice versa). The results are easy to under-
stand. In the vicinity of x —1 (x =0.5), ¢™(x) falls rap-
idly with x and the absorption of a wee gluon tends on
the average to increase the probability of finding fast
quarks. Furthermore, it removes a slow quark
[g(x)—>g(x +6x)]. In addition one has to allow for
quarks being annihilated by exchanged antiquarks. The
net effect is that wee quarks (x $0.2) are reduced and
quarks with x % 0.2 are enhanced in probability.

Similar effects are found for gluons. Soft gluons are re-
duced due to absorbtion by g, g, or gluons. In the latter
case a gluon appears in the final state, courtesy of the g3
vertex, with boosted momentum. Again, as for quarks,
the tendency is for wee gluons to be depleted and for hard
gluons to be enhanced relative to the initial distributions
in free nucleons.

In this paper we consider a particular mechanism:
namely, the fusion of evolved partons from different nu-
cleons in the nuclear target for a particular process,
namely, deep-inelastic scattering of leptons off a nucleus.
While this is certainly not the main mechanism for
nonadditive nuclear effects over the entire x range, it
could well be the dominant ingredient in modifying the
structure function at low x (by generating shadowing!"3)
and at large x. It would be logically consistent to com-
bine this mechanism with Q2 rescaling® [which success-
fully describes the European Muon Collaboration (EMC)
effect for intermediate x] to complete a QCD-based
description of effective nuclear structure functions in
terms of short-distance quark and gluon interactions.
Nonadditive nuclear effects occur in other processes such
as exclusive hadronic reactions and elastic lepton-hadron
scattering where a knowledge of the bound-state wave
function is necessary. Such processes are not studied
here. One other situation, however, where the fusion of
gluons should play a role is in the hadronic inclusive pro-
duction of J /4. Despite the fact that the gg — ¢¢ subpro-
cess may also be suppressed by interactions between the ¢
and € and the nuclear medium, we propose a method of
disentangling the two effects and thereby expose the
gluon shadowing mechanism. In the main, the aim of
this paper is to investigate parton recombination in the
nucleus within the context of deep-inelastic scattering
and to understand the qualitative consequences.
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II. DEFINITIONS AND FORMULAS

In this section we develop consistent definitions of par-
ton number densities and derive the formulas for parton-
parton fusion (e.g., gg, gg, and ¢gg). We shall show that
these fusion processes manifestly alter the parton number
densities, are self-consistent components of parton evolu-
tion, and preserve all kinematical constraints such as
momentum conservation and valence-quark number con-
servation. The resulting expressions are similar to the
Altarelli-Parisi splitting functions but with differences of
detail due to 2—1 as against 1—2 phase space and flux
factors.

We define the parton number densities through deep-
inelastic lepton-hadron scattering. (In this paper we shall
discuss only the leading tree-diagram fusion contribu-
tions and so are not affected by renormalization- and
factorization-scheme dependence of the parton number
density definitions.) First we introduce an auxiliary light-
like vector n to fix the gauge as n- 4 =0, where A is the
gluon field. In the parton model, we define the cross sec-
tion of a virtual photon off a hadron as shown in Fig. 2:

do(y*p—k'X)= [dy qp)do(y*k—k'), (1)

where g (y)dy is defined to be the number of quarks hav-
ing momentum fraction between y and y-+dy, where
y=k-n/p-n. In terms of scattering matrix elements, we
can write the above cross section as
1

1M .

—k'X
8E,E, 7P

X (2m)*8* [p,+p—k'—3 k,

do(y*p—k'X)= |2

d3k, 3!
xT1 d’k

, 2
w (2m)2E, (2m)2E’ @

1
* P 2 4
do(y*k—k') SE,E, M e, IP2m)
d3k’
X8*%p, +k—k')———— . (3)
Py (27)2E’

Using old-fashioned perturbation theory, the contribu-
tion to the matrix element M _« .. in Eq. (2) from a
given intermediate state (shown as a dashed line in Fig. 2)
is

_ 1 1
=M v, M, @)

M
r* P E +E,—E, 2E,

p—k'X

FIG. 2. The leading photon-hadron scattering process to
define the quark number density.
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Combining these four equations gives the quark number
density

2 2
a(y)dy | 2 ! !
Pt | E,+E,—E, 2E,
X @k (5)
er 2m*2E,
Because
do(y*k—k')=C,8(y —xp) , (6)
where x; =Q?%/2p-q, and Cy depends only on x5 and Q2
we can write the quark density as
g(xp)=—do(y*p—k'X), ™
¢y

where xp is the momentum fraction carried by the quark
interacting with the virtual photon. We now discuss how
fragmentation or fusion of partons perturbs this simple
picture.

