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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 coIIisionsﬁn 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 paxteri®(?) 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 with 102 interact with a gluon field whose strength rapidly
increases with energy. At LH@nd to some extent already at Tevajrenergies the strength of this interaction
approaches the unitarityblackbody”) 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 particlésliggs 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.
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I. INTRODUCTION (one or morg hard dijets near zero rapidity as a “centrality

trigger” for pp andpp collisions at Tevatron and LHC ener-

The differences between peripheral and central collisiongjies. At the LHC, such a trigger could be implemented with
play a crucial role in the physics of heavy ion collisions. In any of the central detectors. It will lead to a significant en-
pp collisions, a similar distinction can be made at the enerhancement of the production of hadrons at small rapidities
gies of the LHC and the Tevatron. This is possible because &ind drastic changes of the pattern of forward production,
the appearance of two separate transverse distance scalesy@iich could be probed, for example, by the TOTEM detector
high energies. On one hand, as predicted by Griddvthe  in combination with the CMS detector. Since the production
essential impact parameters in hadron-hadron collisions inof heavy particles, such as the Higgs boson or supersymmet-
crease with the energy. This has been observed, e.g., in ngc particles, is also greatly enhanced for central collisions,
merous experiments in elasfp scattering; see Ref2] for  such a program could have considerable impact on the
a review. On the other hand, the transverse spatial distribusearches for new particles at the LHC.
tions of hard partonéwith finite light-cone fractionx) in the Another important application of the proposed “centrality
colliding nucleons is only a weak function of For the
gluon distribution this has been verified experimentally in
studies of thet dependence of photoproduction of heavy
quarkonia off the nucleof3]. The two scales allow us to
classify pp collisions at collider energies. A schematic illus-
tration of this idea is given in Fig. 1. In collisions with large
impact parameters there will be essentially no overlap be- b
tween the hard partongFig. 13. Only partons withx
<102 will overlap with significant probability. These pe- . -------
ripheral events constitute a significatih fact, dominant
part of the total inelastic cross section. The production of
high p, jets, however, as well as of heavy particles, will be
strongly suppressed. At small impact parameters, however, @
the distributions of hard partons in the two colliding nucle- £ 1. schematic illustration of the two classespfcollisions
ons will overlap, and the probability of hard interactions will 4t high energies. The transverse spatial distributions of the hard
be greatly enhance(Fig. 1h. This difference between the partons ¢=102) is indicated by the dark shaded disks, those of
physics of soft and hard QCD procesges., with X;,X; of  the soft partons<10~2) by the light shaded diskd denotes the
the colliding partons=10"?) gives us an opportunity to dis- impact parameter of thep collision. (a) At large b no overlap
tinguish quantitatively between central and peripheral colli-between hard partons occutb) At small b the distributions of hard
sions at collider energies. partons overlap, leading to production of hard dij@tsd, possibly,

Specifically, we propose here to use the production oheavy particles

(b)
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p. BeL. receive transverse momentap, gg and experi-
ence a significant momentum loss due to the gluon radiation
(a schematic illustration is provided in Fig).2A forward
would-be spectator component of the proton wave function
is “pulverized” completely, loosing its coherence. As a result
the number of particles witkg=0.1 in the proton fragmen-
tation region will strongly diminish, while the average trans-

FIG. 2. Schematic illustration of the effect of the black-body yverse momenta of these particles will grow to values compa-
(unitarity) limit on hadron production in the forward or backward rgp|e top, ggL. Much more energy will be released at small
rapidity region in centrapp collisions. A smallx spectator parton  rapjdities as compared to minimal bias events.
(i.e., a parton not involved in the centrality triggdrom the left Although the phenomena discussed here are higher-twist
proton propagates through the strong gluon fighdiicated by the  corrections to the inclusive cross section and the transverse
shaded area acquiring a large transverse momentup, gz spectra of the production of sufficiently heavy particles
>Aqcp- The smallx parton is then resolved in a collision with a (Higgs, SUSY;, in the vicinity of the BBL they will strongly
largex parton from the right proton, resulting in hadron produc- modify the overall structure of the final states. In particular,
tion in the backward rapidity region. they will change the pattern of radiation of moderptejets

