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Hard parton rescatterings and minijets in nuclear collisions at the CERN LHC
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The average number of minijets and the corresponding transverse energy produced in heavy ion collisions
are evaluated by including explicitly semi-hard parton rescatterings in the dynamics of the interaction. At the
CERN LHC semi-hard rescatterings have a sizable effect on the global characteristics of the typical inelastic
event. An interesting feature is that the dependence on the cutoff which separates soft and hard parton
interactions becomes less critical after taking rescatterings into account.
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I. INTRODUCTION

Semi-hard physics is one of the most important issue
the interaction of heavy ions at the CERN Large Hadr
Collider ~LHC!. Given the total energy involved and th
large number of participants, the component of the inela
interaction which can be described within a perturbative
proach is in fact rather substantial in heavy ion collisions
the LHC@1,2#. The result is the production of a large numb
of minijets in the typical inelastic event. The description
the semi-hard component of the interaction, adopted by
majority of the papers on the subject, follows the approach
Ref. @3#: the semi-hard component of the inelastic cross s
tion, in a collision of two nuclei with atomic mass numbersA
andB, is written as

sH5E d2b~12e2sJTAB(b)!

5 (
n51

` E d2b
@sJTAB~b!#n

n!
e2sJTAB(b), ~1.1!

where

sJ5E
xx8s.4p0

2
dxdx8(

f f 8
GA

f ~x!s f f 8~xx8!GB
f 8~x8!

TAB~b!5E d2b tA~b!tB~b2b!. ~1.2!

In Eq. ~1.2!, tA(b) andtB(b2b) are the thickness function
of the two interacting nuclei, normalized toA andB, respec-
tively, and depending on the transverse coordinates of
interacting partons,b and b2b, whereb is the impact pa-
rameter of the nuclear collision.sJ is the single scattering
cross section to produce jets, expressed as a convolutio

the nuclear parton distributionsGA
f (x), GB

f 8(x8) and of the

partonic cross sections f f 8 ~integrated on the momentum
transfer with the cutoffp0 and without the multiplicity factor
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of the produced jets!. The indicesf and f 8 label the different
kinds of interacting partons and the momentum fractionsx,
x8 are defined with respect to the single nucleon moment
The dependence on the scale factor is implicit in all qua
ties.

The semi-hard cross section, as expressed in Eq.~1.1!,
represents the contribution to the total inelastic cross sec
of all events with at least one semi-hard partonic interacti
so that one may writes inel5sH1sso f t , the two compo-
nents being separated by means ofp0. Equation~1.1! may be
derived in an eikonal approach to nucleus-nucleus inte
tions by writing the Eikonal phase as the sum of a soft and
a hard component@1,4#. The physical picture correspondin
to Eq. ~1.1! is that of a distribution of multiple independen
parton collisions localized in different points in transver
space and with the average number depending on the nu
impact parameter. The average number of parton inte
tions, at fixedb, is ^N(b)&5sJTAB(b) so that, ifsJ is at
the lowest order inaS , the average multiplicity of minijets
in a given nuclear collision~that is atb fixed! is 2^N(b)&.
The integrated inclusive cross section for producing minij
is therefore given by 2*d2b^N(b)&. To obtain the inclusive
cross section one needs, in fact, to count the jets produ
with their multiplicity, so that, in the case of multiple parto
interactions, the inclusive cross section is obtained by tak
the average of the distribution in the number of parton c
lisions. The result is that the integrated inclusive cross s
tion is given by the single scattering expression,sJ , multi-
plied by the average multiplicity of jets produced in a sing
partonic interaction, which shows that the description of
process, as given by Eq.~1.1!, is consistent with the
Abramovsky-Gribov-Kancheli~AGK! cancellation@5# ~all
unitarity corrections cancel in the inclusive!. The cancella-
tion property obviously holds for all averages, which a
therefore equal to the result obtained by means of the sin
scattering expression, so that the transverse energy prod
by minijets is given by

^Et~b!&52TAB~b!E
pt>p0

pt

dsJ

d2pt

d2pt . ~1.3!

