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Dijet production as a centrality trigger for pp collisions at CERN LHC
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We demonstrate that a trigger on hard dijet production at small rapidities allows us to establish a quantitative

distinction between central and peripheral collisions inp̄p and pp collisions at Tevatron and LHC energies.
Such a trigger strongly reduces the effective impact parameters as compared to minimum bias events. This
happens because the transverse spatial distribution of hard partons (x*1022) in the proton is considerably
narrower than that of soft partons, whose collisions dominate the total cross section. In the central collisions
selected by the trigger, most of the partons withx*1022 interact with a gluon field whose strength rapidly
increases with energy. At LHC~and to some extent already at Tevatron! energies the strength of this interaction
approaches the unitarity~‘‘blackbody’’ ! limit. This leads to specific modifications of the final state, such as a
higher probability of multijet events at small rapidities, a strong increase of the transverse momenta and
depletion of the longitudinal momenta at large rapidities, and the appearance of long-range correlations in
rapidity between the forward or backward fragmentation regions. The same pattern is expected for events with
production of new heavy particles~Higgs boson, SUSY!. Studies of these phenomena would be feasible with
the CMS-TOTEM detector setup, and would have considerable impact on the exploration of the physics of
strong gluon fields in QCD, as well as the search for new particles at LHC.

DOI: 10.1103/PhysRevD.69.114010 PACS number~s!: 12.38.2t, 13.85.2t, 14.80.Bn, 25.75.Nq
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I. INTRODUCTION

The differences between peripheral and central collisi
play a crucial role in the physics of heavy ion collisions.
pp collisions, a similar distinction can be made at the en
gies of the LHC and the Tevatron. This is possible becaus
the appearance of two separate transverse distance sca
high energies. On one hand, as predicted by Gribov@1#, the
essential impact parameters in hadron-hadron collisions
crease with the energy. This has been observed, e.g., in
merous experiments in elasticpp scattering; see Ref.@2# for
a review. On the other hand, the transverse spatial distr
tions of hard partons~with finite light-cone fraction,x) in the
colliding nucleons is only a weak function ofx. For the
gluon distribution this has been verified experimentally
studies of thet dependence of photoproduction of hea
quarkonia off the nucleon@3#. The two scales allow us to
classifypp collisions at collider energies. A schematic illu
tration of this idea is given in Fig. 1. In collisions with larg
impact parameters there will be essentially no overlap
tween the hard partons~Fig. 1a!. Only partons with x
!1022 will overlap with significant probability. These pe
ripheral events constitute a significant~in fact, dominant!
part of the total inelastic cross section. The production
high p' jets, however, as well as of heavy particles, will
strongly suppressed. At small impact parameters, howe
the distributions of hard partons in the two colliding nuc
ons will overlap, and the probability of hard interactions w
be greatly enhanced~Fig. 1b!. This difference between th
physics of soft and hard QCD processes~i.e., with x1 ,x2 of
the colliding partons>1022) gives us an opportunity to dis
tinguish quantitatively between central and peripheral co
sions at collider energies.

Specifically, we propose here to use the production
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~one or more! hard dijets near zero rapidity as a ‘‘centrali
trigger’’ for p̄p andpp collisions at Tevatron and LHC ener
gies. At the LHC, such a trigger could be implemented w
any of the central detectors. It will lead to a significant e
hancement of the production of hadrons at small rapidi
and drastic changes of the pattern of forward producti
which could be probed, for example, by the TOTEM detec
in combination with the CMS detector. Since the producti
of heavy particles, such as the Higgs boson or supersymm
ric particles, is also greatly enhanced for central collisio
such a program could have considerable impact on
searches for new particles at the LHC.

Another important application of the proposed ‘‘centrali

FIG. 1. Schematic illustration of the two classes ofpp collisions
at high energies. The transverse spatial distributions of the h
partons (x>1022) is indicated by the dark shaded disks, those
the soft partons (x!1022) by the light shaded disks;b denotes the
impact parameter of thepp collision. ~a! At large b no overlap
between hard partons occurs.~b! At small b the distributions of hard
partons overlap, leading to production of hard dijets~and, possibly,
heavy particles!.
©2004 The American Physical Society10-1
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trigger’’ is in the investigation of the physics of strong gluo
fields in QCD. Numerous measurements of small-x phenom-
ena at HERA have confirmed the fast increase of the gl
density in the proton predicted by perturbative QCD; fo
review and references see Ref.@4#. At LHC energies, and to
some extent already at the Tevatron, the gluon density
comes so large that the interaction of highp' partons with
the gluon ‘‘medium’’ becomes strong and multiple scatteri
effects cannot be neglected, for a review and references
Ref. @5#. The new phenomenon one encounters here ca
described as the breakdown of the Dokshitzer-Grib
Lipatov-Altarelli-Parisi ~DGLAP! approximation caused b
the approach to the unitarity limit@blackbody limit ~BBL!#,
in which partons with virtualities below a certain value i
teract with the other proton with the maximal strength
lowed bys-channel unitarity. More quantitatively, a parton
one proton with longitudinal momentum fractionxR and vir-
tuality p'

2 resolves partons in the other proton with

x5
4p'

2

xRs
, ~1!

wheres is the invariant energy squared of thepp collision;
see Fig. 2. In particular, large-xR partons resolve small-x
partons in the other proton. At the LHC energy,As
514000 GeV, forp';2 GeV/c andxR;1022 one obtains
x;1025. Under this condition the interactions with gluon
can approach the BBL, see Ref.@5# and references therein
Present data on heavy quarkonium photoproduction indi
that the gluon density at smallx is maximum in the trans-
verse center of the proton@3#. Since the distribution of large
xR partons is likewise concentrated at small transverse
tances, it is evident that the chances of approaching the B
are maximum for centralpp collisions, which can be selecte
with the proposed ‘‘centrality trigger.’’

The approach to the BBL in centralpp collisions leads to
a significant change of the initial and final state interactio
in the hard QCD processes. The interactions with the ‘‘h
density gluon medium’’ suppress the spectrum of low tra
verse momentum partons and enhance the high momen
tail. Typically, all partons which are not involved in the ha
interactions at the scale much higher than the BBL sc

FIG. 2. Schematic illustration of the effect of the black-bo
~unitarity! limit on hadron production in the forward or backwa
rapidity region in centralpp collisions. A small-x spectator parton
~i.e., a parton not involved in the centrality trigger! from the left
proton propagates through the strong gluon field~indicated by the
shaded area!, acquiring a large transverse momentum,p',BBL

@LQCD. The small-x parton is then resolved in a collision with
large-xR parton from the right proton, resulting in hadron produ
tion in the backward rapidity region.
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p',BBL , receive transverse momenta;p',BBL and experi-
ence a significant momentum loss due to the gluon radia
~a schematic illustration is provided in Fig. 2!. A forward
would-be spectator component of the proton wave funct
is ‘‘pulverized’’ completely, loosing its coherence. As a res
the number of particles withxF>0.1 in the proton fragmen-
tation region will strongly diminish, while the average tran
verse momenta of these particles will grow to values com
rable top',BBL . Much more energy will be released at sma
rapidities as compared to minimal bias events.

Although the phenomena discussed here are higher-t
corrections to the inclusive cross section and the transv
spectra of the production of sufficiently heavy particl
~Higgs, SUSY!, in the vicinity of the BBL they will strongly
modify the overall structure of the final states. In particul
they will change the pattern of radiation of moderatep' jets
and the Sudakov form factors for dijet production. Thus t
understanding of these phenomena is important also for
fective searches for new physics at the LHC.