A. Parton fragmentation or splitting functions

To prepare the way for the parton-parton fusion
analysis and as a check of consistency we will first derive
the Altarelli-Parisi splitting functions.® In the leading-
logarithmic approximation, the contribution to the
quark-quark splitting function comes from the process
shown in Fig. 3. Using old-fashioned perturbation theory
and Eq. (7), we obtain the change of quark-number densi-
ty as

2 2

1 1

q(x _Ep p—IX

E,+E—E, | |2E,
X d3kx Ek ' I 1 2
I (2m2E, E, Y | Ey+E—E,
1 2 d3k['
L do(ytk—k.
2E, | 2mR2E, C, 7V T

Using Egs. (5) and (6), we rewrite Eq. (8) as

8(zy —x), (9)

dq(x)= [dy q(y) yqq<z) (Inl)dz

FIG. 3. The next-to-leading photon-hadron scattering pro-
cess O(a;) used to calculate the splitting function y 4.
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FIG. 4. The next-to-leading singlet photon-hadron scattering
process O(a,) used to calculate the splitting function y,,, and
to define the gluon number density.

where the splitting function v, (z)=C,(R)(1+z?%)/
(1—z) (Ref. 6). This is a positive contribution causing an
increase in g(x)—we call it the “gain” part. In terms of
the statistical parton evolution picture introduced in Ref.
7, one should include also a negative term (or a “loss”
term) into Eq. (9). The complete change of quark density
due to the quark splitting process then becomes’

dg(x,0%) _ % 1 2
d InQ? 27 fody dzq(»,0%)
X7 4q(2)8(zp —x) =1 4 (2)8(y —x)].
(10)

Equation (10) is the same as the well-known valence-
quark evolution equation. Physically, in terms of the sta-
tistical picture of parton evolution introduced in Ref. 7,
the 8(zy —x ) summarizes the gain in g(x) due to quarks
of momentum fraction y >x having radiated a gluon of
momentum fraction y —x. Similarly, the 8(y —x) contri-
bution summarizes the loss term, identifying all those
quarks that had momentum fraction x before radiating a
gluon of any momentum fraction less than x.

By computing the leading-logarithmic contribution to
the quark density arising from the gluon splitting process
in Fig. 4, we obtain the expression for the gluon number
density

2 2

Gy =L 1M, el |[—L | |-
Wy =p- My |\ T T 2E
4 x 1 P !
d3k
Xl - (11)
x (27)2E,

Similarly the gluon-quark splitting function is given by

1 2

s d(niRdz =T M, L
2 e e A T
| L | 2k (12)
2E, | 2m2E, "’
which yields the familiar y 4 (z)= [22+ 1—2)%.

B. Parton fusion functions

Following the same technique, we can derive the par-
ton fusion functions. The quark-gluon fusion process
shown in Fig. 5 can change the quark number density as
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E,+E,

dq(X)=T|MP_>ll'x|2

1 2
Ex+EI+EI'_EP ]
2

1
E1+EI'-—Ek

1

E;
| 2E,

X ————
E,+E,

My 12

2
=fdx,dx2T<2>(x,,x2,l%)f;'—2r
T

P1Py—P3

where g is the strong coupling constant, p is the average
momentum per nucleon, and P is the momentum of the
nucleus (we shall be interested in the fusion of two par-
tons originating in two different nucleons in a nucleus).
The two-parton number density in Eq. (13) is given by

T(x,,x,,l1%)dx,dx,

E,+E,
=1L ’MP—>II'X|2 1
EP Ex+E1+E1:"‘EP
2 2 3
1 1 d’k,
P ’ (14)
2E, lZE,, ] I;I (2m)2E,

where 1% is the transverse momentum of the fusing par-
tons or the scale in such a fusion process as discussed in
the following paragraph.

We suppose that the participating partons have under-
gone normal QCD evolution before the fusion (we refer
to these as ““fat” partons). For example, as shown in Fig.
6, the quark of number density gq(x}) from one nucleon
in a big nucleus evolves first to have number density
q(xl,Qz), and then fuses with a gluon of number density
G(x,,Q?) from another nucleon. The transverse size of
these fat partons is about |Ab|~1/|Q|, and the trans-
verse momentum of these fat partons is given by
|I;|~1/|Ab| ~|Q@]|. Therefore, IZ will be of the order of
Q2. Fusions between partons at scales other than Q2 are
incorporated by evolving with the modified evolution
equations.! Because of this explicit factor of 1/I2 in Eq.
(13) it might appear that this parton fusion disappears as
Q2 increases. However, as discussed in Ref. 3, the
modified evolution equations lead finally to only a gradu-
al Q2 dependence of the fused distributions.
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(x1,%9,x3)8(x3—x) ,
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2 2 d3kx

« (2m)2E,

1
2E,

L do(y ki)

Cy

(13)

The parton-parton fusion function is given by
2

-4
15 Trips o, (¥1%2:%3)

" E,+E,

1 2

2E,

lMII'—-.k lZX

B

1 2
El +E1:_Ek

(15)
where the parton momenta are chosen to be
12

T
xp+——,1,x
1P x T>X1P

1=
2x,p

’

(16)
’ kz(xSP’OT’XBP) .