The semi-hard cross sectionsH is a smooth function ofp0
for small values of the cutoff: the limiting value ofsH is in
©2001 The American Physical Society02-1
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ALBERTO ACCARDI AND DANIELE TRELEANI PHYSICAL REVIEW D 63 116002
fact the geometrical limitp(RA1RB)2, RA andRB being the
two nuclear radii. On the contrarŷN(b)& and ^Et(b)& are
singular at smallp0 and their behavior may be roughly es
mated on dimensional grounds to be^N(b)&.1/p0

2 and
^Et(b)&.1/p0. The singular behavior at lowp0 can be used
to set the limits of validity of the picture. Indeed, for th
picture of the interaction to be valid one should take a re
tively large value of the cutoffp0; in this way the whole
semi-hard interaction takes place in a relatively dilute sys
and the overall number of interactions will be relative
small. To deal with a regime where the number of par
interactions and the density of the interacting partons
large, the main modification adopted by the majority of p
pers is to include shadowing corrections in the nuclear pa
distributions@6,7#. In this way one obtains a substantial r
duction of the number of projectile and target partons at l
x and the picture can be extended to sizably lower value
the cutoff p0. Even so, whenp0 is further reduced, one
reaches the condition of a highly dense interacting sys
where the whole picture ceases to be valid, which sets
lower limit for a sensible choice of the cutoffp0 @8,9#.

The overall resulting features are therefore thatp0 is dif-
ferent when varying the atomic mass number of the inter
ing nuclei and their energy, and that the distribution in t
number of hard collisions at a fixed value of the impact p
rameterb is a Poissonian in the whole semi-hard regime
that all average quantities are computed, as above, with
single scattering expression.

The clean physical interpretation of the approach, wh
incorporates the geometrical features of the nuclear proc
unitarity, the factorization of the hard component of the
teraction and the AGK cancellation rule, justifies the gr
success of the picture. Still there are a few delicate po
which deserve further investigation and where the desc
tion of the process might be improved.

A very general approach to nucleus-nucleus interacti
is through the Reggeon diagram technique, where at h
energies the interaction is described by the exchange
many Pomerons, including both independent exchanges
tween different nucleons and multi-Pomeron interactio
which represent the collision of a given projectile nucle
with several different target nucleons in a given interact
process. Each partonic collision corresponds to a fluctua
with a large transverse momentum inside the structure o
exchanged Pomeron. While the simplest case is that wi
single partonic loop with largept , whose discontinuity cor-
responds to a 2→2 partonic collision, one might imagin
more complicated fluctuations, with several connected pa
lines, all with largept , in the structure of a multi-Pomero
interaction. The simplest case of this kind is illustrated
Fig. 1, where the Pomerons are represented by parton
ders. Discontinuities of such fluctuations originate config
rations where the compensation of transverse momenta in
final state involves several largept partons, while the whole
large pt configuration is generated by partons belonging
different chains, representing Pomerons attached to diffe
nucleon lines. In the picture of the semi-hard interaction j
recalled those configurations contribute to the shadow
corrections of the nuclear parton distributions. Their disc
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tinuities, on the contrary, are not included in the semi-h
interaction dynamics. On the other hand, when approach
the black disk limit, the initial and final partonic states b
come locally isotropic in transverse space, so that both in
and final state configurations need to be built up with lots
partons. A proper discussion of semi-hard dynamics in
black disk limit requires therefore taking into account flu
tuations with many largept parton lines, which are to be
included not only in the virtual corrections but also in th
production process. Hence one needs to consider part
interactions where several partons, with low virtuality andpt
and sizable longitudinal components~so that, in the nucleus
nucleus c.m. frame, each one may be ascribed to a defi
nucleus! interact, producing largept jets. The simplest pos
sibility of this kind ~one projectile against two targets,t/s
→0, and basically an electro-dynamical interaction betwe
point-like objects! was discussed in Ref.@10#, where the for-
ward amplitude of the process and all the cuts were deriv
The final result of the analysis was that, in thet/s→0 limit,
the different cuts of the amplitude are all proportional one
another, the proportionality factors being the AGK weigh
It was moreover possible to express the three body inte
tion as a product of two body interaction probabilitie
Therefore, one may argue that, in the black disk limit and
the nucleus-nucleus c.m. frame, a projectile parton intera
with all the various nearby partons of the target in the d
ferent directions in transverse space, and that the corresp
ing cross section may be approximated by the product
two-body interaction cross sections, so that one might
such a processre-interactionor rescattering.

