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We predict a strong enhancement of multijet production in proton-nucleus collisions at collider ener-
gies, as compared to a naive expectation of a cross section ~ A. The study of the process would allow
one to measure, for the first time, the double-parton distribution functions in a nucleon in a model-
independent way and hence to study both the longitudinal and the transverse correlations of partons.
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The systematic studies of hard inclusive processes
during the past two decades have led to a pretty good
understanding of the single-parton densities in nucleons.
However, very little is known about multiparton corre-
lations in nucleons which could provide a new tool for
discriminating between different models of nucleons.
Such correlations may be generated, for example, by the
fluctuations of the transverse size of the color field in
the nucleon leading, via color screening, to correlated
fluctuations of the densities of gluons and quarks. A
related source of correlations is QCD evolution, since
a selection of a parton with a given x, Q2 may lead to
a local (in transverse plane) enhancement of the parton
density at different x values.

It was already recognized more than two decades ago
[1] that the increase of parton densities at small x leads
to a strong increase in the probability of nucleon-nucleon
collisions, where two or more partons of each projectile ex-
perience pairwise-independent hard interactions. Although
the production of multijets through the double-parton scat-
tering mechanism was investigated in several experiments
[2,3] at pp, pp̄ colliders, the interpretation of the data was
hampered by the need to model both the longitudinal and
the transverse partonic correlations at the same time. The
aim of this Letter is to point out that the near future per-
spectives to study proton-nucleus collisions at Relativistic
Heavy Ion Collider (RHIC), as well as the plans for pA
collisions at CERN Large Hadron Collider (LHC), provide
a feasible opportunity to study separately the longitudi-
nal and transverse partonic correlations in the nucleon, as
well as to check the validity of the underlying picture of
multiple collisions.

The simplest case of a multiparton process is the double-
parton collision. Since the momentum scale pt of a hard in-
teraction corresponds to much smaller transverse distances
�1�pt in coordinate space than the hadronic radius, in a
double-parton collision the two interaction regions are well
separated in the transverse space. Also in the c.m. frame,
pairs of partons from the colliding hadrons are located in
pancakes of thickness #�1�x1 1 1�x2��pc.m.. Thus two
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hard collisions occur practically simultaneously as soon as
x1,x2 are not too small and there is no cross talk between
two hard collisions. A consequence is that the different
parton processes add incoherently in the cross section. The
double-parton scattering cross section, being proportional
to the square of the elementary parton-parton cross section,
is therefore characterized by a scale factor with a dimen-
sion of the inverse of a length squared. The dimensional
quantity is provided by the nonperturbative input to the
process, namely, by the multiparton distributions. In fact,
because of the localization of the interactions in transverse
space, the two pairs of colliding partons are aligned in such
a way that the transverse distance between the interacting
partons of the target hadron is practically the same as the
transverse distance between the partons of the projectile.
The double-parton distribution is therefore a function of
two momentum fractions and of their transverse distance,
and it can be written as G�x, x 0, b�. Actually G also de-
pends on the virtualities of the partons, Q2,Q02, though
to make the expressions more compact we will not write
explicitly this Q2 dependence. Hence the double-parton
scattering cross section for the two “two ! two” parton
processes a and b in an inelastic interaction between
hadrons a and b can be written as

sD�a,b� �
m

2

Z
Ga�x1, x2; b�ŝa�x1, x0

1�ŝb�x2, x0
2�

3 Gb�x0
1, x0

2; b� dx1dx0
1d x2d x0

2d2b , (1)

where m � 1 for indistinguishable parton processes and
m � 2 for distinguishable parton processes. Note that,
though the factorization approximation of Eq. (1) is gen-
erally accepted in the analyses of the multijet processes
and appears natural based on the geometry of the process,
no formal proof exists in the literature. As we will show
below, the study of the A dependence of this process will
allow one to perform a stringent test of this approximation.