and the Sudakov form factors for dijet production. Thus the

trigger” is in the investigation of the physics of strong gluon understanding of these phenomena is important also for ef-
fields in QCD. Numerous measurements of smaglhenom-  fective searches for new physics at the LHC.
ena at HERA have confirmed the fast increase of the gluon The basic idea of the proposed “centrality trigger” is that
density in the proton predicted by perturbative QCD; for athe restriction to events with production of a hard dijet
review and references see REf]. At LHC energies, and to  strongly reduces the effective impact parameters in high-
some extent already at the Tevatron, the gluon density beenergypp and pp collisions as compared to minimum bias
comes so large that the interaction of high partons with  events. One can further narrow the distribution of impact
the gluon “medium” becomes strong and multiple scatteringparameters by requiring the presence of multiple dijets in the
effects cannot be neglected, for a review and references séame evenfthis was first studied within the framework of a
Ref. [5]. The new phenomenon one encounters here can baultiple interaction Monte Carlo model in Reff6]). The
described as the breakdown of the Dokshitzer-Gribov-2ctual reduction which can be achieved in this way depends,
Lipatov-Altarelli-Parisi (DGLAP) approximation caused by 0 some extent, on possible spatial correlations of hard par-
the approach to the unitarity limiblackbody limit(BBL)], = fons in the transverse plane. In this respect we make a sur-
in which partons with virtualities below a certain value in- Prising observation, namely that the data on double dijet pro-
teract with the other proton with the maximal strength al-duction inpp collisions at the Tevatron obtained by the CDF
lowed bys-channel unitarity. More quantitatively, a parton in Collaboration[7] indicate significant spatial correlations of

one proton with longitudinal momentum fractie and vir- ~ Partons in the transverse plane.

tuality p? resolves partons in the other proton with The paper is organized as follows. In Sec. Il we review
! P P the available information on the impact parameter distribu-

tion in the generic inelastipp collisions. In Sec. Il we sum-

= Tk (1) marize our knovyledge of the transverse s_patial distribution
XgS'’ of hard partons in the nucleon and study its dependence on

the resolution scale. In Sec. IV we calculate the impact pa-

wheres is the invariant energy squared of thp collision; ~ rameter distribution inpp collisions with production of a

see Fig. 2. In particular, large; partons resolve smaf- hard dijet near zero rapidity, and compare it with the impact
partons in the other proton. At the LHC energys parameter distribution fc.).r generic !nelastlc collisions. We
=14000 GeV, fop, ~2 GeVic andxg~ 102 one obtains demonstrate that hard dijet producfuon acts as a “centrality
x~1075. Under this condition the interactions with gluons trigger.” We also discuss the extension to production of mul-

can approach the BBL, see RE§] and references therein. tiple dijets and the role of possible correlations in the trans-

Present data on heavy quarkonium photoproduction indicatée'se spatial distribution of gluons. In Sec. V we investigate
that the gluon density at smatlis maximum in the trans- the role of the “centrality trigger” in approaching the BBL in

verse center of the protd@]. Since the distribution of large- C€ntral pp collisions. We show that the trigger essentially

xg partons is likewise concentrated at small transverse dic€liminates collisions at large impact parameters where the

tances, it is evident that the chances of approaching the gppoft interactions are not black. In Sec. VI we list the novel

are maximum for centrap collisions, which can be selected characteristics of the final state in cenfpalcollisions which
with the proposed “centrality trigge,r.” follow from the proximity to the BBL of the spectator parton

The approach to the BBL in centrpp collisions leads to interactions at small transverse distances. Our conclusions

a significant change of the initial and final state interaction@'® Presented in Sec. VII.
in thg hard QCD p'roc?sses. The interactions with the h|gh”. IMPACT PARAMETER DISTRIBUTION FOR GENERIC
density gluon medium” suppress the spectrum of low trans- INELASTIC

. pp COLLISIONS
verse momentum partons and enhance the high momentum
tail. Typically, all partons which are not involved in the hard ~ We begin by summarizing the available information about
interactions at the scale much higher than the BBL scalethe impact parameter distribution of the cross section for