An attempt to introduce such more elaborate semi-h
dynamics, including explicitly semi-hard parton rescatterin
in the interaction, was done in Refs.@11# and@12#. Both the
average number of minijets and the average transverse
ergy are modified by semi-hard rescatterings, and an in
esting feature is that both quantities develop a less sing
dependence on the cutoff, in such a way that the choice op0
becomes less critical when semi-hard parton rescatterings
taken into account. The average number of minijets and
transverse energy produced in heavy ion collisions have b
recently discussed in several papers, with the purpose of
termining the initial conditions for the further evolution an

FIG. 1. ~a! A triple Pomeron interaction between 3 nucleons.~b!
Parton ladders with the topology of~a!. The thick lines are fluctua-
tions with highpt and the dashed line is a possible cut.~c! Partonic
view of the cut of~b!: P is a projectile parton interacting with two
target partonsTi and the final state is given by the three large-pt jets
Ji .
2-2
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HARD PARTON RESCATTERINGS AND MINIJETS IN . . . PHYSICAL REVIEW D63 116002
thermalization of the system~see e.g.@7,13#!. We think that
it might be interesting to have an indication of the effects
rescatterings on these quantities at the LHC, and we
discuss this topic in the present paper. In the next sect
after including rescatterings in the picture of the interacti
we will recall the expression of the average number of m
jets and derive the corresponding average transverse en
Then, we will give some quantitative indication of the effe
and comment on the qualitative features induced by the m
structured interaction dynamics.

II. MULTIPLE PARTON SCATTERINGS AND AVERAGE
NUMBER OF MINIJETS

The introduction of semi-hard parton rescatterings can
obtained in a picture of the interaction where the soft par
factorized in a Poissonian multi-parton distribution and
b
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hard part is expressed in terms of perturbative parton-pa
collisions. The nuclear multi-parton distributions are u
known quantities and the reason for the choice of the Pois
distribution is that it corresponds to the case where the in
mation on the initial state is minimal, since the whole dist
bution is expressed in terms of its average value only. O
has moreover the possibility of introducing systematica
further information on the nuclear partonic structure in ter
of correlations among partons@14#. The hard part is written
in terms of two-body collisions by introducing the probab
ity of having at least one interaction between the two co
figurations, in a way analogous to the expression of the
elastic nucleus-nucleus cross section@15#. The process is
therefore represented as the sum of all possible interact
between all configurations with a definite number of parto
of the two nuclei. In this way the semi-hard component
the cross section can be written as
sH5E d2b (
n51

`
1

n!
GA~x1 ,b12b!•••GA~xn ,bn2b!expS 2E dxd2b GA~x,b2b! D F12)

i 51

n

)
j 51

l

~12ŝ i j !G
3(

l 51

`
1

l !
GB~x18 ,b18!•••GB~xl8 ,bl8!expS 2E dx8d2b8GB~x8,b8! Ddx1d2b1•••dxnd2bndx18d

2b18•••dxl8d
2bl8 ,

~2.1!
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GA~x,b!5tA~b!G~x!.

To keep the notation as simple as possible, the indices la
ing the different kinds of partons have been suppressed
the dependence on the cutoffp0 is implicit. The two Poisso-
nian distributions, with average numbers*GA(x,b2b) and
*GB(x8,b8), represent the multi-parton distributions of th
two interacting nuclei. The probability to have at least o
partonic interaction, given a configuration withn and l par-
tons in the two nuclei, is represented by the square paren
ses in Eq.~2.1! and, according to the discussion in the pr
vious paragraph, is constructed by means of the probab
ŝ i j of the interaction of a given pair of partonsi and j. The
interaction probability is a function of the cutoffp0, so that
only the interactions with momentum exchange larger th
p0 are taken into account in Eq.~2.1!. The majority of inter-
actions takes place with a momentum exchange close to
cutoff value; we therefore evaluate the parton distribution
the scale of the cutoff. Since the distance over which the h
interactions are localized is much smaller than the typ
nuclear radius, the probability of an interaction can be
proximated byŝ(xixj ,bi2bj )5s(xixj )d

(2)(bi2bj ).
The most important features of Eq.~2.1! are that all pos-

sible interactions between the two partonic configurations
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included, and that probability conservation is explicitly tak
into account by the term in square parentheses. The Eik
cross section in Eq.~1.1! is obtained when one neglects a
rescatterings in Eq.~2.1! in such a way that each parton
allowed to interact at most once@16#. If, on the contrary, one
takes rescatterings into account, one cannot write a clo
expression forsH . However, it is possible to obtain simpl
expressions from Eq.~2.1! for many relevant quantities.