In the case of NN scattering, one cannot proceed fur-
ther without making some simplifying assumptions about
© 2002 The American Physical Society 031801-1
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transverse correlations of partons in nucleons. Our key ob-
servation is that the introduction of a new large transverse
scale, the nucleus radius, allows us to separate the effects
of the transverse and longitudinal parton correlations. Es-
sentially, we can express the function GA�x1, x2, b� through
GN �x1, x2, b� and the distribution of nucleons in the nu-
cleus, practically without any extra model assumption.
Here, to simplify the discussion, we neglect small nonad-
ditive effects in the parton densities, which is a reasonable
approximation for 0.02 # x # 0.5. In this case we have
to take into account only b-space correlations of partons
in individual nucleons. One has therefore two different
contributions to the double-parton scattering cross section.
The first one, s

D
1 , which is represented in Fig. 1a, is the

same as for the nucleon target (the only difference being
the enhancement of the parton flux), and the corresponding
cross section is

sD
1 � sD

Z
d2B T�B� � AsD . (2)

where T �B� is the nuclear thickness, as a function of the
impact parameter of the hadron-nucleus collision B.

The contribution to the term in GA�x0
1, x0

2, b� due to the
partons originated from different nucleons of the target
(Fig. 1b) can be calculated solely from the geometry of
the problem by observing that the nuclear density does not
change within a transverse scale �b� ø RA.

The two simplest methods are to use the Abramovsky-
Gribov-Kancheli cutting rules [4] or the technique in [5].
We can write, for two indistinguishable parton processes,

sD
2 �

1
2

Z
GN �x1, x2�ŝ�x1, x0

1�ŝ�x2, x0
2�GN�x0

1�

3 GN�x0
2� dx1dx0

1dx2dx0
2

Z
d2B T 2�B� , (3)

where GN �x1, x2� �
R

d2b GN�x1, x2; b�, while xi are nu-
cleon and x0

i are nuclear parton fractions. Notice that a
distinctive feature is that, differently from the case of NN
interactions, no transverse scale factor related to the nu-
cleon scale is present in s

D
2 . The correct dimensionality

is provided by the nuclear thickness function, which ap-
pears in s

D
2 at the second power. The two contributions

s
D
1 and s

D
2 are therefore characterized by a different de-

pendence on the atomic mass number of the target. The

AA

N N

(b)(a)

FIG. 1. Two contributions to the “four ! four” process in pA
scattering. The dashed lines represent hard interactions.
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A dependence of the two terms is in general a function of
the values of the momentum fractions and of the virtuality
scale of the 2 ! 2 interactions. The simplest situation is
in the kinematical regime where shadowing corrections to
the nuclear structure function can be neglected. s

D
1 is then

proportional to A1 and s
D
2 to A1.5. (Note that the nuclear

surface effects lead to a faster dependence of
R

T 2�B� d2B
on A, for A # 240, than the naive expectation A4�3). The
presence of two terms with distinctive A dependence [and
comparable magnitude for a wide range of x; see Eq. (6)
below] will allow one to separate them with ease experi-
mentally and also to check in the course of such an analysis
the factorization approximation of Eq. (1).

To estimate the relative importance of s
D
1 and s

D
2 ,

and only to that purpose, we used the CDF analysis [3],
where all correlations in fractional momenta have been ne-
glected, so that one can write GN in a factorized form as
a product of two parton densities GN�x� and of a function
of the interparton transverse distance b: GN �x, x0, b� �
GN �x�GN �x0�F�b�. (In a sense this could be considered as
merely a convenient parametrization of the experimental
data.) With these simplifications, one obtains

sD�a, b� �
m
2

sasb

seff
, (4)

where sa and sb are the inclusive cross sections for the
two processes a and b in the hadron-hadron interactions.
Under the factorization assumption the whole new infor-
mation on the hadron structure can be reduced to a single
quantity with dimensions of a cross section, seff, which
was measured by CDF to be

seff � 14.5 6 1.711.7
22.3mb . (5)

Within the accuracy and in the limited kinematic range
accessible to the experiment (0.01 0.40 for the photon 1
jet scattering, 0.002 0.20 for the dijet scattering) no evi-
dence was found of an x dependence of seff, supporting
the simplest uncorrelated picture of the interaction. How-
ever, the absolute value of the cross section is significantly
larger (by a factor $2) than the cross section one would
obtain within the factorization hypothesis, when assuming
that the transverse distribution of partons reflects the matter
distribution in the nucleon needed to obtain the value of the
nucleon nonsingle-diffractive cross section measured by
CDF (for extensive discussions, see [6]). So the CDF data
actually appear to indicate the presence of parton-parton
correlations in a nucleon, though one cannot distinguish
whether they are solely due to transverse correlations or to
a combination of longitudinal and transverse correlations.