17

I'= |x,p+ 2737 »—Ilr,X5p

If the two partons (p; and p,) are from two different
nucleons, as shown in Fig. 6, the two-parton number den-
sity can be approximated by'

TP(x,,x,,0%)=2Rnp,(x,,0%)p,(x,,0%) , 17

where R and 7 are nuclear radius and density, respective-
ly, i= A /(4wR3/3), p,(x,,Q%), and p,(x,,Q?) are the
parton number densities of the two fusing partons.

The fusion functions are related to the splitting func-
tions. This can be obtained from Eq. (15) and Sec. IT A;
for a general parton-parton fusion process, shown in Fig.
7, the relation is

r ( )=C X1X3 X1
X13Xo0yX3)= —

PPy —P3 1242243 P1Py—P3 xg YP3—+p1 X,
=C X1X3 )

Pip2=ps | T2 Ypy—p, x;

(18)

FIG. 5. The leading parton recombination (or fusion) dia-
gram used to define the two-parton number density and to cal-
culate the fusion function 'y, .

FIG. 6. At a given scale Q2 the leading fusion contribution
to the effective quark distribution occurs between two ““fat” par-
tons which have undergone the normal evolution up to this
scale.
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FIG. 7. Momentum assignment for a typical parton-parton
fusion process.

where CP1P2“’P3

difference in the number of initial partons and final par-
tons in the fusion relative to the splitting processes.

In terms of the statistical picture of parton evolution,
we obtain the correction to the valence-quark density due
to quark-gluon fusion process shown in Fig. 8 as

is a color factor arising due to the

Aqv(x)=2dex1dx2q,,(x1 )G(x,)

XT g q(x1,%2,x1+x5)

X[8(x —x,—x,)—8(x —x,)], (19)

where the factor 2 appears because the quark (or gluon)
can come from either one of the two nucleons, and
K=94"3a /(2Q%?) where R=rA'> was used. The
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FIG. 8. Quark-gluon fusion diagrams contributing to the
Ag,(x,Q?).

fusion function 'y, (x1,Xx,,%; +Xx,) is given by

2
X1
I+
1 XX, XXy
T, (X,X0,X{Fx,)=—
q8 —q 1 2 1 2 6 (x1+x2)2 X
1_ —_—
x;+x,

(20)

From Eq. (19), one can verify that this fusion process
conserves valence-quark number f (‘)dx Ag,(x)=0.

For the singlet case we must include the quark-
antiquark fusion as well as the quark-gluon fusion. Tak-
ing into account the processes shown in Figs. 8 and 9, we
obtain the modifications to the quark and antiquark num-
ber densities as

Ag;(x)=2K [fdxldxzqi(x, )G (x5)T gy, (X1,%2, %1 +3,)[8(x —x; —x,)—8(x —x,)]

— [ dxdx,q,0x)g,(x,)T

(x1,%,%; +%7)8(x —xl)] : @1

Ag;(x)=2K {fdxldxﬁ,-(xl)G(xz)l“qg_,q(xl,xz,xl+x2)[8(x —Xx;—x,5)—8(x —x)]

— [ dx,dx,g;0x1)g(x)T 7 (%1, %5,% +3,)8(x —x,)] : 22)
and where the quark-antiquark fusion function is
2 2 .
4  X1X3 X1 x1
r_ X9, X1 Hx,)=— e . 23
qqa,g(Jﬂ X2,X1 xz) 9 (x1+x2)2 x1+x2 x1+x2 ] (23)

By including the gluon-gluon fusion process of Fig. 10, we obtain the correction to the gluon number density as

AG(x)=2K l;—fdxldsz(xl IG (%) g o (x1,X5, %1 +X5)[8(x —x 1 —Xx5)—8(x —x,)—8(x —x,)]

f
+ fdxldng 9:(x1)g; (x0T .

f
= J dx1dx,G(x)) lai(x)+7,(x)IT

where the factor 1 in the gluon-gluon fusion contribution
is due to the identical particle effect, f is the number of
quark flavors and the gluon-gluon and gluon-quark fusion
functions are

89—4

(%1,X9,X,+x,)8(x —x;—x,)

(X1,X9,x1F%x,)8(x —x) | , (24)
r
I‘gg-—»g(xl’x29xl+x2)
XX -
=3 2% iz 17z, 0-0, @
4 (x,+x,)? | 1—2 z




1&

FIG. 9. Quark-antiquark annihilation diagram contributing
to the Ag;(x,0?).

with
z=x,/(x;+x,),
and
X 2
r ( 1) 1 XX, x,+x,
Lo XX, x+x,)=—
g9—q 1>%2 1 2 6 (x1+x2)2 x,
x,+x,
(26)
If we combine Egs. (21), (22), and (24), we find
1 f
[ dx x| S [Aq:(x)+A7,(0)]+AGx) =0 @7
i

which verifies that the parton-parton fusion conserves
momentum. In addition, as expected, the fusion between
gluons alone also conserves momentum. Thus we con-
clude that the parton-parton fusion, as introduced in this
paper, is a self-consistent and a self-contained subprocess
of parton evolution.