The basic idea of the proposed ‘‘centrality trigger’’ is th
the restriction to events with production of a hard di
strongly reduces the effective impact parameters in hi
energyp̄p and pp collisions as compared to minimum bia
events. One can further narrow the distribution of impa
parameters by requiring the presence of multiple dijets in
same event~this was first studied within the framework of
multiple interaction Monte Carlo model in Ref.@6#!. The
actual reduction which can be achieved in this way depen
to some extent, on possible spatial correlations of hard
tons in the transverse plane. In this respect we make a
prising observation, namely that the data on double dijet p
duction inp̄p collisions at the Tevatron obtained by the CD
Collaboration@7# indicate significant spatial correlations o
partons in the transverse plane.

The paper is organized as follows. In Sec. II we revie
the available information on the impact parameter distrib
tion in the generic inelasticpp collisions. In Sec. III we sum-
marize our knowledge of the transverse spatial distribut
of hard partons in the nucleon and study its dependence
the resolution scale. In Sec. IV we calculate the impact
rameter distribution inpp collisions with production of a
hard dijet near zero rapidity, and compare it with the imp
parameter distribution for generic inelastic collisions. W
demonstrate that hard dijet production acts as a ‘‘centra
trigger.’’ We also discuss the extension to production of m
tiple dijets and the role of possible correlations in the tra
verse spatial distribution of gluons. In Sec. V we investig
the role of the ‘‘centrality trigger’’ in approaching the BBL in
central pp collisions. We show that the trigger essentia
eliminates collisions at large impact parameters where
soft interactions are not black. In Sec. VI we list the nov
characteristics of the final state in centralpp collisions which
follow from the proximity to the BBL of the spectator parto
interactions at small transverse distances. Our conclus
are presented in Sec. VII.

II. IMPACT PARAMETER DISTRIBUTION FOR GENERIC
INELASTIC pp COLLISIONS

We begin by summarizing the available information abo
the impact parameter distribution of the cross section
0-2
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DIJET PRODUCTION AS A CENTRALITY TRIGGER . . . PHYSICAL REVIEW D 69, 114010 ~2004!
generic inelasticpp collisions at high energies. Most of ou
knowledge here comes frompp elastic scattering, which ha
been studied in numerous experiments, see Ref.@2# for a
review. By unitarity~i.e., the optical theorem! the pp elastic
amplitude contains information also about the total~elastic
plus inelastic! cross section, and thus about the inelas
cross section.

It is well known from studies ofpp elastic scattering tha
the radius of strong interactions~the average impact param
eter! increases with the collision energy,s. The t slope of the
elastic cross section,B, grows as

B~s!5B~s0!12a8ln~s/s0!, ~2!

with a8'0.25 GeV22. Thus, the radius of strong interac
tions is expected to be a factor of 1.5 larger at LHC
compared to fixed target energies.

In the partonic picture, the mechanism for the increase
the radius of strong interactions with energy is the so-ca
Gribov diffusion. The emission processes in the soft par
ladder give rise to a random walk of partons in the transve
plane, reminiscent of a diffusion process@8#. If one writes
the amplitude of elastic scattering of two hadrons as a pr
uct of two t-dependent form factors, each parameterized
the transverse radius of the hadron,R,

Ah1h2}exp~ tR1
2/4!exp~ tR2

2/4!, ~3!

one can interpret the shrinkage of the diffractive cone
being due to an increase of the transverse spread of par
In terms of the average parton momentum fraction,x, this
implies that the transverse area occupied by the low virtu
ity partons in the hadron,R2, increases with decreasingx
roughly as@8#

R2~x!5R0
212a8ln~x0 /x!. ~4!

Detailed information about the distribution of thepp cross
section ~both elastic and inelastic! over impact parameter
can be obtained from the impact parameter representatio
the pp elastic scattering amplitude; see, e.g., Ref.@2#. We
write the invariant elastic amplitude in the form

App~s,t !5
is

4pE d2be2 i (D'b)Gpp~s,b! ~5!

5
is

2 E0

`

dbbJ0~D'b!Gpp~s,b!, ~6!

whereD' is a transverse momentum vector, witht52D'
2

andD'[uD'u, andJ0 denotes the Bessel function. Our no
malization of the amplitude is the same as in Ref.@9#, cf. the
relation to the total cross section, Eq.~11! below. The dimen-
sionless complex functionGpp is called the profile function
of the elastic amplitude. In this representation the integra
cross section for elastic scattering is given by
11401
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pp~s![

4p

s2 E2s

0

dtuApp~s,t !u2 ~7!

5E d2buGpp~s,b!u2. ~8!

In the last step, we have used that at larges the lower limit of
the t integral can be replaced by2`, and that for an ampli-
tude independent of the azimuthal scattering angle

E
2`

0

dt54pE d2D'

~2p!2
. ~9!

A similar representation can be derived for the total cro
section forpp scattering, which by the optical theorem
proportional to the imaginary part of the forward (t50) elas-
tic amplitude:

s tot
pp~s!5

8p

s
Im App~s,t50! ~10!

52E d2b ReGpp~s,b!. ~11!

Finally, taking the difference of Eqs.~11! and ~8!, one ob-
tains a representation of the inelastic~total minus elastic! pp
cross section as an integral over impact parameters:

s in
pp~s![s tot

pp~s!2sel
pp~s!

5E d2b@2 ReGpp~s,b!

2uGpp~s,b!u2#. ~12!

The integrand of Eq.~12! represents the distribution of th
cross section for generic inelastic collisions~i.e., summed
over all inelastic final states! over impact parameters. It i
convenient to define a normalizedb distribution as

Pin~s,b!5
2 ReGpp~s,b!2uGpp~s,b!u2

s in~s!
. ~13!

For a quantitative estimate of this distribution we can u
phenomenological parametrizations of thepp elastic scatter-
ing amplitude, which fit the presently availablepp elastic
data at collider energies. The results obtained with the
rametrization of Islamet al. @9# ~‘‘diffractive’’ part only ! are
presented in Fig. 3, for energies corresponding to RHIC
the LHC. It should be noted that the predictions for LHC a
based on extrapolation of fits to the presently available d
over nearly two orders of magnitude ins. The biggest uncer-
tainty in the extrapolation appears to be due to the uncert

ties in the measurement ofs tot
p̄p at the Tevatron and the lim

ited range of t covered in the collider measurements
elasticp̄p scattering.

In principle one should include here also effects of inel
tic diffraction. However, this contribution should be rath
small at LHC energies due to the blackening of interacti
see Ref.@10# for a recent review. Besides this, one expe
that a significant part of inelastic diffraction att,0 is due to
the spin flip amplitudes@11#.
0-3
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III. TRANSVERSE SPATIAL DISTRIBUTION
OF HARD PARTONS IN THE NUCLEON

We shall now review what is known about the transve
distribution of hard partons in the nucleon. Based on this,
shall later proceed to estimate the impact parameter distr
tion in pp collisions with hard dijet production.

Numerous measurements of hard inclusive scattering
cesses~DIS, Drell-Yan pair production! have produced a
rather detailed picture of the longitudinal momentum dis
bution of partons in the nucleon. The study of the transve
spatial distribution of partons is still at a much more prim
tive stage. Information about the transverse spatial distr
tion of gluons is contained in the so-called two-gluon fo
factor of the nucleon, which parametrizes thet dependence
of the ~generalized! gluon distribution in the nucleon,

g~x,t;Q2!5g~x;Q2!Fg~x,t;Q2!, ~14!

where

Fg~x,t50;Q2!51, ~15!

and g(x;Q2) is the usual gluon distribution in the nucleo
We define the Fourier transform of this form factor as

Fg~x,r;Q2![E d2D'

~2p!2
ei (D'r)Fg~x,t52D'

2 ;Q2!,

~16!

where r is a two-dimensional coordinate variable, andr
[uru ~this variable is namedb in Ref. @12#; in this paper we
reserveb for the impact parameter vector of thepp collision!.