Substituting Eq. (4) into Eq. (2) and the factorized form
of GN in Eq. (3), we can estimate the relative importance
of s

D
1 and s

D
2 :

s
D
2

s
D
1

�

R
T2�B� d2B

A
seff � 0.45 3

µ
A

10

∂0.5

jA$10j
. (6)
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Here we evaluated
R

T 2�B� d2B by using the standard
experimentally determined Fermi step parametrization of
the nuclear matter densities [7]. One can see from Eq. (6)
that for heavy nuclei, which are available at RHIC, the
second term will constitute about 70% of the cross sec-
tion and hence the study of the A dependence of the four
jet production will allow a straightforward separation of
the two contributions to the cross section. (Note also that
the cross section of the two partons ! four jet process,
which constitutes a background to the four ! four pro-
cesses, depends linearly on A, so that its contribution may
be disentangled by studying the A dependence of the cross
section.) It is worth emphasizing that, if the small value
of seff is due to the correlation of the longitudinal distri-
butions, the relative contribution of the second term would
be further enhanced. Considering that the enhancement of
sD in pp̄ collisions is roughly by a factor 2 as compared
with the naive expectation, one would expect in this case
an additional enhancement of s

D
2 by a factor �

p
2.

One could question whether the soft particle produc-
tion background may create more serious problems in pA
scattering than in NN scattering. It appears that this prob-
lem can be avoided by choosing xi . x0

i , xi $ 0.1 and
selecting a kinematics close to 90± in the c.m. of the par-
tonic collisions. In this case the jets are produced pre-
dominantly in the proton fragmentation region, where the
soft hadron multiplicity in pA collisions is smaller than in
NN collisions.

In order to extend the analysis to the x0
i # 0.01 kinemat-

ics, one needs to take into account the shadowing effects
in the nuclear parton densities. Here we restrict our dis-
cussion to the case of the leading twist parton shadowing,
which is a pretty safe approximation for pt $ 5 7 GeV�c
and x $ 1023, which is the minimal cut used on pt to
be able to observe the jets. (For recent estimates of the
kinematics where blackbody/unitarity effects may become
important, see [8].) In the case where only one of the
nuclear partons is in the shadowing region, the ratio of
s

D
2 �s

D
1 is modified only by the dependence of the shad-

owing on the nuclear impact factor, given the different se-
lection of impact parameters in two terms s

D
1 and s

D
2 [the

integration with measure T2�B� leads in fact to a some-
what smaller average B as compared with the integration
with measure T �B�]. We have performed a numerical
estimate of this effect within the leading twist approxi-
mation of [9] and we found that even for A � 240 this
effect leads to a decrease of s

D
2 �s

D
1 by #10%. The effect

could be in any case studied experimentally by investigat-
ing the single hard scattering as a function of A in the
same kinematics. When both x0

is are in the shadowing re-
gion the evaluation of the effect is more model dependent,
though it still appears to be rather small. In any case such
kinematics is more appropriate for the study of the dy-
namics of the nuclear shadowing and hence is not directly
related to the subject of this Letter. Note also that pushing
such measurements into a kinematical region close to the
031801-3
blackbody limit would create additional problems since,
due to the increase of the transverse momenta of the nu-
clear partons, the pairwise azimuthal correlation, which
allows easy identification of the double-parton collision
events, would become weaker and weaker. Note also that
we argued in the beginning that processes which may vio-
late factorization should be amplified when xi ,x

0
i become

smaller. Hence the study of the A dependence in this kine-
matics would provide an additional test of the factorization
approximation.

Summarizing, the study of the A dependence of the
double-parton scattering will allow us to separate two
contributions to the cross section —due to scattering off
one and two nucleons of the nucleus. Because of the large
nuclear size, RA ¿ RN , the s

D
2 term provides a model-

independent measurement of the double-parton densities
in nucleons —while no such model-independent measure-
ment is possible with proton targets. At the same time
the comparison of the two terms will allow a practically
model-independent determination of the transverse separa-
tion between two partons [modulus a possible small effect
due to a different transverse separation of G�x1, x2, b�
and G�x0

1,x0
2, b�] as well as checking the factorization

approximation.
Obviously one can also consider three parton collisions.