Py BBL
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generic inelastigp collisions at high energies. Most of our A (O

knowledge here comes fropp elastic scattering, which has abP(s)= —zj dt|APP(s,1)|? (7)
been studied in numerous experiments, see R&ffor a §° /s

review. By unitarity(i.e., the optical theorejrthe pp elastic

amplitude contains information also about the tdtlhstic :f d2b|TPP(s,b)|2. (8)
plus inelasti¢ cross section, and thus about the inelastic
cross section. In the last step, we have used that at lasdfee lower limit of

It is well known from studies opp elastic scattering that thet integral can be replaced by, and that for an ampli-

the radius of strong interactiorithe average impact param- tyde independent of the azimuthal scattering angle
etel increases with the collision energy, Thet slope of the

elastic cross sectior3, grows as 0 d?A,
dt=4m .
—o (2)?

C)

B(s)=B(sg) +2a'In(s/sy), (2 o ] )
A similar representation can be derived for the total cross
. , . . tion forpp scattering, which by the optical theorem is
with a’~0.25 GeV 2. Thus, the radius of strong interac- section - -
tions is expected to be a factor of 1.5 larger at LHC aﬁropomonal to the imaginary part of the forwarnd=0) elas-

compared to fixed target energies. ¢ amplitude:
In the partonic picture, the mechanism for the increase of op T
the radius of strong interactions with energy is the so-called Tioi(8) = —5~ IMAPH(s,t=0) (10
Gribov diffusion. The emission processes in the soft parton
ladder give rise to a random walk of partons in the transverse )
plane, reminiscent of a diffusion procelsd. If one writes :Zf d°b Rel'*™(s,b). 1D
the amplitude of elastic scattering of two hadrons as a prod- ) .
uct of two t-dependent form factors, each parameterized by inally, taking the difference of Eqs11) and (8), one ob-

the transverse radius of the hadrét tains a representation of the inelagtiotal minus elasticpp
B cross section as an integral over impact parameters:

AMMzo exp(tRZ/4) exp(tR3/4), ©) aPP(s)=oPP(s)— oBP(s)

one can interpret the shrinkage of the diffractive cone as :f d2b[ 2 Rel'PP(s,b)
being due to an increase of the transverse spread of partons.

In terms of the average parton momentum fractignthis ~|I'PP(s,b)|2]. (12)
implies that the transverse area occupied by the low virtual-

ity partons in the hadronR?, increases with decreasing The integrand of Eq(12) represents the distribution of the
roughly as[8] cross section for generic inelastic collisiofi®e., summed
over all inelastic final stat@¢sover impact parameters. It is
convenient to define a normalizéddistribution as

2 Rel'PP(s,b)— |TPP(s,b)|2
O'in(s)

gﬁr a quantitative estimate of this distribution we can use
phenomenological parametrizations of {hy@elastic scatter-

ing amplitude, which fit the presently availabbp elastic
data at collider energies. The results obtained with the pa-
rametrization of Islanet al.[9] (“diffractive” part only) are
presented in Fig. 3, for energies corresponding to RHIC and
the LHC. It should be noted that the predictions for LHC are
based on extrapolation of fits to the presently available data
, over nearly two orders of magnitude $nThe biggest uncer-

_ ;J:odbbJo(ALb)rpp(S’b), 6) tainty in the extrapolation appears to be due to the uncertain-

ties in the measurement off} at the Tevatron and the lim-

ited range oft covered in the collider measurements of
where A, is a transverse momentum vector, with —Af eIasticEp scattering.
andA |, =|A, |, andJ, denotes the Bessel function. Our nor-  In principle one should include here also effects of inelas-
malization of the amplitude is the same as in R&f, cf. the tic diffraction. However, this contribution should be rather
relation to the total cross section, E@1) below. The dimen- small at LHC energies due to the blackening of interaction;
sionless complex functioh PP is called the profile function see Ref[10] for a recent review. Besides this, one expects
of the elastic amplitude. In this representation the integratethat a significant part of inelastic diffraction &t 0 is due to
cross section for elastic scattering is given by the spin flip amplitude$11].