If one works out the average number of parton collisio
^N(b)&, one obtains, as in the traditional approach, t
single scattering expression^N(b)&5sJTAB(b) @11#. So the
overall average number of parton collisions satisfies
AGK cancellation and is not affected by any unitarity co
rection; however, it is not a simple quantity to observe.
more directly observable quantity, or at least one which c
be more directly related to observable quantities, is the a
age number of produced minijets. An important effect
including rescatterings is that the number of produced m
jets is no longer proportional to the number of collision
because now each projectile parton is allowed to inter
more than once with the target. As a consequence, w
unitarity corrections do not change the average numbe
collisions, they affect the average number of minijets p
duced in the nuclear collision.

The correction term can be derived in a straightforwa
way from Eq.~2.1! @11#, but one may use also a more dire
argument. One may in fact obtain the usual semi-hard cr
section, Eq.~1.1!, by starting from the single scattering cro
2-3
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ALBERTO ACCARDI AND DANIELE TRELEANI PHYSICAL REVIEW D 63 116002
section to produce large-pt jets. In the perturbative QCD
parton model the cross section is written as

sJ5E
xx8s.4p0

d2b d2b dx dx8 GA~x,b2b!s~xx8!GB~x8,b!

5E d2b^N~b!&. ~2.2!

The expression needs, however, to be unitarized also w
the cutoff p0 has a rather large value, sincesJ is propor-
tional to the large factorA3B. Equation~1.1! is in fact the
result of thes-channel unitarization ofsJ and may be ob-
tained by noticing that, in Eq.~2.2!, ^N(b)& is dimensionless
and may be understood as the average number of pa
interactions at a given impact parameterb. The s-channel
unitarized cross sectionsH is the result of replacing this
average number with the interaction probability, which,
the distribution in the number of interactions is a Poissoni
is just 12exp@2^N(b)&#. Hence the unitarized cross sectio
sH represents the contribution to the total cross section o
events with at least one couple of partons interacting wit
transverse momentum exchange abovep0, as is clear from
the second line of Eq.~1.1!. On the other hand,sJ , which
includes also the multiplicity of the interactions, represe
rather the integrated inclusive cross section~apart from the
factor representing the average multiplicity of jets produc
in a single collision!.

When the cutoff is moved towards low values and resc
terings need to be taken into account, the average numb
jets produced is no longer proportional to the average n
ber of collisions. In this case one may proceed by applying
^N(b)& an argument analogous to that previously used
unitarizesJ . By looking at Eq.~2.2! one can identify

^nB~x,b!&[E
xx8s.4p0

2
dx8 GB~x8,b!s~xx8! ~2.3!

as the average number of collisions of each interactinA
parton at fixedx and b. Then one can write the averag
number of produced minijets at fixed impact parameter a

2^N~b!&5E
xs.4p0

2
d2bdxGA~x,b2b!^nB~x,b!&

1E
x8s.4p0

2
d2bdx8GB~x8,b!^nA~x8,b2b!&,

~2.4!

which represents the average number of incoming par
from the nucleusA multiplied by their average number o
collisions against the partons of nucleusB, plus the analo-
gous term withA andB interchanged. Then, if one replace
in Eq. ~2.4!, the average number of scatterings of each par
with its interaction probability, viz. 12exp@^nB(x,b)&# and 1
2exp@^nA(x,b2b)&#, one obtains the average number
‘‘wounded partons’’WA(x,b) andWB(x8,b2b) of the two
nuclei. These are the partons of the two nuclei that had
least one hard interaction. The expression of the aver
11600
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number of wounded partons of nucleusA ~with transverse
coordinateb and momentum fractionx, in an event with
nuclear impact parameterb) is therefore

WA~x,b,b!5GA~x,b2b!@12e2^nB(x,b)&#. ~2.5!