In contrast to the case of the double collisions it is more
difficult for the available range on nuclei to extract the
triple-parton distribution without making simplifying hy-
potheses. This is because the triple scattering process
originates due to three different mechanisms, correspond-
ing to the number of target nucleons involved. While the
terms with one (Fig. 2a) and three (Fig. 2c) target nucle-
ons are analogous to the contributions already considered
for the double scattering, the contribution with two dif-
ferent target nucleons (Fig. 2b) is different. In the latter
case, in fact, the integration on the transverse coordinates
of the interacting partons involves at the same time two
partons of the projectile and two partons of the target. The
simplest possibility is that the longitudinal and transverse
degrees of freedom can still be factorized; in this case the
integration over the transverse partonic coordinates gives
as a result a factor with dimensions of the inverse of a cross
section. We call the new dimensional quantity s

0
eff and a

naive expectation would be that its value is not much dif-
ferent from seff. The different contributions to the triple
scattering cross section are therefore

(a)

N

(b) (c)

A AA

N N

FIG. 2. Three contributions to the “six ! six” process in pA
scattering. The dashed lines represent hard interactions.
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03180
sT
1 � sT

Z
d2B T �B� � AsT ,

sT
2 �

1
3!

Z
G�x1,x2, x3�ŝ�x1,x0

1�ŝ�x2, x0
2�ŝ�x3, x0

3� dx1dx0
1dx2dx0

2dx3dx0
3

3 �G�x0
1, x0

2�G�x0
3� 1 G�x0

2, x0
3�G�x0

1� 1 G�x0
1, x0

3�G�x0
2�	

Z
d2 BT2�B�

1
s

0
eff

,

sT
3 �

1
3!

Z
G�x1,x2, x3�ŝ�x1,x0

1�G�x0
1�G�x0

2�G�x0
3�ŝ�x2, x0

2�ŝ�x3, x0
3� dx1dx0

1dx2dx0
2dx3dx0

3

Z
d2B T3�B� ,

(7)
where sT is the triple-parton scattering cross section on
a nucleon target. The second term provides additional
information about correlations of partons in nucleons while
the third term measures triple-parton density in nucleons.
If we assume that the integral over transverse coordinates
in dimension scale for s

T
1 , s

T
2 are approximately s

22
eff and

s
21
eff we can estimate that the relative importance of the

three terms, for A $ 10, is approximately

sT
1 :sT

2 :sT
3 � 1:1.45�A�10�0.5:0.25�A�10� . (8)

This estimate indicates that the A dependence of sT is
much stronger than for sD , with the scattering off several
nucleons already becoming important for light nuclei. The
s

T
3 term is likely to become comparable to the other terms

for heavy nuclei, so, in principle, an accurate study of the
A dependence would allow us to measure all three terms
separately and hence determine the triple-parton density
in a nucleon in a model-independent way. Obviously, one
would need LHC energies and a large acceptance FELIX-
type [10] detector to be able to study such reactions.

One can go a step further and try to get information
about global characteristics of the nucleon as a function of
the values of the flavor, x’s, etc., of the probed partons.
Actually, the number of the secondaries produced gives an
indication of the actual transverse size of the projectile,
so that one would expect to observe a relatively smaller
population of sea quarks and gluons in events with few sec-
ondaries, while, in that case, the momentum carried by the
valence should be larger than average. Hence one might
start by studying the correlation between soft character-
istics of the events (the simplest for RHIC would be the
number of neutrons in the zero angle calorimeter) and the
momentum fraction x of the projectile parton in a single
hard collision [11]. A next step would be to compare the
single and double hard scattering events for fixed x1, say
x1 � 0.2, while increasing the value of x2. If, when select-
ing two fast partons in a nucleon, one selects configurations
with a small size, one would expect, for example, that the
number of knockout nucleons would decrease when x2 in-
creases. Overall, such studies would allow one to obtain
1-4
unique information about the three-dimensional structure
of the nucleon.
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