R?(x)=R3+2a'In(xo/x). (4)
Pin(svb):

Detailed information about the distribution of thp cross (13

section (both elastic and inelasficover impact parameters
can be obtained from the impact parameter representation
the pp elastic scattering amplitude; see, e.g., Hef. We
write the invariant elastic amplitude in the form

is .
APP(s t)= Ef d?be (ALDTPP(s b) (5)
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1 — T T This function describes the spatial distribution of gluons in
| 31/2 /GeV =500 —— | the transverse plane. It is normalized to unit integral over the
transverse plane,
— 0.8 - y 14000 —— -~
£ A ] f d2pF4(x,p; Q2 =1. (17)
= o6 | ) .
~~ .
= I / | A measure of the transverse size of the nucleon for given
g / \ andQ? is the average of? calculated with this distribution,
L 04 . which is identical to 4 times the slope of the two-gluon
E L / \ J form factor att=0,
S / \ i
0.2 \ 2 2 22 2
J - ] (p2)(x,Q%)= | d2pp?F(x,piQ?) (18)
O 1 | ! | |\ S (9
o 1 2 3 4 =4—Fo(x,t:Q)i-o. (19
b /fm

For sufficiently smallk(=0.3) the parametegs can be inter-

FIG. 3. The normalized impact parameter distribution for ge-preted as the distance of the parton from the center of mass
neric inelastic collisionsP;,(s,b), Eq. (13), obtained with the pa- of the nucleon in the transverse plane. For larg#re inter-
rametrization of the elastipp amplitude of Islamet al. [9] (“dif- pretation of thep distribution becomes less intuitive, as in
fractive” part only). The plot shows the “radial” distribution in the this case one can no longer neglect the difference between
impact parameter plane, 7 Pi,(s,b). The energies areys  the longitudinal momentum of the spectator system and that

=500 GeV(RHIC) and 14000 Ge\LHC). of the whole nucleon. In the limik— 1 the active parton
would carry the entire longitudinal momentum of the
Ill. TRANSVERSE SPATIAL DISTRIBUTION nucleon, and only soft partons would be left in the spectator
OF HARD PARTONS IN THE NUCLEON system; see Ref13] for a discussion. This shall not concern

us here, since we shall be interested in the gluon distribution

We shall now review what is known about the transverseatx<0.05, as relevant for hard dijet production in the central
distribution of hard partons in the nucleon. Based on this, weapidity region(see below.
shall later proceed to estimate the impact parameter distribu- At moderately smalk(=0.001), it is possible to obtain
tion in pp collisions with hard dijet production. information about the two-gluon form factor at a resolution

Numerous measurements of hard inclusive scattering proscale ofQ3~2-4 Ge\ from the analysis of exclusiva/
cesses(DIS, Drell-Yan pair production have produced a photo(or electro production off the nucleof@]. It turns out
rather detailed picture of the longitudinal momentum distri-that for x=0.1 this form factor is significantly harder than
bution of partons in the nucleon. The Study of the transversgne e|ectromagnetic form factor of the nucleon. 'ﬂmpen-

spatial distribution of partons is still at a much more primi- dence of the cross section is well described by a dipole form
tive stage. Information about the transverse spatial distribufactor [3]

tion of gluons is contained in the so-called two-gluon form
factor of the nucleon, which parametrizes thdependence
of the (generalizeylgluon distribution in the nucleon, Fg(x,t)= 1_um? (20
—t/m
9
x,1:Q%)=g(x;Q?)F4(x,t;Q?), 14 .
gxtRI=g(xQ7IF(x.t:Q7) a4 with a mass parameter

where mi~11 GeV>m? (x=0.1). (21

—N-N2) —
Fg(X,t=0;Q%) =1, 19 The corresponding spatial distribution of gluons in the trans-

andg(x;Q?) is the usual gluon distribution in the nucleon. verse plane, Eq16), is given by

We define the Fourier transform of this form factor as 2 ( Mgp
—9F

m
Faxp)=5_| = >K1<mgp>, (22

(zw)ze“AL”’Fg(x,F -4A%:0Q%,

Fg(x,p;Qz)EJ

where K, denotes the modified Bessel function. Note that
(16)  this function is positive, in agreement with the general posi-

tivity condition for the transverse coordinate-dependent
where p is a two-dimensional coordinate variable, apnd gluon density, derived in Ref14]. The averagép?) corre-
=|p| (this variable is named in Ref.[12]; in this paper we sponding to this distribution is inversely proportional to the
reserveb for the impact parameter vector of thp collision). mass parameter squared,
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) ) 0.31 fn?+0.0194 fnt |n0—'1,
(p*)(x,Qp) =max X
0.28 fnt.