In the next section we evaluate these parton fusion for-
mulas and obtain the modifications to effective nuclear
parton number densities due to the fusion of partons
from two neighboring nucleons in a big nucleus.

xdxz
AF,(x)=1K fo —x,Gxw(xy) {Falx —x3) | 1+
2

x
x +x,

dx
_%KFz(x)fxl—;fmG(xz)w(xﬂ
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X

S >— >

X X

1 1

FIG. 10. Gluon-gluon fusion diagrams contributing to the
AG(x,0%).

III. RESULTS

We now proceed to compute the modifications to the
structure function and to the gluon distribution in the
proton as a result of including parton recombination. We
present estimates for the effects of two-parton fusion on
the quark and gluon distributions in a nucleus of iron
(A4 =56). The picture we have in mind is one where only
gluons and sea quarks ‘“leak” from one nucleon into a
neighboring nucleon and recombine with the gluons, sea
quarks, and valence quarks of that nucleon. We do not
consider leakage of valence quarks because their spatial
distribution is expected to be limited to about 1 fm. On
the other hand, sea quarks and gluons may extend out to
several fm.?

To investigate the effects of varying the extent to which
the sea and the glue leak out of a confined volume, we al-
low a cutoff distribution w(x ):%

w(x)=exp(—1M?*(z?)x?) . (28)
Notice that letting {z2)!/2—0 corresponds to no cutoff
in x while letting (z2)!2— o« reduces w(x) to a spike at
x=0. We allow {z2)!/? to vary up to 2.4 fm to examine
the sensitivity of the results to the cutoff. We find that
our result is not sensitive to the value of (z2).

Consider the structure function F,(x, 0?) where
Fy(x,0%)=73, e [xq(x,0*)+xg(x,0%)]. The modifi-
cation due to leakage of gluons is then given by

2 2
_2x2 } —FZ(X) X _:.XZ l [1+ X ':.XZ ] }
N 2
x +x, l ’ 29)

where we have suppressed the Q? dependence of the various parton distributions. Note that the integrand in Eq. (29) is
finite as x, —0. Similarly the modification due to the sea leaking in and fusing with gluons gives

xdx
AF,(x)=1K [z e,?} k

—w(x)xs(x)

dx
—1K [2 e? ]w(x)xs(x)fxl—xl—lle(xl)

. x—lle(xl)[w(x —x)x —x)s(x —x;)

X
x +x,
d H1+
X1

X —X4
1+

2

1

X
X1+x

|

x
x +x,

(30)
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and finally the contribution from the leakage of the sea
annihilating with quarks or antiquarks is

x2+x2
(x +x,)*
x2+x3?

(x +x)*
(31)

AFz(x)=——%Ksz(x)foldxzw(xz)xzs(xz)

_%wa(x)xs(x)foldxle(xl)

In Egs. (30) and (31) xs(x) is the sea- (anti)quark distribu-
tion, assumed to be independent of flavors (we consider
only three flavors in our calculations). Of the three con-
tributions, the first is the most important—as seen from
Fig. 11. These curves are obtained from Egs. (30)-(32)
taking the Q2-dependent parton distributions of Martin,
Roberts, and Stirling,’ though the results are not sensi-
tive to the particular set of parton distributions chosen.

For these curves, no cutoff in x was imposed. Next we
add the three contributions and vary the cutoff function
w(x). In Fig. 12 we show the result of weighting the
leaking parton distribution by various cutoff distribu-
tions. The results do depend on the cutoff function but
not very sensitively. Figure 12 shows that the modifi-
cation is everywhere positive, though the modification to
the valence-quark distribution has a small negative piece
at small x —assuring that f dx Ag,(x) is zero. Because
of the parton fusion, AF,(x) does not vanish at x=1;
indeed the modified nuclear structure function extends to
x =2. Figure 13 explicitly shows the structure function
at large x resulting from parton fusion.

The modifications to the gluon distribution xG (x,032)
again have three components. The leakage of gluons [i.e.,
the first term in Eq. (24)], completely dominates AxG(x).
Because of this, the conservation of momentum between
the gluon and quark components is almost separately as-
sured. In fact, we find that typically only about 0.1% of
the momentum is transferred from quarks to gluons in
the overall sum of the fusion diagrams. Data are con-
sistent with this prediction.'” Note that this is a nontrivi-
al result since, a priorii momenta could have been
transferred from quarks to gluons or vice versa. The near
preservation of momentum for each species was implicit-
ly assumed in the work of Nikolaev and Zakharov,!!

