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Abstract
We argue that multiparton interactions in proton - nucleus collisions
at the LHC should be strongly enhanced as compared to naive ex-
pectation of cross section been proportional to atomic number - the
antishadowing phenomenon. Study of the such processes willallow
to measure in a model independent way double parton distributions
in nuclei and, in combination with thepp measurements - transverse
correlations of partons in nucleons. It is also emphasized that ultra-
peripheral collisions (UPC) of nuclei will allow to study multiparton
interactions of photons with nuclei well before thepA collisions will
be available at the LHC. UPC will also provide a quick and effective
way to test onset of a novel perturbative QCD regime of strongabsorp-
tion for the interaction of small dipoles at the collider energies in the
processγ +A→ J/ψ + ”gap” +X at large momentum transfert.

1 Multiparton collisions and generalized parton distributions

It was recognized already more than two decades ago [1] that the increase of parton densities at
smallx leads to a strong increase of the probability of nucleon-nucleon collisions where two or
more partons of each projectile experience pair-vice independent hard interactions. As a result
at the LHC the multiparton interactions will be a generic feature of thepp andpA collisions.
Although the production of multijets through the double parton scattering mechanism was inves-
tigated in several experiments [2–7] atpp, pp̄ colliders, the interpretation of the data is somewhat
hampered by the need to model both the longitudinal and the transverse partonic correlations at
the same time. The studies of proton-nucleus collisions at LHC will provide a feasible opportu-
nity to study separately the longitudinal and transverse correlations of partons in the nucleon as
well as to check the validity of the underlying picture of multiple collisions.

It is worth mentioning also that understanding of multiparton interactions is important for
proper modeling of centralpp collisions which dominate in the production of new particles and
where such multijet interactions are enhanced. Such modeling should be done in a way consistent
with the information about the structure of nucleons/nuclei available from hard processes which
were studied at HERA. So far this is not the case (see below).

The simplest case of a multiparton process is the double parton collision. Since the mo-
mentum scalept of a hard interaction corresponds to much smaller transverse distances∼ 1/pt

in the coordinate space than the hadronic radius, in a doubleparton 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/x2)/pc.m.. Thus two
hard collisions occur practically simultaneously as soon asx1, x2 are not too small and hence a
cross talk between two hard collisions is not possible. A consequence is that the different parton
processes add incoherently in the cross section. The doubleparton scattering cross section, being
proportional to the square of the elementary parton-partoncross section, is therefore character-
ized by a scale factor with dimension 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 collid-
ing 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 asΓ(x, x′, ρ, ρ′). It depends also on the
virtualities of the partons,Q2, Q′2, though to make the expressions more compact we will not
write explicitly thisQ2 dependence. Hence the double parton scattering cross section for the two
“two → two” parton processesα andβ in an inelastic interaction between hadronsa andb can
be written as:

σD(α, β) =
m

2

∫

Γa(x1, x2; ρ1, ρ2)σ̂α(x1, x
′
1) · σ̂β(x2, x

′
2)Γb(x

′
1, x

′
2; ρ1, ρ2)

dx1dx
′
1dx2dx

′
2d

2ρ1d
2ρ2, (1)

wherem = 1 for indistinguishable parton processes andm = 2 for distinguishable parton
processes. We also took into account that transverse distances in the binary collisions are small
as compared to the hadron size scale. Note that though the factorization approximation of Eq.(1)
is generally 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.

The QCD factorization theorems for exclusive hard processes: γ∗L+p→ ”vector meson+
p, γ∗L + p → γ + p give a unique tool for determining transverse distributions of partons in
nucleons as a function ofx and resolution scale - the generalized parton distribution(GPD).
The discussed processes are proportional to the GPDs in non-diagonal kinematics at finite lon-
gitudinal momentum transfer. However corrections for thiseffect are small and one can ex-
tract diagonal GPDs from the analysis of the data.They couldbe written asfj(x,Q

2, ρ) =
fj(x,Q

2)Fj(x,Q
2, ρ), wherefj(x,Q

2) is the parton density and the probability to find a parton
with givenx at transverse distanceρ from the nucleon center

∫

d2ρFj(x,Q
2, ρ) = 1.

Currently, the best information about the gluon transversedistributions is provided by
the data onJ/ψ exclusive production: in the scaling limitdσ/dt ∝ F 2

g (x, t). The analysis of
the experimental data indicates that dipole withFg = 1/(1 − t/mg(x)

2) with the x-dependent
mg(x) gives a reasonable description of the data:m2

g(x = 0.05) ∼ 1GeV 2,m2
g(x = 0.001) ∼

0.6GeV 2.