(26)

(@l
é This simple form fits well thex dependence ofp?) due to
~ pion cloud contributions in the region 08k=<0.1, as cal-
02+ const ----- . culated in Ref[12], see Fig. 4, and continues it down to
=N smaller values ox using the experimentally measured rate of
v increase.

For our estimates of the probability of hard multijet pro-
duction we need to model not only the average transverse
- . size of the nucleon, but the full transverse spatial distribution
of gluons. For simplicity, we shall assume that at the scale
Q(z) the p distribution at all relevant can be described by the
0.001 0.01 0.1 1 Fourier transform of a dipole form factor, cf. E2), but
with an x-dependent mass parameter. This parameter is then
uniquely determined by the value ¢p?), as given by Eq.

FIG. 4. Our model for thex dependence of the average trans- (26), via EQ. (23). This defines our model of the and
verse gluonic size squared of the nucleép?) at the scaleQ3  p-dependent distribution of gluons at the Scﬂé
=2-4 GeV relevant toJ/ production.Short-dashed line(p?) We are interested in the-dependent gluon distribution at
=0.28 fnf, as extracted from theslope of thed/y production  |arge virtualities, corresponding to hard dijet production at
cross section measured in various experimg¢Bis Long-dashed | HC. This requires to take into account the effect of DGLAP
line: Sum of the constant valug?)=0.28 fn and the pion cloud  eyolution on thep-dependent distributions. TI@? evolution
contribution calculated in Re[_12]. Solid line: The parametrization  f the parton distributions is diagonal jn It degrades the
Eq. (26), based on the experimental valuedf,q, Eq. (25 [15]. longitudinal momentum fractions of the partons, resolving

a parton with givenx into a collection of partons with
) 8 smallerx, while the transverse location of the new partons is
(p)= F (23 practically the same as that of the “parent” parton provided
Q> 1/p. NeverthelessQ? evolution does change thepro-
file of the distributions at givem. Generally speaking, evo-
lution will reduce the rate of broadening of the distributions
(p?)~0.28 fr?  (x=0.1), (24) wi2th decreasing o§<. This happens' because with increasi'n.g
Q* the parton distributions at the high scale become sensitive
which is a factor of~1.5 smaller than the proton’s “trans- to the input distribution at the low scal@j at larger and
verse electric charge radius squared,” (2(3) . largerx values, where their transverse size becomes small.

For smaller values af(0.01=x=0.1) the transverse glu-  We have studied numerically the leading-or@¥r evolu-
onic size of the nucleon starts to increase. This can be estion of our model of thep-dependent gluon distribution at
plained semiquantitatively by the kicking in of contributions the scaleQj cf. Egs. (22), (26) and (23), employing the
from the pion cloud of the nucleon, which are suppressed fonumerical method described in R¢L6]. We have used the
x>M _ /My [12], see Fig. 4. The analysis df s photopro-  Gluck-Reya-Vogt leading-order parametrizatiptiv] to de-
duction data has shown that the size keeps growing also facribe the totalintegrated ovep) gluon and singlet quark
x=<0.01[15]. In all, the rate of the increase of the gluonic distributions at the input sca@é and modeled theip pro-
size betweerx~10 2 and 102 is about a factor of two file as described above. The value of the input scale we have
smaller than that of the total cross section, which is domi-taken asQ3=3 Ge\?, which is the central value of the

L const+pioncld — —

0.1 - parametrization

0 [ ETIT] B AW R TIT] B N T W T

X

«Q

Numerically, the valug21) amounts to

nated by soft physicésee Sec. )t range of scales associated wilthyy photoproduction. For
5 simplicity we assume identical profiles for the gluon and