T T T T
AF, (x,0%5)

0.010[~ Gluon leckage

————q,q leakoge
<e—.— G, q onnihilation

0.005

[o] 0.2 0.4 0.6 0.8 1.0

FIG. 11. Contributions to F, from the terms displayed in
Egs. 29)-(31).
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.
P AF;(X‘Q‘B) e No cutoff
N <z®%2 =1.2fm
5 e e—<2zBV2 22.4tm
0.005 [/
o
0.2 0.4 0.6 0.8 1.0

FIG. 12. Effect of imposing different cutoffs in the leakage of
partons to recombine with partons in different nucleon.

since their paper preceded QCD and essentially allowed
only for charged partons. Thus momentum was trivially
conserved within F,(x) and they necessarily predicted
antishadowing to ‘“balance” the shadowed domain.
Based on their pion-exchange model, Berger and Coes-
ter!? found that f dx F zA(x,Qz) is essentially independent
of A, which implies that the momentum carried by
gluons is nearly conserved. Our recombination analysis
here justifies that assumption at parton level; moreover
we predict a AxG(x) which exhibits shadowing and an-
tishadowing. Figure 14 shows the resulting AxG(x) dis-
tribution with a cross-over point around x =0.06.
Despite the big difference in the scale of Figs. 11 and
14, the relative changes to the quark and gluon distribu-
tions are not dissimilar. Figure 15 shows the ratio of the
modified structure function to the free-nucleon structure
function at Q2=5 GeV? together with the corresponding
ratio for xG(x,Q?). As shown in Fig. 13, parton recom-
bination naturally extends the effective nuclear structure
functions to the region where x is larger than 1. The
effective nuclear structure function shows a clear antisha-
dowing effect caused by the leading parton recombination
processes. The ratio of structure functions shown in Fig.
15 arises when x — 1. The curve shows a feature normal-
ly associated with Fermi motion of the nucleons in a nu-
cleus. Our result suggests that the parton recombination

1073
A Fy(x,@%=5)

104

10~5}

-7 1 1 1 1
%8 10 1z 1a 16
X

FIG. 13. Structure function at large x resulting from the par-
ton fusions of Egs. (29)-(31).
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-0.2r -
.
-0.4 J
) 1 1
[o] 0.2 0.4 0.6
X

FIG. 14. Parton recombination contribution to the gluon dis-
tribution xG(x,Q?) given by Eq. (24). The dominant term is the
gluon-gluon fusion contribution.

between a hard and a soft constituent parton might be an
alternate way of describing the Fermi motion effect.
However, without completing the calculation of the radi-
ative recombination effect in the large-x region, it is
difficult to make a firm conclusion (e.g., on the Q2 depen-
dence of the x > 1 region in this as compared to Fermi-
motion descriptions).

However, a complete description of the nuclear struc-
ture function in a partonic language could be an amalgam
of Q? rescaling and parton recombination, both of which
result from overlapping of individual nucleons in the nu-
cleus. In that way both the shadowing and antishadow-
ing would merge in a natural phenomenological way.

There are two equivalent ways of regarding the
modification of quark and gluon distributions in a bound
nucleon compared with those in a free nucleon. In one
picture'® the change arises from the long-distance nuclear
forces described in terms of binding potential, Fermi

1.3 T T

1.2~ /

148F/Fy

FIG. 15. Ratio of the modified structure function to the nu-
cleon structure function, shown by solid line. The correspond-
ing ratio for the gluon distribution is shown by the dashed line.
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motion, etc., and in the other picture the change results
from a modification of the short-distance interaction of
the partons—‘“rescaled QCD” (Ref. 5). Clearly the
modification we are discussing here is a natural extra in-
gredient into the latter description and it may be that
parton recombination is an alternate way of describing
the modification to the structure function normally asso-
ciated with Fermi motion of the nucleons in a nucleus.

IV. NUCLEAR SHADOWING AT SMALL x
AND ANTISHADOWING AT LARGE x

In principle, parton recombination involving interac-
tions between two or more partons should be a necessary
process in a complete theory of parton evolution. How-
ever, the contribution to the leading structure functions
from some recombination processes [e.g., that in Fig.
1(b)] is a long-distance effect and factorization enables it
to be subsumed within the input distributions [as shown
in Fig. 1(c)], which are determined by experiment. But as
we have noted in the Introduction, such parton recom-
bination processes can play an explicit role in the case of
a big nucleus. Typically, there are fwo kinds of recom-
bination processes, depending on whether the hard
recombination involves the final-state partons [“‘radiative
recombination,” Fig. 16(d)] or not [“initial-state recom-
bination,” Fig. 16(b)].