FIG. 3. The normalized impact parameter distribution for g
neric inelastic collisions,Pin(s,b), Eq. ~13!, obtained with the pa-
rametrization of the elasticpp amplitude of Islamet al. @9# ~‘‘dif-
fractive’’ part only!. The plot shows the ‘‘radial’’ distribution in the
impact parameter plane, 2pb Pin(s,b). The energies areAs
5500 GeV~RHIC! and 14000 GeV~LHC!.
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This function describes the spatial distribution of gluons
the transverse plane. It is normalized to unit integral over
transverse plane,

E d2rFg~x,r;Q2!51. ~17!

A measure of the transverse size of the nucleon for givex
andQ2 is the average ofr2 calculated with this distribution,
which is identical to 4 times thet slope of the two-gluon
form factor att50,

^r2&~x,Q2![E d2rr2Fg~x,r;Q2! ~18!

54
]

]t
Fg~x,t;Q2!u t50 . ~19!

For sufficiently smallx(&0.3) the parameterr can be inter-
preted as the distance of the parton from the center of m
of the nucleon in the transverse plane. For largerx the inter-
pretation of ther distribution becomes less intuitive, as
this case one can no longer neglect the difference betw
the longitudinal momentum of the spectator system and
of the whole nucleon. In the limitx→1 the active parton
would carry the entire longitudinal momentum of th
nucleon, and only soft partons would be left in the specta
system; see Ref.@13# for a discussion. This shall not concer
us here, since we shall be interested in the gluon distribu
at x<0.05, as relevant for hard dijet production in the cent
rapidity region~see below!.

At moderately smallx(*0.001), it is possible to obtain
information about the two-gluon form factor at a resoluti
scale ofQ0

2;2 –4 GeV2 from the analysis of exclusiveJ/c
photo~or electro! production off the nucleon@3#. It turns out
that for x*0.1 this form factor is significantly harder tha
the electromagnetic form factor of the nucleon. Thet depen-
dence of the cross section is well described by a dipole fo
factor @3#

Fg~x,t !5
1

~12t/mg
2!2

, ~20!

with a mass parameter

mg
2'1.1 GeV2@mr

2 ~x*0.1!. ~21!

The corresponding spatial distribution of gluons in the tra
verse plane, Eq.~16!, is given by

Fg~x,r!5
mg

2

2p S mgr

2 DK1~mgr!, ~22!

where K1 denotes the modified Bessel function. Note th
this function is positive, in agreement with the general po
tivity condition for the transverse coordinate-depend
gluon density, derived in Ref.@14#. The averagêr2& corre-
sponding to this distribution is inversely proportional to t
mass parameter squared,

-

0-4
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^r2&5
8

mg
2

. ~23!

Numerically, the value~21! amounts to

^r2&'0.28 fm2 ~x*0.1!, ~24!

which is a factor of;1.5 smaller than the proton’s ‘‘trans
verse electric charge radius squared,’’ (2/3)^r 2&em.

For smaller values ofx(0.01&x&0.1) the transverse glu
onic size of the nucleon starts to increase. This can be
plained semiquantitatively by the kicking in of contribution
from the pion cloud of the nucleon, which are suppressed
x.Mp /MN @12#, see Fig. 4. The analysis ofJ/c photopro-
duction data has shown that the size keeps growing also
x&0.01 @15#. In all, the rate of the increase of the gluon
size betweenx;1022 and 1023 is about a factor of two
smaller than that of the total cross section, which is dom
nated by soft physics~see Sec. II!:

1

4

]^r2&
] ln~1/x!

[ahard8 '0.125 GeV22

~x51023–1022!, ~25!

which should be compared with Eq.~2!. We can parametrize
the x dependence of̂r2&, at the scaleQ0

2 probed inJ/c
production, by combining this experimentally determin
rate of increase with our model estimate of^r2& ~constant
plus pion cloud contribution! at x50.1, ^r2&50.31 fm2

@12#. This amounts to the parametrization

FIG. 4. Our model for thex dependence of the average tran
verse gluonic size squared of the nucleon,^r2& at the scaleQ0

2

52 –4 GeV2 relevant toJ/c production.Short-dashed line: ^r2&
50.28 fm2, as extracted from thet-slope of theJ/c production
cross section measured in various experiments@3#. Long-dashed
line: Sum of the constant valuêr2&50.28 fm2 and the pion cloud
contribution calculated in Ref.@12#. Solid line:The parametrization
Eq. ~26!, based on the experimental value ofahard8 , Eq. ~25! @15#.
11401
x-

r

or

-

^r2&~x,Q0
2!5maxH 0.31 fm210.0194 fm2 ln

0.1

x
,

0.28 fm2.
~26!

This simple form fits well thex dependence of̂r2& due to
pion cloud contributions in the region 0.01<x<0.1, as cal-
culated in Ref.@12#, see Fig. 4, and continues it down t
smaller values ofx using the experimentally measured rate
increase.

For our estimates of the probability of hard multijet pr
duction we need to model not only the average transve
size of the nucleon, but the full transverse spatial distribut
of gluons. For simplicity, we shall assume that at the sc
Q0

2 ther distribution at all relevantx can be described by th
Fourier transform of a dipole form factor, cf. Eq.~22!, but
with an x-dependent mass parameter. This parameter is
uniquely determined by the value of^r2&, as given by Eq.
~26!, via Eq. ~23!. This defines our model of thex- and
r-dependent distribution of gluons at the scaleQ0

2.
We are interested in ther-dependent gluon distribution a

large virtualities, corresponding to hard dijet production
LHC. This requires to take into account the effect of DGLA
evolution on ther-dependent distributions. TheQ2 evolution
of the parton distributions is diagonal inr. It degrades the
longitudinal momentum fractionsx of the partons, resolving
a parton with givenx into a collection of partons with
smallerx, while the transverse location of the new partons
practically the same as that of the ‘‘parent’’ parton provid
Q@1/r. Nevertheless,Q2 evolution does change ther pro-
file of the distributions at givenx. Generally speaking, evo
lution will reduce the rate of broadening of the distributio
with decreasing ofx. This happens because with increasi
Q2 the parton distributions at the high scale become sens
to the input distribution at the low scaleQ0

2 at larger and
largerx values, where their transverse size becomes sma

We have studied numerically the leading-orderQ2 evolu-
tion of our model of ther-dependent gluon distribution a
the scaleQ0

2 cf. Eqs. ~22!, ~26! and ~23!, employing the
numerical method described in Ref.@16#. We have used the
Glück-Reya-Vogt leading-order parametrization@17# to de-
scribe the total~integrated overr) gluon and singlet quark
distributions at the input scaleQ0

2 and modeled theirr pro-
file as described above. The value of the input scale we h
taken asQ0

253 GeV2, which is the central value of the
range of scales associated withJ/c photoproduction. For
simplicity we assume identicalr profiles for the gluon and
singlet quark distributions at the input scale. The results
the DGLAP evolution of ther-dependent gluon distribution
are shown in Figs. 5 and 6. Figure 5 shows the normalizer
profile, Fg(x,r;Q2), cf. Eq. ~16!, corresponding to the dis
tribution after evolving to the higher scaleQ2, for the value
x51023. Figure 6 shows theQ2 dependence of the averag
size squared,̂r2&, as induced by DGLAP evolution, for val
ues of x51022,1023 and 1024. The corresponding curve
for the singlet quark distribution would be qualitatively sim
lar. One can see that the effect of transverse broadenin
the gluon distribution with decreasingx, which is rather
0-5
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FRANKFURT, STRIKMAN, AND WEISS PHYSICAL REVIEW D69, 114010 ~2004!
small already at the initial resolution scale, is further reduc
at the scale relevant for the LHC kinematics (Q
>20 GeV).