E op*) — ol ~0.125 GeV?2 singlet quark distributions at the input scale. The results of
4 9In(1/x) ~ %hard™ the DGLAP evolution of thep-dependent gluon distribution

are shown in Figs. 5 and 6. Figure 5 shows the normalized
(x=10"3-102), (25)  profile, Fy(x,p;Q?), cf. Eq.(16), corresponding to the dis-

tribution after evolving to the higher sca@?, for the value
which should be compared with E@®). We can parametrize x=10"3. Figure 6 shows th@? dependence of the average
the x dependence ofp?), at the scaleQ3 probed inJ/¢  size squared,p?), as induced by DGLAP evolution, for val-
production, by combining this experimentally determinedues ofx=102,10 % and 10*. The corresponding curves
rate of increase with our model estimate () (constant for the singlet quark distribution would be qualitatively simi-
plus pion cloud contributionat x=0.1, (p?)=0.31fn?  lar. One can see that the effect of transverse broadening of
[12]. This amounts to the parametrization the gluon distribution with decreasing which is rather
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2

2mp F, (x, p, 0%/ fm!

p/fm

FIG. 5. The change of the normalized profile of the gluon
distribution, F4(x,p;Q?), Eq. (16), with Q?, as due to DGLAP
evolution, forx=10"2. The input gluon distribution is the G-
Reya-Vogt parametrization @§=3 Ge\?, with a dipole-typep
profile, Eq.(22), of size determined by the parametrization E2§).

PHYSICAL REVIEW D69, 114010 (2004

DGLAP evolution in the regionQ3<=Q?<10° Ge\?, as
shown in Fig. 6, by the simple two-parameter form

QZ) e
1+Aln— , (27)
Q3

(p?)(x,Q%)=(p*)(x,Q7)

whereQ3=3 Ge\?, (p?)(x,Q3) is defined by Eq(26), and

1
A=1.5, a=0.0090|n)—(. (28

For eachx and Q?, this value of(p?) defines a dipole mass
parametermg via Eq. (23). Our model for thep-dependent
gluon distribution is then given by the Glk-Reya-Vogt
leading-order parametrization for the total distribution at the
scaleQ?, times the normalized dipolp profile, Eq.(22),

with this mass parameter. This parametrization has the cor-
rect Q% dependence of the transverse size is “built in,” re-
moving the need to perform explicit DGLAP evolution of the
p-dependent distributions, which is very convenient for the
following studies.

IV. IMPACT PARAMETER DISTRIBUTION FOR A HARD
MULTIJET TRIGGER

small already at the initial resolution scale, is further reduced Using the information about the transverse distribution of

at the scale

=20 GeV).
Figure 5 demonstrates that the deviations of ghgrofile

from the dipole shape at the initial scale, E¢&2), due to

relevant for

the LHC kinematicsQ (

partons in the proton, we can now investigate the impact
parameter dependence of the cross section for inelastic col-
lisions with production of two jets in the central rapidity
region. In particular, we shall show that a trigger on hard

DGLAP evolution are very small. This suggests a simplifiedgjiet events allows to reduce the effective impact parameters

parametrization of the combine@f

andx dependence of the ¢ 5 collisions as compared to generic inelastic collisions

p profile of the gluon distribution, in which the dipole shape g,died in Sec. II.

is assumed to hold at ap? (andx), and theQ? (and x)
dependence is entirely ascribed to the mass pararmgter
We fit the combinedQ? and x dependence ofp?) due to

0.45 T I I T T
L x=107 — ]
. 0.4
E
N
[\l
Q.
V035
03 I | | | | | |
1 102 100 108
0/ GeV?

We consider the production of two jetwith equal but
opposite transverse momentunm a binary parton-parton
collision. The resolution scale is given by the transverse mo-
mentum squared of one of the Jextg;zL The momentum frac-
tions of the two colliding partons with respect to their parent
protons,x; andx,, can be reconstructed from the measured
energy and momenta of the two jets. Four-momentum con-
servation implies for the scattering at 90° at the center of
mass of two partons

4q?

X1 Xo=—, (29

where 4;ﬁ is the invariant mass squared of the two-jet sys-
tem. In the following we shall be interested in two jets near
zero total rapidity, which requires
X17~Xo. (30)

Under this condition the momentum fractions are completely
fixed by Eq.(29). In the following we consider the dijet
production due to collision of two gluons, since such par-
tonic collisions give the dominant contribution to the total

FIG. 6. The change of the average transverse gluonic siz€ross section. The probability for a binary collision of two

squared,(p?), due to DGLAP evolution, fox=10"2,10 % and
1074,

gluons is proportional to the product of the gluon densities in
transverse space in the two colliding protons, taking into
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IQL/Ge\I7=I10|—I -
A 100 —— |

21 b P(b)/fm’!
[

FIG. 7. lllustration of the overlap integral of parton distributions 0
in the transverse plane, defining thelistribution for binary parton 0 1 )
collisions producing a dijet, Eq31).