Every wounded parton obtained in this way produces a m
jet in the final state and the transverse energy produced
semi-hard interactions is the transverse energy carried by
wounded partons. As a consequence both the average n
ber of minijets and their average transverse energy are q
tities affected by the presence of rescatterings and the co
sponding correction term is more and more important wh
the average number of scatterings^nB& becomes larger and
larger, namely at low values of the cutoffp0 and ~or! for
large atomic mass numbers.

The overall number of produced minijets, i.e. the sum
the wounded partons of nucleusA with those of nucleusB,
obviously coincides with the usual result 2^N(b)& when the
average number of rescatterings is small. When the num
of rescatterings is large the two quantities are however
ferent and, while the average number of collisions^N(b)&
may be divergent in the saturation limit, the average num
of wounded partons is on the contrary well defined. In fa
one obtains that the square parentheses in Eq.~2.5! have 1 as
a limiting value and, in this limit, the average number
wounded partons is just the sum of the average numbe
partons of the two interacting nuclei.

To have a quantitative feeling for the regime of interest
LHC energies, in Fig. 2 we plot̂nB&, the average number o
scatterings per parton from theA nucleus, as a function of the
projectile parton fractional momentumx and impact param-
eterb. As one can see, at a cutoffp052 GeV a parton in the
central region experiences on average 1–3 scatterings
the whole target transverse area except the very periph
regions. As discussed above, at higher cutoff values the n
ber of scatterings decreases. As a result, semi-hard resc
ings should be negligible down top0.3 GeV where their
effects begin to show up, and already atp0.2 GeV they
should have a large effect and should not be neglected. T
conclusions will be confirmed by the numerical compu
tions discussed in Sec. IV.

In summary, the effect of rescatterings on the avera
number of the produced minijets is to reduce the num
obtained by means of the single scattering expression,
differently, qualitatively, from the result of including shad
owing corrections in the nuclear parton distribution. On t
other hand, the overall distribution in the number of pr
duced minijets is modified. In the traditional approach the
is a strong correlation in the distribution of the number
minijets, since each minijet has a recoiling companion; wh
the average number of rescatterings increases this correl
gets weaker and weaker, so that in the high density limit
correlation is left and the distribution tends to a Poisson
@11#. A further important difference is that, sinceWA andWB
are well defined in this limit, after including the rescatterin
the average number of minijets becomes much less de
dent on the choice of the cutoff at lowp0.
2-4
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III. AVERAGE TRANSVERSE ENERGY

As we have discussed in the last section, the aver
number of minijets is not the only quantity modified by th
more elaborate interaction dynamics, which in fact ha
nontrivial effect also on the transverse energy carried by
minijets @12#. The wounded partons of nucleusA at a givenx
andb and in a nuclear interaction with impact parameterb,
Eq. ~2.5!, are obtained by multiplying the average number
partons ofA ~with a givenx and b) by the corresponding
interaction probability, which is a Poisson probability dist
th

n

or
d

11600
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bution in the number of scatterings, with avera
^nB(x,b)&5*dx8GB(x8,b)s(xx8):

WA~x,b,b!5GA~x,b2b! (
n51

`
^nB~x,b!&n

n!
e2^nB(x,b)&.

~3.1!

We may therefore obtain the differential distribution in th
transverse momentumpt of the woundedA partons by intro-
ducing a constraint in the transverse momentum interg
that give the total cross sections in the above expression
dWA

d2pt

~x,b,b!5GA~x,b2b! (
n51

`
1

n! E GB~x18 ,b!•••GB~xn8 ,b!expS 2E dx8GB~x8,b!s~xx8! D
3

ds

d2k1

•••

ds

d2kn

d (2)~k11•••1kn2pt!d
2k1•••d2kn dx18•••dxn8 . ~3.2!
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The limits of integration onxi8 and x8 are respectively
xxi8s>4ki

2 andxx8s>4p0
2 , and all the distribution functions

are evaluated for simplicity at a fixed scale. To obtain
corresponding average transverse energy^pt(x,b,b)&A one
has to integrate Eq.~3.2! with an additional factorpt . A
convenient way to proceed is to introduce the Fourier tra
form of the parton-parton scattering cross section

s̃~u!5E d2keik•u
ds

d2k
, s̃~0!5s, ~3.3!

and to express thed function in Eq.~3.2! in an integral form.
Sinces̃(u) depends only on the modulus ofu, one obtains

^pt~x,b,b!&A5GA~x,b2b!E
0

`

dptpt
2E

0

`

du uJ0~ptu!