Figure 5 demonstrates that the deviations of ther profile
from the dipole shape at the initial scale, Eqs.~22!, due to
DGLAP evolution are very small. This suggests a simplifi
parametrization of the combinedQ2 andx dependence of the
r profile of the gluon distribution, in which the dipole shap
is assumed to hold at allQ2 ~and x), and theQ2 ~and x)
dependence is entirely ascribed to the mass parametermg

2 .
We fit the combinedQ2 and x dependence of̂r2& due to

FIG. 5. The change of the normalizedr profile of the gluon
distribution, Fg(x,r;Q2), Eq. ~16!, with Q2, as due to DGLAP
evolution, forx51023. The input gluon distribution is the Glu¨ck-
Reya-Vogt parametrization atQ0

253 GeV2, with a dipole-typer
profile, Eq.~22!, of size determined by the parametrization Eq.~26!.

FIG. 6. The change of the average transverse gluonic
squared,̂ r2&, due to DGLAP evolution, forx51022, 1023 and
1024.
11401
d

DGLAP evolution in the regionQ0
2<Q2<106 GeV2, as

shown in Fig. 6, by the simple two-parameter form

^r2&~x,Q2!5^r2&~x,Q0
2!S 11A ln

Q2

Q0
2D 2a

, ~27!

whereQ0
253 GeV2, ^r2&(x,Q0

2) is defined by Eq.~26!, and

A51.5, a50.0090 ln
1

x
. ~28!

For eachx andQ2, this value of̂ r2& defines a dipole mas
parametermg

2 via Eq. ~23!. Our model for ther-dependent
gluon distribution is then given by the Glu¨ck-Reya-Vogt
leading-order parametrization for the total distribution at t
scaleQ2, times the normalized dipoler profile, Eq. ~22!,
with this mass parameter. This parametrization has the
rect Q2 dependence of the transverse size is ‘‘built in,’’ r
moving the need to perform explicit DGLAP evolution of th
r-dependent distributions, which is very convenient for t
following studies.

IV. IMPACT PARAMETER DISTRIBUTION FOR A HARD
MULTIJET TRIGGER

Using the information about the transverse distribution
partons in the proton, we can now investigate the imp
parameter dependence of the cross section for inelastic
lisions with production of two jets in the central rapidit
region. In particular, we shall show that a trigger on ha
dijet events allows to reduce the effective impact parame
of pp collisions as compared to generic inelastic collisio
studied in Sec. II.

We consider the production of two jets~with equal but
opposite transverse momentum! in a binary parton-parton
collision. The resolution scale is given by the transverse m
mentum squared of one of the jets,q'

2 . The momentum frac-
tions of the two colliding partons with respect to their pare
protons,x1 andx2, can be reconstructed from the measur
energy and momenta of the two jets. Four-momentum c
servation implies for the scattering at 90° at the center
mass of two partons

x1x25
4q'

2

s
, ~29!

where 4q'
2 is the invariant mass squared of the two-jet sy

tem. In the following we shall be interested in two jets ne
zero total rapidity, which requires

x1'x2 . ~30!

Under this condition the momentum fractions are complet
fixed by Eq. ~29!. In the following we consider the dije
production due to collision of two gluons, since such p
tonic collisions give the dominant contribution to the tot
cross section. The probability for a binary collision of tw
gluons is proportional to the product of the gluon densities
transverse space in the two colliding protons, taking in

e

0-6
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account that their transverse centers are separated by a
tanceb—the impact parameter of thepp collision; see Fig. 7.
This implies that the distribution of the cross section for su
events over the impact parameterb is given by

P2~b![E d2r1E d2r2d (2)~b2r11r2!

3Fg~x1 ,r1!Fg~x1 ,r2!, ~31!

wherex152q' /As, cf. Eqs.~29! and ~30!, and the scale of
the gluonr profiles isq'

2 . This distribution is normalized
such that the integral over allb is unity. Since it has the form
of a convolution in the parton transverse positions, it can a
be expressed as the Fourier transform of the square of
two-gluon form factor, Eq.~20!. In particular, for the two-
gluon form factor of dipole form, Eq.~22!, used in our model
of the r-dependent gluon distribution~see Sec. III! one ob-
tains

P2~b!5
mg

2

12p S mgb

2 D 3

K3~mgb!, ~32!

wheremg should be substituted by the value correspond
to x152q' /As andQ25q'

2 , see Eq.~27!.
Figure 8 shows the distributionP2(b) for a center-of-

mass energy ofAs514000 GeV~LHC!, and two values of
the jet momentum,q'510 GeV and 100 GeV. One sees th
the distribution is rather insensitive to the precise value
the jet momentum. This can be explained by the relativ
slow decrease of̂r2& with increasingx andQ2. The average
values of impact parameter squared,^b2&, calculated with
these distributions, is 0.71 fm2 for q'510 GeV and
0.63 fm2 for q'5100 GeV.

In Fig. 8 we assume production of a two-jet system
zero rapidity, cf. Eq.~30!. If we considered instead a two-je
system at some nonzero rapidity,y, the ~anyway weak! de-
pendence of ther distributions in Eq.~31! on x1 and x2
would work in opposite directions, leading to an extreme
weak dependence of our results on the rapidity of the p
duced system over a wide range ofy.

FIG. 7. Illustration of the overlap integral of parton distributio
in the transverse plane, defining theb distribution for binary parton
collisions producing a dijet, Eq.~31!.
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In Fig. 9 we compare theb distribution for the hard dijet
trigger,P2(b) ~solid line!, with theb distribution for generic
inelastic events,Pin(s), estimated in Sec. II. The short
dashed line in Fig. 9 shows the distributionPin(s) obtained
from the parametrization of the elasticpp amplitude of Islam
et al. @9# ~‘‘diffractive’’ part only !. Shown are the results fo
As514000 GeV~LHC!, 1800 GeV~Tevatronp̄p), and 500
GeV ~RHIC!. A momentum ofq'525 GeV was assumed fo
the dijet trigger. One sees that in all cases theb distribution
for dijet events is much narrower than the one for gene
inelastic collisions. The corresponding averages^b2& are
given in Table I. The averagêb2& for the hard dijet trigger
rises much more slowly withs than for generic inelastic col
lisions, which are dominated by soft physics. Thus, the
duction in effective impact parameters due to the dijet trig
is most pronounced at LHC energies, where^b2& is reduced
to ;1/4 its value for generic inelastic collisions.

A further reduction of the effective impact parameters c
be achieved by a trigger on events with two dijets, i.e., t
binary hard parton collisions~such processes can be eas
distinguished from the leading twist 2→4 processes in the
collider experiments; see, e.g., Ref.@7#!. It was estimated in
Ref. @18# that this reduceŝb2& by a factor of two as com-
pared to the single dijet trigger. In our approach, theb dis-
tribution for the double dijet trigger is given by

P4~b!5
P2

2~b!

E d2bP2
2~b!

. ~33!