The transverse distribution of partons is expressed through Fg(x, t) as

Fg(x, ρ;Q
2) ≡

∫

d2∆⊥

(2π)2
ei(∆⊥ρ) Fg(x, t = −∆2

⊥;Q2). (2)



In the case of the dipole parametrization one find

Fg(x, ρ) =
m2

g

2π

(mgρ

2

)

K1(mgρ), (3)

whereK1 is the modified Bessel function.

Our analysis of the data the transverse distribution of gluons indicates that it is significantly
more narrow than the one which would follow from the naive assumption that it should be the
same as given by the e.m. nucleon form factors. A likely reason for the difference of sizes is
that pion field which contributes significantly to the e.m. nucleon radius gives non-negligible
contribution to the gluon GPD only forx ≤ 0.1.

The distribution overρ also somewhat broadens with decrease ofx with a initial broaden-
ing atx ∼ 0.05 due to the pion field effects. Also, there are indications that transverse distribution
of quarks is somewhat broader than that for gluons, for the recent analysis and references see [9].

Distribution over the impact parameters inpp collisions with production of jets is given by
the convolution ofF ′

js (for simplicity we assume in the following that only gluons contribute to
the jet production:

P2(b) =

∫

d2ρ1

∫

d2ρ2δ
(2)(ρ1 + ρ2 − b)Fg(x1, Q

2, ρ1) · Fg(x2, Q
2, ρ2). (4)

Using parametrization of Eq.3 one finds

P2(b) =
m2

g

12π

(

mgb

2

)3

K3(mgb) (5)

If partons ”i” and ”j” are not correlated in the transverse plane

Γij(x1, x2; ρ, ρ
′) = Fi(x1, ρ) · Fj(x2, ρ

′), (6)

one can useP2(b) to calculate the rate of the production of four jets in two binary collisions. This
cross section is usually written as (we give here expressionfor the process studied by CDF [6]
and D0 [7] of production three jets and a photon where combinatoric effect of identical collisions
is absent)

dσ(p+p̄→jet1+jet2+jet3+γ)
dΩ1,2,3,4

dσ(p+p̄→jet1+jet2)
dΩ1,2

· dσ(p+p̄→jet3+γ)
dΩ3,4

=
f(x1, x3)f(x2, x4)

σefff(x1)f(x2)f(x3)f(x4)
, (7)

wheref(x1, x3), f(x2, x4) are longitudinal light-cone double parton densities andσeff which
may depend onxi, pt is the “transverse correlation area”. The CDF reportedσeff = 14.5 ±
1.7+ 1.7

− 2.3 mb [6]. The recent D0 analysis [7] reportsσeff = 15.1 ± 1.9 mb which is very close
to the CDF result. However there is a difference in the analyses - the D0 treatment is completely
inclusive, while CDF was removing the events with extra jets. The correction for this extra
selection may reduce the CDF result by about 35% [10]. Hence,a more detailed comparison
of two data analyses is necessary. In the following we will use the value ofσeff = 14 mb for
numerical estimates.



One can expressσeff throughP2(b) as

σeff =

[
∫

d2b P 2
2 (b)

]−1

=
28π

m2
g

≈ 34 mb. (8)

This number is substantially larger than experimental result though it is smaller than a
naive estimate based on the e.m. form factor of the nucleon (∼ 60 mb)1. A more than a factor
two discrepancy between the data and Eq.8 impliespresence of a strong transverse correlation
between partons in the nucleon. Global fluctuations of the transverse size of nucleons may reduce
σeff by about∼ 20% [11] as compared to Eq.8. Larger effects may arise from concentration of
gluons near quarks (constituent quarks) - possible reduction ofσeff by a factor of about two [9].
Together these two effects may explain magnitude ofσeff observed by CDF and D0. Additional
effect results from the process of the QCD evolution since the emitted partons are localized in a
small transverse area near the parton involved in the dijet process. However this effect is relevant
mostly for small enough x which were practically not coveredby the CDF and D0 measurements.

Though the data are consistent with the double parton distribution been a product of two
single parton distributions it would be preferable to avoidneed for making this assumption. Stud-
ies of proton (deuteron) - nucleus collisions would be very valuable for this purpose.