. . b/fm

account that their transverse centers are separated by a dis-
tanceb—the impact parameter of thp collision; see Fig. 7. FIG. 8. Theb distribution for the trigger on hard dijet produc-
This implies that the distribution of the cross section for suchtion, P,(b), obtained with the dipole form of the gludmprofile,
events over the impact parameters given by Eq. (32), for \/s=14000 GeV andy, =10 GeV and 100 GeV. The

plots show the “radial” distributions in the impact parameter plane,

B ) 2 «2) 27bP,(b). Also shown is the corresponding distribution for a trig-
Pa(b)= | d%y [ d°pp6 (b= p1+tp2) ger on double dijet productio®,(b), with the samep, .
XFg(X1,p1)Fg(X1.p2), (3D In Fig. 9 we compare thb distribution for the hard dijet

. trigger, P,(b) (solid line), with theb distribution for generic
wherexl—ZqL/ﬁ, C.f‘ Ezqs.(ZQ) and(.?’o)’. anq the scalg of inelastic eventsP;,(s), estimated in Sec. Il. The short-
the gluonp pTOf"eS ISAL - Th.'s d|§tr|bgt|on S normalized dashed line in Fig. 9 shows the distributié,(s) obtained
such that the integral over dllis unity. Since it has the form .0 the parametrization of the elasfip amplitude of Islam
of a convolution in the parton transverse positions, it can alsQ; 5 [9] (“diffractive” part only). Shown are the results for

be expressed as the Fourier transform of the square of th\%_ 14000 GeV(LHC), 1800 GeV(TevatronEp) and 500

two-gluon form factor, Eq(20). In particular, for the two- =
gluon form factor of dipole form, Eq22), used in our model GeV(_RHIC_Z). A momentum oy, N 25 GeV was "%SSPme_d for
the dijet trigger. One sees that in all cases bidistribution

of the p-dependent gluon distributiofsee Sec. Il one ob- . . .
p-aep 9 o I for dijet events is much narrower than the one for generic

tains inelastic collisions. The corresponding averadeg) are
m2 (m.b\3 given in Table I. The averagg?) for the hard dijet trigger
Py(b)= —g(—g) Ka(mgb), (32)  rises much more slowly witl than for generic inelastic col-
12 2 lisions, which are dominated by soft physics. Thus, the re-
wheremy should be subsztituted by the value correspondinqiuﬁflc?sr; Eg:gsg\éz;g?(ﬁ:gaéigqgg: \c,jvl;]zkt)g;?: roelléeﬁctgg ger
tox;=2q, /s and Q2=qi_ , see Eq(27). to ~1/4 its value for generic inelastic collisions.

Figure 8 shows the distributiof,(b) for a center-of- A further reduction of the effective impact parameters can
mass energy of/s=14000 GeV(LHC), and two values of pe achieved by a trigger on events with two diets, i.e., two
the jet momentumg, =10 GeV and 100 GeV. One sees that pinary hard parton collisionésuch processes can be easily
the distribution is rather insensitive to the precise value ofjistinguished from the leading twist-24 processes in the
the jet momentum. This can be explained by the relativelycollider experiments; see, e.g., RET]). It was estimated in
slow decrease dfp?) with increasing« andQ?. The average Ref. [18] that this reduce¢b?) by a factor of two as com-
values of impact parameter squaréd?), calculated with pared to the single dijet trigger. In our approach, theis-
these distributions, is 0.71 fmfor g, =10 GeV and tribution for the double dijet trigger is given by
0.63 fn? for g, =100 GeV.