For simplicity we assume here identicalx1 and q' for the

FIG. 8. Theb distribution for the trigger on hard dijet produc
tion, P2(b), obtained with the dipole form of the gluonb profile,
Eq. ~32!, for As514000 GeV andq'510 GeV and 100 GeV. The
plots show the ‘‘radial’’ distributions in the impact parameter plan
2pbP2(b). Also shown is the corresponding distribution for a tri
ger on double dijet production,P4(b), with the samep' .
0-7
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FIG. 9. Solid lines: bdistributions for the dijet trigger,P2(b), with q'525 GeV, as obtained from the dipole-type gluonr profile, Eq.
~32!. Long-dashed line: bdistribution for double dijet events,P4(b). Short-dashed line: b distribution for generic inelastic collisions
obtained from the parametrization of the elasticpp amplitude of Islamet al. @9# ~‘‘diffractive’’ part only !, cf. Fig. 3. Shown are the result

for As514000 GeV~LHC!, 1800 GeV~Tevatron p̄p), and 500 GeV~RHIC!. The plots show the ‘‘radial’’ distributions in the impac
parameter plane, 2pbP(b).
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two dijets; the definition could easily be generalized to all
for different values. For the two-gluon form factor of dipo
form, Eq. ~22!, this becomes

P4~b!5
7mg

2

36p S mgb

2 D 6

@K3~mgb!#2, ~34!

where againmg should be substituted by the value corr
sponding tox152q' /As andQ25q'

2 , see Eq.~27!. Figure
8 shows that theb distribution for the double dijet trigger
11401
P4(b), is equally insensitive to the precise value ofq' as
that for the dijet trigger,P2(b). The comparison in Fig. 9
and Table I shows that the double dijet trigger allows fo
further reduction of the effective impact parameters by a f
tor of ;2.5 compared to the dijet trigger.

In calculatingP4(b) we have made the assumption th
the gluons are not correlated in the transverse plane. To
this assumption we can compare the rate of double dijet p
duction in our model to the one which is observed in t
CDF experiment@7#. The ratio of the cross section of doub
dijet events and the square of the single dijet cross sectio
proportional to@7,19#
0-8
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seff5F E d2bP2
2~b!G21

. ~35!

In our calculation we findseff534 mb, which should be
compared withseff514.561.722.3

11.7 mb reported by CDF as
suming that there is no correlations in the longitudinal d
tribution of partons.~In Ref. @19# seff;30 mb was obtained
assuming that the parton distribution is similar to that
valence quarks, a hypothesis resembling the conclusion
derived from the leading twist analysis of theJ/c elastic
photoproduction@3#.! A factor of two difference between th
theoretical number and the data may indicate that there
significant transverse correlations in the parton density at
resolution scale ofQ>5 GeV probed by CDF. Such corre
lations could result, for example, due to the DGLAP evo
tion from a low Q2 scale of a couple GeV2 to Q
;25 GeV2, since the partons emitted in the course of t
evolution would have small transverse separation~the so-
called ‘‘hot spots’’ of Ref.@20#!. Assuming that the differ-
ence between the uncorrelated model and the data is du
suchlocal correlations in bwe would obtain ab distribution
for the double dijet trigger approximately as

P4,corr~b!'P2~b!
seff~model!2seff~CDF!

seff~model!

1P4~b!
seff~CDF!

seff~model!
, ~36!

where P2(b) and P4(b) are the above uncorrelated mod
estimates. It is clear from the inspection of Fig. 9 that t
still corresponds to a large reduction~by a factor;1.5) of
the effective impact parameters with the double dijet trig
as compared to the single dijet trigger.

It should be noted that the jet cross sections discus
here are sensitive to the choice of ‘‘primordial’’ transver
momentum distribution of the colliding partons, to highe
order radiative corrections, and to the jet definition adopt
To our knowledge, the same procedure was used in analy
single and double dijet events in Ref.@7# ~one of the jets was
taken to be a photon for simplicity!, so most of these effect
should cancel in the cross section ratio. An additional sou
of uncertainty is the correlation of the soft background
hadron production with the centrality of thepp event, as
discussed in Sec. VI. A quantitative study of parton-par
correlations certainly requires a more careful investigation
these effects.

To summarize, we have demonstrated that a trigger
events with~one or more! dijets near zero rapidity strongl

TABLE I. The average impact parameter squared,^b2&, corre-
sponding to theb distributionsP2(b),P4(b), andPin(b), shown in
Fig. 9.

Facility As/GeV ^b2&2 /fm2 ^b2&4 /fm2 ^b2& in /fm2

LHC 14000 0.67 0.26 2.7
Tevatron 1800 0.63 0.24 1.8
RHIC 500 0.59 0.23 1.43
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reduces the effective impact parameters inpp collisions at
LHC energies. Such a trigger can thus be used as a ‘‘cen
ity filter.’’ This is of considerable practical interest, as th
characteristics of the final state strongly depend on the c
trality of the pp collision.

V. APPROACHING THE BLACKBODY LIMIT
IN CENTRAL pp COLLISIONS

An interesting feature of centralpp collisions at high en-
ergies is that large-x partons (x>0.01) in one nucleon pas
through a strong gluon field in the other nucleon. This fie
can become so strong that the interaction of the parton w
the other nucleon approaches the blackbody limit~BBL!, in
which the probability for inelastic scattering becomes un
and the cross section becomes comparable to the trans
size of the strong gluon field. This phenomenon would ha
dramatic consequences for particle production in the forw
region ~dilepton production, hadron multiplicities and tran
verse momentum distributions!, which have become the sub
ject of intensive theoretical investigation. In this section w
want to quantify the proximity to the BBL forppcollisions at
LHC energies. Specifically, we want to show how a trigg
on hard dijet~or multijet! production, which reduces the e
fective impact parameters inpp collisions, greatly increase
the region~in the momentum fraction,x, and the virtuality,
Q2) in which partons experience interactions close to
BBL. For a recent review of approaches to ‘‘taming’’ th
growth of parton densities at smallx, based on the impac
parameter eikonal approximation and the leading-logx ap-
proximation, see Refs.@21#.

To simplify the discussion, we consider instead of t
scattering of a colored parton the scattering of a small co
singlet dipole off the other nucleon. This is in the spirit of th
dipole picture of high-energy scattering of Mueller@22#. The
distribution of the inelastic and elastic cross sections,s in

dp

andsel
dp , over the dipole-proton impact parameter,r, can be

expressed in terms of the profile function of the dipo
nucleon elastic scattering amplitude,Gdp(s,r) ~cf. Sec. II!:

s in,el
dp ~s!5E d2rs in,el

dp ~s,r!, ~37!

with

sel
dp~s,r!5uGdp~s,r!u2, ~38!

s in
dp~s,r!52 ReGdp~s,r!2uGdp~s,r!u2. ~39!

The functionss in,el
dp (s,r) are dimensionless and can be inte

preted as the ‘‘cross sections per unit transverse area.’’ If
target proton were a ‘‘black’’ disk of radiusR, the probability
for a dipole hitting the target to undergo inelastic scatter
would be unity, and one would haves in

dp(s,r)51 for r
,R. This would imply

Gdp~s,r!51 for r,R. ~40!

From Eq. ~38! it follows that in this case the elastic cros
section would also be unity,
0-9
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sel
dp~s,r!51 for r,R, ~41!

and thus the total~elastic plus inelastic! cross section would
be twice the inelastic one. For realistic interactions, one m
say that the proton becomes black ifGdp(s,r) approaches
unity in a certain region of impact parameters. In the follo
ing we shall use this criterion to quantify the approach
dipole-nucleon interactions to the BBL. A similar approa
was used in Ref.@23# to study the proximity ofg* N scatter-
ing to the BBL.

For small dipole sizes the cross section for inelas
dipole-nucleon scattering at fixed impact parameterb is
given by the leading-twist perturbative QCD express
@24,25#

s in,LT
dp ~s,r!5

Cp2

3
d2as~Q2!x8g~x8,r;Q2!. ~42!