At any chosen @2, initial-state recombination gives a
direct calculable contribution at that Q2. The expres-
sions in Sec. III all have a common factor 1/Q? which
gives the impression that the effects of parton recombina-
tion vanish as the scale Q2 increases. However, the
effective distribution at large Q2 also receives contribu-
tions from radiative recombination diagrams. In Ref. 3 it

7* _r* ;;;
(a) (b)

a

7* Al ;g 7* b:;%
) (d)

(c
FIG. 16. At a given scale Q?, the leading contribution (a) and
leading fusion correction (b) to the effective nuclear quark dis-
tribution; (c) the fusion occurring at a lower scale Q3 effects the
distribution at Q2 through “input” distribution at Q3; (d) the
fusion occurring zero between these two scales is included in the
modified evolution equations.
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was shown that these lead to a modified Altarelli-Parisi
equation, one consequence being that the recombination
effects die away only slowly, at least in the small-x region;
in effect, the nuclear parton distributions at a large Q? al-
ways retain the memory of recombinations that have oc-
curred at lower values of Q2.

Thus at any Q2 both initial and radiative recombina-
tion play a role; the net effect is a complicated mix. How-
ever, at a low QZ, where the radiative recombination has
not yet really turned on, the initial-state recombination
will dominate. Therefore, to estimate the effect of parton
recombination in the effective nuclear parton distribu-
tions at any given value of x and Q2 in principle, one
should first compute the initial-state recombination to ob-
tain the x dependence of the distributions at a low scale
Q32 and then feed these distributions into the evolution
equations to get the distributions at the Q2 of interest.

We now discuss the x dependence of shadowing in the
small-x region. In Refs. 1 and 3 the radiative recombina-
tion has been found to make a negative contribution to
the effective nuclear distributions (thus nuclear shadow-
ing) with only a weak Q2 dependence, but the x depen-
dences were guessed at on rather general grounds® rather
than predicted from an underlying theory. But now, hav-
ing calculated the leading contribution of the initial-state
recombination processes, we can estimate the explicit x
dependence of the effective nuclear parton distributions
ata low Q2.

We have found a strong gluon shadowing (as shown in
Fig. 14) caused by the leading gluon recombination pro-
cesses. Such strong gluon shadowing will be translated
into the effective sea-quark distributions because of par-
ton evolution. We write, for the effective nuclear gluon
distribution,

xG 4(x,0%)=xG(x,0%)+AxG(x,0?%) , (32)

where AxG(x,Q?) is the contribution calculated in Secs.
I and III of this paper. We display curves at Q*=5
GeV? and discuss the choice of this scale later. Similarly,
we write, for the quark distributions,

xq 4(x,0%)=xq(x,0?)+Axq(x,0?)+6xq(x,0?), (33)

where Axq(x,Q?) is the contribution from quark-gluon
recombination calculated in this paper, but 8xg(x,Q?) is
the modification due to gluon shadowing and driven by
the evolution equations. To get a crude estimate of
8xq(x,0?) we can do the following: In the unmodified
Altarelli-Parisi equations in the small-x limit where the
dominant graph is the gluon ladder we get solutions for
xq and xG in closed form which satisfy
1 axG(x,0%) _ _x_axG(x,QZ)

2y — —_
¢, Q0= 20 4) aIn(1/x) 12 ox

(34)

i.e., the shape of the sea-quark distribution at small x is
related to the shape of the gluon distribution there. Even
though AxG satisfies a modified form of the Altarelli-
Parisi equations, we would still expect a similar relation
to hold approximately: i.e.,

FRANK E. CLOSE, JIANWEI QIU, AND R. G. ROBERTS 40

x dAxG(x,0?)
12 ox ’

In Fig. 17, we show the result of using this estimate to
compute R, =1+(Axq+38xq)/xq and compare it with
R;=1+AxG /xG. Phenomenologically the behavior is
consistent with the expectation R, <R (Ref. 13). Con-
sequently, the ratio of F;' and F, using xq defined in Eq.
(33) agrees with the shadowing data.

dxq(x,0%)~— (35)

V. DISCUSSION

In this section, we discuss in some detail the Q? scale
at which the initial recombination mechanism is the dom-
inant modification. We also justify some approximations
involved in our calculation of the leading parton recom-
bination effect, and propose a simple phenomenological
program to measure the shadowing effect in the gluon
distribution.

In our calculation of parton recombination, we include
only processes involving two partons from two different
nucleons. In general, the parton recombination between
nucleons can involve two or more partons from different
nucleons, as long as these partons overlap. However, the
short-distance recombination part has higher powers in
both a, and (by dimensional analysis) 1/Q?, if more par-
tons are involved. In addition, it is less likely that par-
tons from several different nucleons overlap and hence,
we expect that the two-parton recombination involving
two different nucleons should be a dominant process to
affect the nuclear parton distributions in a region where x
is not extremely small. In any event it is natural to study
this process first. We have indeed shown in this paper
that the two-parton recombination (or fusion) process
makes an important modification of the effective nuclear
parton distributions in both the small-x and large-x re-

——]
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FIG. 17. The ratio of the effective nuclear and nucleon
parton distributions at Q?=5 GeV? The solid line is
R;=1+AxG /xG given in Eq. (32), and the dashed line is
R, =14+ Axq /xq+8xq /xq given in Eq. (33).
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gions. Moreover, the two-parton recombination process
itself is a self-consistent process, preserving the basic con-
servation laws—valence-quark-number conservation and
momentum conservation.