3 (
n51

`
1

n! F E dx8GB~x8,b!s̃~u!Gn

3expS 2E dx8GB~x8,b!s̃~0! D . ~3.4!

After multiplying the integrand by the exponential fact
exp(2lpt) one can exchange the two integrals and first
the integral onpt . The result of this integration is

E
0

`

e2lptJ0~ptu!pt
2dpt5

2l22u2

~l21u2!5/2

5
1

u

d

duF l2u21u4

~l21u2!5/2G , ~3.5!

which allows one to perform the integral onu by parts. After
differentiating the series inn one obtains the factor
e

s-

o

s̃8~u!522pE
0

`

k2J1~ku!
ds

d2k
dk, ~3.6!

which is proportional tou because of the argument of theJ1
Bessel function. The integrand inu is therefore regular for
u50 also in the limitl→0. Then one takes this limit and
sums the series inn. The final expression has a closed an
lytical form

^pt~x,b,b!&52GA~x,b2b!E
0

`

du dx8
s̃8~u!

u
GB~x8,b!

3expS E dx8GB~x8,b!@s̃~u!2s̃~0!# D .

~3.7!

The average transverse energy in an event with a given
pact parameterb is the result of integrating Eq.~3.7! on b
andx and of summing the two contributions of the wound
partons of the nucleiA andB. Notice that the expression in
Eq. ~3.7! is much less dependent on the choice of the cu
p0 than the usual average energy evaluated with the sin
scattering expression of the perturbative QCD parton mo
the Rutherford singularity of the parton-parton cross sect
is in fact smoothed in Eq.~3.6! by the Bessel function
J1(ku), in such a way that the dependence on the cutoffp0 is
only logarithmic. The same logarithmic dependence on
cutoff is present in the argument of the exponential,

s̃~u!2s̃~0!52pE @J0~ku!21#
ds

d2k
k dk, ~3.8!

as a consequence of the behavior of@J0(ku)21# for k→0.
In summary, when the semi-hard cross section is

pressed by Eq.~2.1! one may obtain, without further ap
2-5
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proximations, a closed analytic form both for the avera
number of minijets and for the corresponding average tra
verse energy and in both cases the singular dependenc
small values of the cutoff is smoothened by rescatterings

IV. DISCUSSION

Many papers have been recently devoted to the prod
tion of minijets in heavy ion collisions@2,7,9,13#. A rather
general feature is that, because of the singular behavio
the elementary parton interaction at low momentum trans
many relevant quantities depend rather strongly~typically
like an inverse power! on the value of the cutoff which dis
tinguishes soft and hard parton interactions. The featur
unpleasant since although one might find physical argum
to determine a meaningful value of the cutoff@8,9,17#, it is
rather difficult to fix it in a very precise way. We have ther
fore tried, in the present paper, to face this issue by study
the effect of a more elaborate interaction dynamics on
average number of minijets produced in a nuclear collis
and on the corresponding average transverse energy. W
in the traditional picture of the semi-hard processes each
ton is allowed to interact with large momentum transfer o
once, we have included semi-hard parton rescatterings in
dynamics of the interaction. Semi-hard rescatterings, wh