HereC is a color factor,

C5H 1, 33̄ dipole,

9/4, 88 dipole,
~43!

d is the dipole size,as(Q
2) the leading-order QCD running

coupling,

as~Q2!5
4p

b0 ln~Q2/LQCD
2 !

, ~44!

b0[
11

3
Nc2

2

3
Nf ~45!

(LQCD is the scale parameter!, and g(x,r;Q2) the impact
parameter-dependent leading twist gluon density in
nucleon,

g~x8,r;Q2![g~x8,Q2!Fg~x8,r;Q2!, ~46!

where g(x8,Q2) is the usual ~total! gluon density and
Fg(x8,r;Q2) the normalizedr profile, Eq. ~16!. The scale
parameterQ2 in as and the gluon density is related to th
dipole size by

Q25
l

d2
, ~47!

wherel is a dimensionless parameter whose value is to
determined from phenomenological considerations. A va
of l59 setsd equal to the average dipole size contributi
to the longitudinal photon-nucleon cross section at largeQ2;
we shall use this value ofl in the following. The gluon
momentum fraction probed in inelastic dipole-nucleon sc
tering is determined by the invariant mass squared of
produced system,M2,

x85
M21Q2

s
. ~48!
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Here we have in mind generic inelastic production withM2

;Q2, so we take

x8'
2Q2

s
52x ~49!

as the argument for the gluon distribution. In the followin
we shall regard the cross section viz. the profile function a
function ofx5Q2/s and the dipole-proton impact paramete
r.

Comparing Eqs.~39! and ~42! we obtain an equation fo
the profile functionG ~regarded now as a function ofx and
r) corresponding to the leading-twist QCD result. If we a
sume the elastic amplitude to be imaginary, i.e.,G to be real,
we obtain

2Gdp2~Gdp!25s in,LT
dp . ~50!

The relevant solution of this quadratic equation is

Gdp~x,r!512A12s in,LT
dp ~x,r!. ~51!

Note that this solution implies thatGdp→0, and thussel
→0 @cf. Eq. ~38!#, for s in,LT→0, i.e., in the limit of small
dipole size. For the corresponding solution with the ‘‘1’’
sign in front of the square root the elastic cross section wo
tend to a constant value for zero dipole size.

We evaluate the leading-twist expression for the inela
88 dipole-nucleon cross section~42! with the model for the
r-dependent gluon distribution described in Sec. III based
the dipole form factor withx- and Q2-dependent mass pa
rameter. Figure 10 shows the profile functionGdp(x,r) ob-
tained from Eq.~51! for valuesx51022, 1023 and 1024,
andQ25100, 50 and 20 GeV2; the dipole size in each cas
is determined asd25l/Q2 with l59. The results clearly
show the approach to the BBL for decreasingx ~as a result of
the growth of the gluon density! and/or decreasingQ2 ~as a
result of the increasing dipole size!. Note that the results for
the profile function shown here are physically meaning
only in the region of impact parameters whereGdp is signifi-
cantly less than unity; forGdp;1 the simple leading-twist
formula for the inelastic dipole-nucleon cross section, E
~42!, breaks down. In other words, the figures should be r
as indicating theregion in impact parameterfor which the
cross section approaches the BBL, rather thanhow it is ap-
proached once the interaction is sizable. An objective m
sure of the size of this region is the value ofr at whichGdp

exceeds a certain critical value,Gcrit ,

Gdp~x,r!>Gcrit
dp for r,rcrit . ~52!

Figure 11 showsrcrit as a function ofx, and for the above
values ofQ2, for Gcrit

dp50.5. This value ofGdp corresponds to
a probability of having no inelastic interaction of only 0.2
cf. Eq. ~39!, which is a reasonable guideline. In Fig. 11
value of rcrit50 implies thatGdp(x,r) is smaller thanGcrit

dp

for all values ofr; even in the center of the nucleon whe
the gluon density is maximum (r50).

We now turn to the question under which conditions
proton-proton collisions a parton in one proton will intera
0-10
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FIG. 10. The profile function for elastic dipole-nucleon scattering,Gdp(x,r), obtained from Eq.~51! with the inelastic cross section give
by the leading-twist expression, Eq.~42!. Shown are the results for an 88 dipole withQ25100 GeV2 ~upper left panel!, 50 GeV2 ~upper
right panel!, and 20 GeV2 ~lower left panel!, for various values ofx.
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with the gluon field in the other proton near the BBL. Th
probability for this to happen depends on the transverse
sition of the parton relative to the center of its parent prot
r1, as well as the impact parameter of the proton-pro
collision. An interesting measure is the total probability f
partons in one proton with given momentum fractionx and
virtuality Q2 ~but arbitrary transverse position! to interact
with the other proton near the BBL. It is given by the overl
integral of the normalized transverse spatial distribution
the partons in their parent proton~shifted by the impact pa
rameter vector,b), with the characteristic function of th
‘‘black’’ region in the other proton,Q(r1,rcrit),

Pblack~b![E d2r1Q~r1,rcrit!Fg~x,r2!

~r2[ur12bu!. ~53!
11401
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This integral measures the fraction of the partons with giv
x and Q2 which hit the other proton in the ‘‘black’’ centra
region. Herercrit depends onx andQ2, see above. Generally
the probabilityPblack(b) is maximum for central collisions
(b50) and decreases with increasingb. Note that if the tar-
get proton were a ‘‘black’’ disk of radiusR, and the parent
proton of the parton a disk of same size,Pblack would be
unity at b50. Figure 12 showsPblack(b) for partons with
virtuality Q2520 GeV2 and different values ofx.

In actual hadron-hadron collisions, the parton whi
probes the gluon field in the other proton is resolved by
hard collision with a parton in the other proton, resulting
hadron production; see Fig. 2. LetxR be the momentum frac
tion of the resolving parton. Production of hadrons w
transverse momentump' then resolves partons with momen
tum fraction@cf. Eq. ~1!#
0-11
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FRANKFURT, STRIKMAN, AND WEISS PHYSICAL REVIEW D69, 114010 ~2004!
x5
4p'

2

xRs
~54!

and virtuality

Q254p'
2 . ~55!

We are interested in partons with relatively largexR
(;1021), which are able to resolve small-x partons in the
other proton whose interactions are close to the BBL. G
erally speaking, largep' select partons with largex and large
Q2, for which interactions close to the BBL are unlikel
Thus, the probability of interactions close to the BBL d
creases with increasingp' . On the other hand, a certai
minimum value of the parton virtuality,Q2, and thus ofp' ,
is required for the concept of parton resolution by jet p
duction to be applicable. Thus, it is crucial to establish t
there is a ‘‘window’’ in p' in which one is sensitive to BBL
effects while at the same time the partonic description is
applicable.

An important quantity is the maximum value ofp' ~for
givenxR) for which the resolved parton sees the other pro
as ‘‘black.’’ We can estimate this maximump' with the help
of the probabilityPblack introduced in Eq.~53!. For given
xR , and given impact parameterb, we ask for the maximum
value of p'

2 for which Pblack(b) exceeds a certain critica
value:

Pblack~b!.Pcrit for p'
2 ,p',BBL

2 . ~56!

Figure 13 showsp',BBL
2 corresponding to the criterion tha

Pblack(b).0.5, as a function of the impact parameter of t
proton-proton collision,b. One sees that the maximump'

drops rapidly with increasingb. @For b*1 fm the maximum

FIG. 11. The critical value of impact parameter,rcrit , for which
the profile function of elastic dipole-nucleon scattering,Gdp(x,r),
exceeds the valueGcrit

dp50.5, cf. Eq.~52!. Herercrit is shown as a
function ofx. A value ofrcrit50 implies thatGdp(x,r),Gcrit

dp for all
values ofr. Shown are the results for an 88 dipole; theQ2 values
are the same as in Fig. 10.
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value of p'

2 defined according to Eq.~56! becomes
,1 GeV2 and thus physically meaningless.# For central col-
lisions, b,0.5 fm, the values ofp',BBL

2 are larger than
10 GeV2, so that the underlying leading-twist approximatio
is well justified. For such impact parameters it is possible
explore the properties of the BBL using resolved hard p
tons as a well-defined probe.