2 Multijet production in proton - nucleus collisions

In the case of scattering of a hadron off a nucleus the parton density of the nucleus does not
change noticeably on the scale of transverse size of the projectile hadron. Non-additive effects
in the parton densities are known to be less than few % for0.02 ≤ x ≤ 0.5. Hence they
could be neglected for production of jets in this x interval (correction for these effects could be
easily introduced). Therefore in this kinematics we have totake into account only transverse
correlations of partons in individual nucleons of the nucleus.

Thus there are two different contributions to the double parton scattering cross section:
σD = σ1

D + σ2
D. The first one,σD

1 , interaction with two partons of the same nucleon in the
nucleus, is the same as for the nucleon target (the only difference being the enhancement of the
parton flux) and the corresponding cross section is [8]

σ1
D = σD

∫

d2BT (B) = AσD, (9)

where

T (B) =

∫ ∞

−∞
dzρA(r),

∫

T (B)d2B = A, (10)

is the nuclear thickness, as a function of the impact parameter of the hadron-nucleus collisionB.

The contribution to the term inΓA(x′1, x
′
2, ρ, ) due to the partons originated from different

nucleons of the target,σ2
D, can be calculatedsolely from the geometry of the process by observing

1The PYTHIA Monte Carlo reproduces the observed rate of multijet production assuming much more narrow
distribution of partons inρ than the one allowed by the measurements of the GPDs.



that the nuclear density does not change within a transversescale〈b〉 ≪ RA. It rapidly increases
with A ∝

∫

T 2(B)d2B. Taking σeff reported by the CDF double scattering experiment [6]
we finds that the contribution of the second term should dominate in the case of proton - heavy
nucleus collisions [8]:

R ≡ σ2

σ1 · A
≈ (A− 1)

A2
· σeff

∫

T 2(b) d2b ≈ 0.68 ·
(

A

12

)0.39

|A≥12,σeff∼14mb

. (11)

Hence we predict the Antishadowing effect: for A=200, andσeff =14 mb: σpA/σpp ≈ 4. The
effect is linear inσeff . Measurements with a set of nuclei would allow to measure thedouble
parton distributions in nucleons and also to check the validity of the QCD factorization for such
processes which appears natural but which so far was not derived in pQCD.

Recently an event generator for the configurations in nucleiincluding short-range correla-
tions was developed [12]. It allows to check the accuracy of Eq.11 for the number of collisions
where partons from two different nucleons of the nucleus areinvolved. It was found that for
A ∼ 200 the ratioR is reduced by∼ 5%.

An important application of the discussed process would be to investigate transverse cor-
relations between the nuclear partons in the shadowing region. This would require a selection of
both partons of the nucleus in the shadowing region,xA ≤ xsh ∼ 10−2. 2 Since the shadow-
ing effect is larger at small B and since four jet events select smaller B than two jet events the
antishadowing effect should be somewhat smaller in this case (for the sameσeff ).

It is possible to extend this analysis to the case of production of six jets. We find [8]:

σT
1 = σT

∫

d2BT (B) = AσT ,

σT
2 =

1

3!

∫

G(x1, x2, x3)σ̂(x1, x
′
1)σ̂(x2, x

′
2)σ̂(x3, x

′
3)dx1dx

′
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′
2dx3dx

′
3

×
[
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′
2)G(x′3) +G(x′2, x

′
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′
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]

×
∫

d2BT 2(B)
1

σ′eff

,

σT
3 =

1

3!

∫

G(x1, x2, x3)σ̂(x1, x
′
1)G(x′1)G(x′2)G(x′3)

×σ̂(x2, x
′
2)σ̂(x3, x

′
3)dx1dx

′
1dx2dx

′
2dx3dx

′
3.

∫

d2BT 3(B). (12)

The estimate using assumption thatσ1 ∝ 1/σ2
eff leads to prediction of a factor∼ 12 large

antishadowing for the scattering off heavy nuclei:

σ1 : σ2 : σ3 = 1 : 1.45 · (A/10)0.5 : 0.25(A/10) → 1 : 6.5 : 5. (13)

It is worth noting that studying associated hadron production in central region, nuclear
fragmentation in the multijet events would provide additional interesting information. Indeed,

2The A-dependence of the ratio ofσ2/σ1 in the kinematics where only one of the nuclear partons hasxA ≤ xsh

is practically the same as for the case when both nuclear partons havex ≥ xsh.



four (six) jet events are due to much more central collisionsthan minimal biaspA collisions.
As a result one expects for moderatex1p, x2p ≤ 0.3 an increase of the central multiplicity,
larger rate of forward neutron production, etc. At the same time a new physics is possible for
x1p + x2p ≥ 0.7 since such a trigger may start to select configurations in theproton with fewer
gluons and also of probably of a smaller transverse size? Another interesting limit is when one
x’s is moderate, while a leading hadron with moderatept few GeV/c is detected. In this case
one pair of jets serves as a trigger for centrality, while thepresence / suppression of the leading
hadron measures effect of fractional energy losses in the black disk limit [15].