One might argue that the effect of the initial-state
recombination should be subsumed within the effective
nuclear input parton distributions as is conventionally
the case with nucleons. However, a nucleus is not just a
“big” nucleon; it has its own unique substructure. The
individually confined nucleons in a nucleus have their
own domains. They are bound to form the nucleus by the
effective nuclear force acting between them. When one
probes a nucleus at a low momentum transfer, the quarks
and gluons appear to be confined within individual pions
and nucleons. At a very high momentum transfer (i.e., in
the asymptotic phase where perturbative QCD is valid),
the sea and gluons may spread over a couple of fm (Ref.
5). So the nucleus appears rather different at the parton
level. The valence quarks of each nucleon are still in that
nucleon’s own domain, while the gluons and sea quarks
from different nucleons may overlap with each other. Be-
cause of the overlapping, the parton distributions in a nu-
cleus will not be equal to the simple sum of the parton
distributions of individual nucleons. Knowing the parton
distributions of an individually confined nucleon, we may
calculate the recombination effect between partons from
different nucleons, and thus estimate the effective nuclear
parton distributions and learn directly the effect of parton
recombination.

At any Q2 the net recombination involves initial-state
recombination of parton distributions appropriate to that
Q?, plus the effect of radiative recombinations of distribu-
tions appropriate to lower values of Q2. The initial-state
recombination will give a better approximation to the to-
tal if Q? is small; for large Q2 it is most efficient to com-
pute the effects of initial recombinations alone at some
small Q3 and then evolve the resulting nuclear distribu-
tion as in Refs. 1 and 3.

If one is eventually to make sensible phenomenology
with this formalism, it will be necessary to have some pri-
or knowledge of Q3. At present this is an undetermined
boundary condition for us; Q3 =35 GeV? seems to work
well. In the absence of a complete theory, and to aid in-
sight into possible phenomenological exploitation of these
ideas, it may be useful to exhibit and discuss the Q2
dependences of the initial recombinations.

In Fig. 18 we show the qualitative trend of xAgq,. At
x >0.3 the Q2 factor [Eq. (19)] kills the recombination by
a factor of 4 (Q?2=5-20 GeV?); the QCD evolution of the
intrinsic input g,(x,Q?) is responsible for suppressing
Ag, (x >0.5) by a further 25% and also causes a net shift
to smaller x values.

The value of x where Ag,(x) changes sign (x5 in Ref.
14) is a sensitive function of the shapes of the input distri-
butions. For example, in the limit that xg,(x)—8(x)
then Eq. (19) yields

xAgq,(x>0)=1KG(x), (36)

hence, positive for all nonzero x. So we see here the nat-
ural tendency for x5;—0 as the input quark distributions
peak at smaller x (e.g., higher Q?).
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FIG. 18. The qualitative trend of Axg,(x,Q?) at Q?=5 GeV?
(solid line), and at Q?=20 GeV? (dashed line).

This property causes initial recombinations involving
the sharply peaked gg sea distributions to cause antisha-
dowing at small x. This is responsible for the very
different types of behavior that ensue for AF,(x) at small
x (Fig. 19), as Q? varies.

At Q?=20 GeV? the contribution from x Ag,(x) is an-
tishadowed for x 2 0.03 (Fig. 18). In addition the sharply
peaked sea distributions are important at this large Q2
and amplify this antishadowing causing the positive spike
in AF,(x —0).

Compare this with the initial-state recombination for
AF,(x,Q0%=5 GeV?). The contribution from xAg, in
Fig. 18 is shadowed for x <0.2 now. Even at this small
value of Q2 the sea, albeit reduced in importance, tends
to cancel this suppression; x5 is pulled down to 0.05 but
some shadowing remains for x <0.05. If we could de-
volve in Q2 to the point where no g7 sea were present,
then AF,(x) would behave as x Ag,(x) in Fig. 18, with x
tending to the value of x where g,(x) maximizes.
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FIG. 19. AF,(x,Q?) as a function of x at Q?=35 GeV? (solid
line), and at Q?=20 GeV? (dashed line).
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In the above we have taken no account of radiative
recombination. This can distort the large Q2 results con-
siderably and cause retention at high Q? of the shadow-
ing and antishadowing structure manifest at low 0?% in
Fig. 19. A feeling for how this comes about can be
gained by concentrating on the three-gluon vertex which
plays an important role in the evolution especially at
small x (at large x the shape of AF, is fairly stable as we
have seen).