Strictly speaking, the scattering of the small-x parton in
one proton with the large-xR parton in the other proton oc
curs at finite c.m. angles, and thus leads to a loss of lig
cone fraction for the large-xR parton. This effect should be
included in a more accurate treatment.

The above results clearly show that in order to explore
BBL with partons resolved in backward or forward jets as

FIG. 12. The probability for partons in one proton with givenx
andQ2 to interact with the other proton near the BBL, as defined
Eq. ~53!, as a function of the impact parameter of the proton-pro
collision, b. Shown are the results forx51024 ~upper panel! and
x51025 ~lower panel!, for Q2510, 20 and 30 GeV2.
0-12
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DIJET PRODUCTION AS A CENTRALITY TRIGGER . . . PHYSICAL REVIEW D 69, 114010 ~2004!
probe one needs to limit the effective impact parameter
thepp collisions. Here the idea of using hard dijet producti
at central rapidities as a ‘‘centrality filter,’’ developed in Se
IV, comes in. Assuming that the simultaneous production
central and forward or backward jets can be described in
herently, i.e., in a probabilistic manner, the probability f
interactions near the BBL in events with hard dijet produ
tion is given by the average of the impact paramet
dependentp',BBL distribution of Fig. 13 with the effectiveb
distribution implied by the hard dijet trigger,P2(b), see Sec.
IV:

^p',BBL
2 &2[E d2bp',BBL

2 ~b!P2~b!. ~57!

A similar definition applies to the double dijet trigger withb
distribution P4(b). For the LHC energy,As514000 GeV,
and a dijet trigger with momentump'525 GeV, cf. Fig. 9,
the average values ofp',BBL

2 obtained from Fig. 13 are
shown in Fig. 14~solid line! as a function of the resolving
parton’s momentum fraction,xR . Also shown are the corre
sponding averages with a double dijet trigger with the sa
p' ~dashed line!. One sees that the average values ofp',BBL

2

are all@1 GeV2, i.e., in the region where our assumption
resolved hard partons is well justified. What is equally i
portant, theb distributions implied by the hard multijet trig
ger suppress the contributions from large impact parame
b*1 fm, where p',BBL

2 drops below;1 GeV2, meaning
that the gluon density seen by the small-x partons is so low
that the BBL is never reached in the region where our
proximations are justified. For the above dijet trigger, t

FIG. 13. The maximum value of the jet transverse moment
squared,p',BBL

2 , for which a small-x parton in one proton, resolve
in a collision with a large-xR parton in the other proton, interact
with the other proton close to the blackbody limit~BBL!, as a
function of the impact parameter of the proton-proton collision,b.
The criterion for proximity to the BBL isPblack(b).1/2; see Eq.
~56!. Shown are the results forxR50.1, 0.2 and 0.3.
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fraction of events withb so large thatp',BBL
2 (b),1 GeV2 is

no larger that;10% forxR>0.1; for the double dijet trigger
it drops to ;1%. In contrast, for generic inelastic even
without the hard multijet trigger, theb distributions of Fig. 9
show that a significant fraction of events would involveb
values for which our perturbative treatment would not
justified. In this sense, the possibility to control the effecti
impact parameters in thepp collisions by way of the hard
multijet trigger is more than just an enhancement of oth
wise well-defined contributions—it is crucial for the ver
applicability of the estimates presented here.

The above estimates are based on the interaction of co
octet ~88! dipoles, corresponding to gluon partons, with t
gluon field of the other proton. They can easily be extend
to the case of color-triplet (33)̄ dipoles, corresponding to
quark partons; see Eq.~42! and after. In particular, one find
that in this case the values of^p',BBL

2 & are approximately 0.5
times the values for gluons over the range ofxR shown in
Fig. 14, for both the dijet and the double dijet trigger.

It is worth noting that our estimate allows to avoid doub
counting due to multiple rescattering at the virtualities mu
smaller than the BBL. At the same time, it neglects an ad
tional broadening due to the hard scattering at scales so
what larger than BBL.

VI. FINAL STATE PROPERTIES
FOR CENTRAL pp COLLISIONS

We have seen that the probability for partons in one p
ton to interact with the other proton near the BBL is grea
increased by a trigger on hard dijet production, which acts
a centrality filter. We now outline the consequences of su

FIG. 14. The average value ofp',BBL
2 , cf. Fig. 13, over impact

parameters of the proton-proton collisions, Eq.~57!, as a function of
the resolving parton’s momentum fraction,xR . Shown are the av-
erages computed with the impact parameter distribution co
sponding to the hard dijet trigger,P2 ~solid line!, and the double
dijet trigger, P4 ~dashed line!, for As514000 GeV and dijet mo-
mentump'525 GeV, cf. Fig. 8.
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interactions close to the BBL for the final state of the ha
ronic collision.

Generally speaking, partons propagating through a str
gluon field get transverse momenta of the order of the m
mum transverse momentum for which the interaction
mains black,p',BBL , cf. the discussion in Refs.@26–29#.
This value of transverse momentum is~approximately! re-
lated to the maximumQ2 at which the BBL is still valid as

p',BBL'QBBL/2, ~58!

assuming that in the hard interaction a system with mas
the order ofQ is produced. This relation can also be e
pressed as

p',BBL'
Al

2d
5

3

2d
, ~59!

whered is the dipole size, cf. Eq.~47!. It is interesting that a
similar numerical estimate follows from the uncertainty re
tion: Regardingd as conjugate top' of the parton in the
dipole one obtainsp',BBL'p/(2d). Note that our definition
of the BBL scale,QBBL , is different from the saturation scal
Qs of the color glass condensate picture; nevertheless
two scales are numerically comparable.

We have seen that in the central collisions selected by
‘‘centrality trigger’’ the maximum transverse momen
squared,p',BBL

2 , are@1 GeV2; cf. Fig. 14. This allows us
to describe the hadronization of these partons assuming
dependent fragmentation. In this approximation, the differ
tial cross section for the semi-inclusive production of a giv
hadronh, characterized by its rapidity relative to the pare
proton of the resolving parton, logz, and transverse momen
tum, k' , is given by@28#

z
dspp→hX

dzd2k'

5 (
i 5q,g

E d2q'd2l'E
z

1

dx
x

z
d (2)~ l'1~z/x!q'

2k'! f i /p~x,QBBL
2 !Di /p~z/x,l' ,QBBL

2 !c~q'!.

~60!

Here f i /p(x,Q2) is the leading-twist parton (i
5quark, gluon) distribution in the proton,c(q') the trans-
verse momentum distribution of the partons after pass
through the strong gluon field, which can be estimated
various models~see, e.g., Ref.@27#!, and Di /h the parton
fragmentation function. Here we make the natural assu
tion, in line with the discussion above, that the small-x par-
tons are resolved at the scaleQ25QBBL

2 , i.e. that the factor-
ization scale is given by the maximal virtuality at which th
interaction is close to the BBL. In Ref.@28# a similar ap-
proach was applied to particle production in central prot
nucleus collisions. We stress that the approximation of in
pendent fragmentation is justified for sufficiently larg
values ofz ~leading hadrons!; the relevant range inz grows
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with the transverse momentum of the produced hadrons.
small z coherence effects need to be taken into account,
Ref. @30# for a discussion.