3 Multijet production in photon - nucleus collisions

The pA collisions at the LHC are probably rather far in the future. At the same time there
appears to be another opportunity to study multiple collisions with nuclei which will be available
as soon as the heavy ion program will start. It comes from the possibility to study ultraperipheral
collisions of nuclei where two nuclei pass each other at large impact parameters. In this case
direct strong interactions are not possible though interaction via emission of the photon by one
of the nucleus (which is left practically intact) is possible, has a large cross section and can
be experimentally separated from the ordinary heavy ion collisions, see review in [13]. This
will allow to measure multiparton photon wave function without need to model nucleon wave
function via study of the A-dependence of the multijet production. Using information about
similar collisions inγp collisions available at HERA it will be possible to measure reliablyσeff

for different configurations of partons in the photon wave function. For example, for the photon
component containing heavy quarks the transverse size is∝ 1/mQ is much smaller than the
nucleon size, leading toσeff determined solely by the nucleon structure. Thoughσeff in this
case is significantly smaller than forpp collisions, the antishadowing effect is likely to be large
enough to perform the analysis of the correlations of partons in the photon and allow a more
reliable determination ofσeff for γ − p collisions..

It would be interesting also to study the gap survival probability for γA scattering with
production of one or two pairs of jets with one of the jets of each pair in the photon fragmentation
region and another one (two) across the gap. This would probeboth the multiparton structure
of the photon and the probability of the dipole to pass through the nucleus without inelastic
interactions. An important advantage of the photon is that there are several handles to regulate
the transverse size of the components in the photon wave function involved in the process. For
example, one can select events with differentxγ , with leading D-mesons, etc.

The simplest process which allows to track propagation of a small dipole through the
strong gluon fields in the nuclei is the processγ + A → vector meson + rapidity gap + X in
the kinematics wheret = (pγ − pV M )2 is large [14]. In the rest frame of the nucleus the
process corresponds to a transformation ofγ to a aqq̄ pair of a small transverse size∝ 1/

√
−t

which interacts with a target through a two gluon ladder. If the gluon fields are strong enough
the interaction would approach the black disk regime of complete absorption. In this limit it is
impossible for a dipole to pass though the nucleus at small impact parameters without additional
inelastic interactions. This would reduce the A-dependence of the process from∝ A to ∝ A1/3.
Since the gluon fields increase with increase of energy one expects a significant deviation of the
A-dependence from∝ A in the LHC kinematics. The rate of the process is sufficientlyhigh to



observe it during the first heavy ion run [14]. Note also that this process has several practical
advantages as compared to he case of coherentJ/ψ production. Production of hadrons in wide
range of rapidities make it easier to trigger on these events. Also, location of the gap allows to
determine on the event by event basis which of the nuclei emitted a photon. As a result it will be
feasible to study the dipole - nucleus interactions up to

√
sγp ∼ 1 TeV as compared to

√
sγp ∼

0.2 TeV for the coherent case.

4 Conclusions

Theoretical analysis of the exclusive hard phenomena studied at HERA produced a unique in-
formation about the transverse structure of nucleon. When combined with the information from
the experimental studies of multiparton interactions at Tevatron, it leads to the unambigous con-
clusion that large transverse correlations between partons are present in the nucleon. Study of
multiparton interactions with nuclei will allow to separate longitudinal and transverse correla-
tions of partons in nucleons and photons. In the near future such studies will be possible in the
ultraperipheral photon - lead collisions at the LHC. Similar studies can be done at RHIC in the
deuteron - gold collisions if acceptance of detectors is increased. It appears that the fastest way to
establish how black are interactions of small dipoles at ultra high energies will be a study of the
rapidity gap events with larget in UPC heavy ion collisions. Studies of the leading jet production
in the UPC will also allow to investigate the regime of fractional energy losses in the proximity
of the black disk regime.
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