FIG. 2. Average number̂nB& of semi-hard scatterings suffere
by a parton from theA nucleus while it is interacting with theB
nucleus. We consider a Pb-Pb collision at a c.m. energyAs
56 TeV/A, with a scaleQ5p0/2 and ak factor k52.5; Woods-
Saxon thickness functions are used.Top: ^nB& is plotted as a func-
tion of the projectile parton fractional momentumx in the case of a
central parton-nucleus collision. The three curves are the resul
a cutoff p052 GeV ~solid line!, 3 GeV ~long dashed line!, 4 GeV
~short dashed line!. The shaded area corresponds to the cen
pseudo-rapidity regionuhu<.9, whereh5 log@xAs)/p0#. The dotted
line marks the transition value of 1 scattering per parton.Bottom:
^nB& is plotted as a function of the impact parameter for a par
emerging with pseudo-rapidityh50.
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are negligible when the threshold between hard and soft
cesses is high, become more and more important when
threshold is lowered and the target approaches the black
limit. Naively one would expect that the inclusion of resca
terings in the picture of the interaction might worsen t
divergent behavior at low transverse momenta; on the c
trary a more careful analysis, which takes probability cons
vation consistently into account, shows that the result is
the opposite. Following@11# and@12# we have in fact repre-
sented the semi-hard nuclear cross section with Eq.~2.1!,
where all possible multi-parton collisions, including resc
terings, are taken into account and the conservation of p
ability is explicitly implemented. The average number
minijets and the corresponding transverse energy, at fixex,
b and impact parameterb, are then expressed in a close
analytic form by Eqs.~2.5! and ~3.7!, whose behavior with
the cutoff is much less singular in comparison with t
analogous averages obtained without taking rescatter
into account. The reason for this smoother behavior is t
rescatterings introduce~throughGA and GB) a new dimen-
sional quantity in Eqs.~2.5! and ~3.7!, the nuclear radius
which gives dimensionality to the two average quantities
small p0. When rescatterings are neglected the dimensio
ity at smallp0 is provided by the cutoff itself, and the resu
is that the two quantities behave as an inverse power of
cutoff for p0→0.

Apart from the approximation of writing all connecte
multi-parton processes as products of 2→2 partonic colli-
sions, our approach states on the assumption of neglec
production processes at the partonic level~namely 2→3 etc.
parton processes! and of using forward kinematics in th
nucleon-nucleon c.m. frame. To have a feeling on the va
ity of such approximations at LHC energy, we have eva
ated the average energy of a partonic interaction in
parton-parton center of mass frame, and the average valu
momentum fractionx of a projectile parton:

^Ec.m.&sJ5E dxdx8Axx8s(
f f 8

GA
f ~x!s f f 8~xx8!GB

f 8~x8!

^x&sJ5E dxdx8x(
f f 8

GA
f ~x!s f f 8~xx8!GB

f 8~x8!.

~4.1!

When the whole rapidity range is considered typical valu
are ^Ec.m.&'25 GeV, ^x&'331022 ~corresponding to a
momentum of'90 GeV, if the nucleon-nucleon c.m. en
ergy is 6 TeV! with p052 GeV. The averagêx& becomes
substantially smaller when averaging in a narrow window
the central rapidity region. The relatively low value o
^Ec.m.&, as compared with the cutoff, indicates that the inc
sion of 2→3, or of higher order partonic processes, sho
not spoil the whole approach, which could therefore rep
sent a reasonable lowest order approximation. The relativ
large value of the momentum boost to go from the nucle
nucleon c.m. frame to the partonic c.m. frame shows, on
other hand, that forward kinematics is reasonable in
former frame of reference.
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FIG. 3. Average numberN of
minijets, ~a! ~b!, and their average
transverse energyET , ~c! ~d!, in a
Pb-Pb central collision in two dif-
ferent rapidity windows,uyu,4
and uyu,.9, as a function of the
cutoff, ~a! and ~c!, and of thek
factor, ~b! and ~d!. The dashed
curves are computed without in
cluding rescatterings, the solid
curves after including rescatter
ings.
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The effect of semi-hard parton rescatterings on the a
age number of minijets and on the average transverse en
produced in a central Pb-Pb collision at LHC energies
summarized in Fig. 3. We plotted the average number
minijets and their transverse energy in the case of a v
central pseudo-rapidity window,uhu,.9, corresponding to
the ALICE detector, and in a larger rapidity interval,uhu
,4, which will be covered by the CMS detector. Figure 3~a!
shows, in the two cases, the dependence of the average
ber of produced minijets on the choice of the cutoffp0. The
dashed curves are the results obtained by the single sca
ing expression, Eq.~2.4!, while the solid curves are the resu
of the inclusion of semi-hard parton rescatterings, Eq.~2.5!,
plus the analogous term for theB partons. These expression
have been computed with the GRV98LO distribution fun
tions @18# with no shadowing corrections included and
representing the elementary partonic interaction at the low
order in QCD; to account for higher order corrections t
result of the elementary interaction has been multiplied b
factork52.5. Both thek factor and the scaleQ5p0/2 where
chosen in order to reproduce the value of thepp̄ mini-jet
cross section atAs5900 GeV @19#. The sensitivity to the
value of thek factor is shown in Fig. 3b, where the curve
have the same meaning as in Fig. 3a, and the cutoff has
fixed to the valuep052 GeV. Analogous curves for th
average transverse energy carried by the produced min
are shown in Figs. 3c and 3d. The average transverse en
without rescatterings has been computed by using Eq.~1.3!
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~dashed curves! and with rescatterings~solid curves! by us-
ing Eq. ~3.7!, after integrating onb and on x ~inside the
corresponding rapidity windows! and adding the analogou
contribution of theB partons.