In the BBL, estimates based on Eq.~60! should be re-
garded as an upper bound for the spectrum of leading
ticles, since in the case of large-angle scattering a parton
actually convert into two high-p' partons with, on average
equal light cone fractions, resulting in an even steeper d
of the leading hadron spectrum withz. This is what happens
in deep-inelastic scattering of a virtual photon in the BB
@26#. In our case we expect somewhat smaller suppres
due to this effect, because large impact parameters contri
to the process~although with small probability!, and in this
case much more forward particles would be produced. At
same time, the abovementioned trend of a steeper drop o
spectrum withz should be much more pronounced for larg
k' particles, since in collisions at large impact paramet
very few large-k' particles would be produced.

A detailed numerical investigation of hadron producti
in pp collisions based on Eq.~60! is beyond the scope of th
present paper. Here we only list some expectations for
qualitative properties of hadron production at large rapidit
which follow from independent fragmentation in the BBL:

~i! The leading particle spectrum will be strongly su
pressed compared to interactions far from the BBL. The s
pression will be especially pronounced for nucleons, so t
for z*0.1 the differential multiplicity of pions should excee
that of nucleons.

~ii ! The average transverse momenta of the leading
ticles will be *1 GeV/c.

~iii ! There will typically be no correlation between th
transverse momenta of leading hadrons, since they origi
from two different partons which have uncorrelated tran
verse momenta. Some correlations will remain, however,
cause two partons produced in collisions of small-x and
large-x partons may end up at similar rapidities.

~iv! For small impact parameters~which constitute a rela-
tively small fraction of the total inelastic cross section b
dominate in new particle production! a large fraction of the
events will have no particles withz>0.02–0.05. This sup-
pression will occur simultaneously in both fragmentation
gions, corresponding to the emergence of long-range rapi
correlations between the fragmentation regions. For stu
of this feature of the centralpp collisions it would be desir-
able to have good acceptance for both leading charged
neutral particles. This would allow one to measure the fr
tion of events without leading particles as a function of t
centrality of the collision.

~v! In the forward production of dimuons or dijets on
expects a broadening of the distribution over transverse
menta@31#, as well as a weaker dependence of the dimu
production cross section on the dimuon mass for masse<
few GeV @29#.

~vi! The background for heavy particle or high-p' jet
production should contain a significant fraction of hadro
with transverse momentap';p',BBL , originating from frag-
0-14
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mentation of partons affected by the strong gluon field. T
direction of the transverse momenta of these hadrons sh
be unrelated to the transverse momenta of the jets. This
nomenon will make it difficult to establish the direction
jets unlessp'(jet)@p',BBL .

In connection with particle production at large rapiditie
another interesting quantity to study will be the incident e
ergy dependence of the leading particlexF multiplicity with
the dijet ‘‘centrality trigger’’ for fixed values ofx1 andx2. In
the absence of the trigger this would correspond to the st
of usual Feynman scaling violations. In this case it is kno
that different impact parameters contribute, and that lead
particle production is predominantly a large impact para
eter phenomenon, which likely leads to a rather weak vio
tion of Feyman scaling. On the other hand, in the ‘‘con
tional multiplicity’’ with the centrality trigger small impac
parameters give the dominant contribution, and thus the s
pression of the forward spectrum should strongly incre
with energy.

The proximity to the BBL in centralpp collisions will
also lead to observable effects in particle production at sm
rapidities. One expects a significant increase of the multip
ity at small rapidities, because interactions in the BBL w
likely lead to generation of large color charges in the fra
mentation regions. Also, as we discussed in Sec. IV, the
duction of multiple minijets will be strongly enhanced. Su
an increase should in fact be present already at the Teva
collider, in events with a trigger on two-jet orZ0 production.
We are aware of only one study@32# which investigated the
correlation of the underlying event structure with the pr
ence of such a trigger. An increase of the multiplicity
small rapidities was indeed observed.

The detailed modeling of the phenomena outlined in t
section will require building a Monte Carlo event generat
accounting for the proximity of the spectator interactions
the BBL and for the new pattern of flow of color excitation

VII. CONCLUSIONS

In this paper we have demonstrated that a trigger on h
dijet production strongly reduces the effective impact para
eters inpp collisions at LHC and, to some extent, at Tevatr
energies. The possibility to select central collisions with
reasonable rate is of considerable practical importance.

We have argued that the structure of the final states
centralpp collisions at LHC energies will differ significantly
from that of minimal bias events. The reason is that in
central transverse region the interaction of hard partons w
the gluon field in the other proton approaches the unita
~blackbody! limit, leading to an enhancement of transver
momenta and depletion of longitudinal momenta in had
production at large rapidities.

The proposed centrality trigger offers new opportunit
for realistic studies of the physics of strong gluon fields
QCD. On the experimental side, it singles out central eve
for which the chances of reaching the BBL are maximiz
and its signatures in the final state can be clearly identifi
On the theoretical side, it quantitatively defines the region
transverse space in which one should expect deviations f
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DGLAP evolution due to unitarity effects. This informatio
should be incorporated in studies of nonlinear QCD evo
tion within the renormalization group approach; see, e
Ref. @33# and references therein. So far, such studies h
assumed infinite extension of the ‘‘dense gluon medium’’
the transverse plane. They have also neglected the cont
tions of large-x partons to the parton densities at smallx due
to logQ2 evolution, which are taken into account in our a
proach.

New heavy particles at LHC will be produced practica
only in central collisions, as can be selected with the p
posed hard dijet trigger. The fact that such collisions are a
the ones in which the interactions of hard partons reaches
BBL poses new challenges for the analysis of such eve
One needs to identify the signatures of new particle prod
tion on top of the very specific modifications of the final sta
implied by the BBL in the central region. This could impl
e.g., changes in the definition of jets due to the enhan
pedestal of soft hadrons and enhanced production of m
jets, as well as changes in the cuts necessary to defin
isolated lepton. Furthermore, the sizable ‘‘intrinsic’’p' of
the partons acquired from interactions with the strong glu
field may impose limits on the accuracy of the determinat
of the masses of produced heavy particles.

There is an interesting connection of thepp collisions at
LHC energies discussed here with cosmic ray physics n
the Greisen-Zatsepin-Kuzmin~GZK! cutoff, see Ref.@34# for
a recent review. The density of gluons through which a p
ton propagates in centralpp collisions at LHC energies is
comparable to the typical density encountered by a pro
near the GZK cutoff in collisions with air~i.e., light nuclei!.
Thus the BBL effects on forward particle production d
scribed above could have an impact on the energy spec
and composition of cosmic rays near the GZK cutoff.

Learning how hadron production depends on the imp
parameter of thepp collision will allow to address also othe
questions of strong interaction dynamics, not primarily
lated to the BBL. For example, it is often argued that eve
with large hadron multiplicities~a factor of>2 larger than
average! at small rapidities are due to collisions at sm
impact parameters, in which the soft parton clouds of
colliding protons overlap much stronger than in average c
lisions. Once the correlation between the centrality of
collision and the suppression of the forward spectra, etc.,
been established with the help of the dijet trigger, one wo
be able to check whether similar effects are present als
the high-multiplicity events, testing the hypothesis that the
are central collisions.

Finally, the comparison of our model estimate of the cro
section for double dijet production with the CDF data@7#
indicates that there may be significant spatial correlations
partons in the transverse plane. This interesting phenome
should be investigated further. Not only is it important f
possible extensions of the single dijet trigger to multiple di
production—it may also reveal interesting information abo
the structure of the nucleon at low scales, which genera
the parton distributions at the dijet production scale throu
Q2 evolution.
0-15
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