The effective nuclear gluon distribution is strongly sha-
dowed as x —O0 as seen in Fig. 14. Indeed, from Eq. (24),
if xG(x)=const as x —0 then

AG(x —0)=—[xG(x)]*. (37)

Insofar as the ¢7 sea is evolved from gluons at lower Q2,
then AG(x —0), being negative, will evolve into a nega-
tive (i.e., shadowed) contribution to the effective sea dis-
tribution in the nucleus. Moreover, Eq. (37) shows that
AG(x—0) is in proportion to the square of the input
gluon distributions (it is, after all, a fusion of fwo input
gluon distributions) and so the shadowing of ¢g coming
from the evolution of AG dominates over the antishadow-
ing of the initial-state recombination (dotted curve in Fig.
19). The result qualitatively is to retain the structure of
AF,(x) revealed at low Q2 (solid curve in Fig. 19). A
complete calculation of radiative recombination at small
x given in Refs. 1 and 3 actually confirms this
conclusion—the recombination effect has a very weak Q2
dependence.

Deep-inelastic lepton-nucleus scattering and hadron-
nucleus Drell-Yan experiments provide measurements of
the shadowing for quark and antiquark distributions; we
now propose a simple program to measure the shadowing
of the gluon distribution by means of hadronic J /¢ pro-
duction on different nuclear targets. In experiment E537
at Fermilab, the nuclear dependence of the J /4 produc-
tion has been measured as a function of x, (Ref. 15). The
experiment covers values of x, from 0.18 down to about
0.05, and shows clear shadowing over this entire region,
as shown in Fig. 20. In particular, it shows very strong
shadowing even at x,~0.18. In our picture of nuclear
shadowing, partons are expected overlap and to generate
shadowing only when x, $0.1-0.2 (Refs. 3, 14, and 16);
we do not expect strong shadowing for x,~0.18. How-
ever, the shadowing observed in J /4 production is a
consequence of two different effects, only one of which is
the parton level shadowing that we have been discussing
here. The other is hadronic shadowing due to the “color
screening” or “color transparency”!’” when the ¢z pair
with a small value of yp, produced by a hard short-
distance parton level interaction (e.g., gg fusion) subse-
quently passes through the nuclear medium on its way to
form the J /3.

In order to measure the shadowing of the intrinsic
gluon distribution—the parton level shadowing—we
must first separate the hadronic shadowing from the
data. We propose the following procedure. Because the
hadronic shadowing is caused by interactions between the
produced ¢ pair and the nuclear medium, it should de-
pend on xj rather than a specific value of x,. In con-
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trast, the parton level shadowing due to parton recom-
bination depends on the explicit value of x,; and the sha-
dowing is small if x, 2 0.1. Knowing these facts, one can
measure the nuclear shadowing of gluon distributions
without really dealing with the more complicated hadron-
ic shadowing problem.

(1) Measure the shadowing in J /¢ production at a rela-
tive low energy (x, * 0.1), and parametrize the x depen-
dence of the observed nuclear shadowing. Our analysis
suggests that this shadowing phenomenon should include
only hadronic shadowing.

(2) Repeat the experiment at a higher energy (x, can
now be less than 0.1), and subtract the hadronic shadow-
ing effect (the x; parametrization obtained in the first
step) from the data.

(3) Whatever shadowing remains after the subtraction
is the parton level shadowing: namely, that of the gluon
distributions if the dominant production mechanism of
the ¢¢ gluon fusion. In our simple program we have used
the experimental fact that the hadronic shadowing (or the
ratio shown in Fig. 20) is mostly sensitive to x, not to
the colliding energy.

In conclusion, we have shown how the qualitative
features of the recombination mechanism can be under-
stood, but we are still some way from implementing a
complete phenomenology. We have no satisfactory
theory for the input Q2 at which the initial-state recom-
bination dominates and from which the evolution begins.
The pleasing description of the x dependence of shadow-
ing, rooted in QCD and exhibited in Fig. 14, is indeed an
advance, modulo these caveats. However, the main
thrust of this paper has been to investigate recombination
and to understand its qualitative behavior. The results
suggest that parton recombination may be the most im-
portant mechanism for modifying the structure functions
at low x, by generating shadowing, and at large x. The
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FIG. 20. The ratios of hadronic J /¢ production (Ref. 15)
(A~ 'do4/dxyp) for m~ W to 7 Be, and for 7~ Wto 7 Cu as a
function of xg.
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physical picture of boosting fast partons at the expense of
wee ones seems likely to survive more detailed investiga-
tion. Recombination seems to have little relevance to the
intermediate range of x, at least if the EMC data on F,
are a guide. However, we know that the recombination
diagrams are only one part of the set of QCD diagrams.
The effects of rescaling the more familiar radiative dia-
grams are well known>!® and by themselves make a
reasonably successful description of that region of x. It
would be logically consistent to combine these and form a
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complete QCD-based description of effective nuclear
structure functions in terms of short-distance quark and
gluon interactions.
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