V. CONCLUSIONS

In this paper we have discussed the production of mini
in heavy ion collisions at the LHC by including explicitl
semi-hard parton rescatterings in the dynamics of the in
action. The regime of interest is, in fact, the regime whe
the nuclear target reaches the black disk limit for a projec
parton interacting with momentum exchange above the
off p0 ~which defines the lower limit inpt for minijet pro-
duction!. In the mechanism of the production of minije
usually considered~a projectile parton interacts with only
single target parton! the elementary interaction generates
state with a preferred direction in transverse space~the di-
rection of the two minijets! which is not consistent with loca
symmetry in the transverse directions implied by the bla
disk limit. The star-like shape in transverse space of the s
produced by the multiple interactions of a projectile wi
different target partons~scattered projectile1 recoils! recov-
ers, on the other hand, the symmetry property of the inte
tion in the black disk limit; see Fig. 4.

The basic element in our estimate is to recognize that
usual expression that gives the average number,^N(b)&, of
parton collisions at a fixed value of the nuclear impact p
2-7
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rameter, Eq.~2.2!, is obtained by convoluting the averag
number of partons of the projectile with the average numb
^nB(x,b)&, of interactions of each projectile parton with th
target nucleus, Eq.~2.3!. Notice that the evaluation o
^nB(x,b)& and its dependence on the momentum fraction
in this way, determined in a unique way by the parton d
tributions. Our results are therefore parameter free. Given
expression of the semi-hard cross section, Eq.~2.1!, the av-
erage number of produced minijets,W(x,b,b), Eq. ~2.5!,
and the corresponding average transverse en
^pt(x,b,b)&, Eq. ~3.7!, are computed without further ap
proximations, so that our results forN andET , plotted in the

FIG. 4. Production of minijets in the transverse moment
plane.~a! The projectile parton~P! is allowed to interact only once
with a target parton (T), so that the two produced minijets are ba
to back.~b! The projectile can scatter against more than one ta
and minijets are produced with a star shape.
tt.

ev
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cl

11600
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figures, are exact consequences of the nuclear cross se
~2.1!. An approximation that is done when writing th
nuclear cross section~2.1! is to evaluate the parton distribu
tions at the scale of the cutoff, so that in Eq.~3.2! the only
dependence on the transverse momenta is in the eleme
partonic cross sections, which basically corresponds to
glecting the logarithmic dependence of the distributions
comparison with the inverse power dependence of the c
section. However, our formalism can be extended to t
into account a general scale dependence.

The main features of the numerical evaluation are t
semi-hard rescatterings have a sizable effect on the ave
number of minijets and on the transverse energy produce
heavy ion collisions at the LHC, so that they affect also t
global characteristics of a typical inelastic event. The
duced correction increases with the value of thek factor,
which represents higher orders in the elementary parton
lision, and with the size of the rapidity window, since resc
terings are more frequent for partons with a larger mom
tum fraction. By looking at the dependence on the cuto
both the average number of minijets and the correspond
average transverse energy are more regular at lowp0, show-
ing a tendency to saturate belowp0.3 GeV and making in
this way the choice of the cutoff less critical.
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