In Fig. 8 we assume production of a two-jet system at

zero rapidity, cf. Eq(30). If we considered instead a two-jet P3(b)
system at some nonzero rapidity, the (anyway weak de- Pyb)=———. (33
pendence of the distributions in Eq.(31) on x; and x, debPS(b)

would work in opposite directions, leading to an extremely
weak dependence of our results on the rapidity of the pro-
duced system over a wide rangeyof For simplicity we assume here identical and q, for the

114010-7



FRANKFURT, STRIKMAN, AND WEISS PHYSICAL REVIEW D69, 114010(2004

2 T T 1 T 2
E £
~ ~
S S
< A,
< <
= =
I o
0
0 1 2 3
b/ fm
E
S~
S
2
<
B
~

b/ fm

FIG. 9. Solid lines: bdistributions for the dijet trigge?,(b), with g, =25 GeV, as obtained from the dipole-type glyemprofile, Eq.
(32). Long-dashed line: Wistribution for double dijet event®?,(b). Short-dashed lineb distribution for generic inelastic collisions,
obtained from the parametrization of the elagzamplitude of Islamet al.[9] (“diffractive” part only), cf. Fig. 3. Shown are the results

for \/s=14000 GeV(LHC), 1800 GeV(Tevatronpp), and 500 GeV(RHIC). The plots show the “radial” distributions in the impact
parameter plane, 2b P(b).

two dijets; the definition could easily be generalized to allowP,(b), is equally insensitive to the precise value@f as
for different values. For the two-gluon form factor of dipole that for the dijet triggerP,(b). The comparison in Fig. 9
form, Eq.(22), this becomes and Table | shows that the double dijet trigger allows for a
further reduction of the effective impact parameters by a fac-
) 5 tor of ~2.5 compared to the dijet trigger.
P (b)= 19 migb K b)12 34 In calculatingP,(b) we have made the assumption that
a()= 2 [Ks(mgb)]%, (34) the gluons are not correlated in the transverse plane. To test
this assumption we can compare the rate of double dijet pro-
duction in our model to the one which is observed in the
where againm, should be substituted by the value corre- CDF experimenf7]. The ratio of the cross section of double
sponding tox;=2q, /s andQ?=g?, see Eq(27). Figure dijet events and the square of the single dijet cross section is
8 shows that thé distribution for the double dijet trigger, proportional to[7,19]
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TABLE I. The average impact parameter squar@f,, corre-  reduces the effective impact parameterspmcollisions at
sponding to thé distributionsP(b),P4(b), andPi,(b), shownin | HC energies. Such a trigger can thus be used as a “central-
Fig. 9. ity filter.” This is of considerable practical interest, as the

» . . . . . . characteristics of the final state strongly depend on the cen-
Facility JslGeV  (b?),/fm (b%)4/fm (b%)in/fm trality of the pp collision.

LHC 14000 0.67 0.26 2.7
Tevatron 1800 0.63 024 18 V. APPROACHING THE BLACKBODY LIMIT
RHIC 500 0.59 0.23 143 IN CENTRAL pp COLLISIONS

An interesting feature of centralp collisions at high en-

1 ergies is that large-partons §=0.01) in one nucleon pass
o :U d2b Pz(b)} _ (35) through a strong gluon field in the other nucleon. This field

of 2 can become so strong that the interaction of the parton with

p

. . _ . the other nucleon approaches the blackbody I{BBL), in
In our calcullat|on_we degeffI734 mb, which should be nich the probability for inelastic scattering becomes unity,
compared withoey=14.5- 1.77 55 mb reported by CDF as- 54 the cross section becomes comparable to the transverse
suming that there is no correlations in the Iong|tud|n_al dis-gjze of the strong gluon field. This phenomenon would have
tribution of partons(in Ref. [19] oe~30 mb was obtained gramatic consequences for particle production in the forward
assuming that the parton distribution is similar to that ofegion (dilepton production, hadron multiplicities and trans-
valence quarks, a hypothesis resembling the conclusion Wgarse momentum distributionsvhich have become the sub-
derived from the leading twist analysis of téy elastic  ject of intensive theoretical investigation. In this section we
photoproductioni3].) A factor of two difference between the \yant to quantify the proximity to the BBL fqup collisions at
theoretical number and the data may indicate that there aligqyc energies. Specifically, we want to show how a trigger
S|gn|f|c_ant transverse correlations in the parton density at thg, nard dijet(or multijet) production, which reduces the ef-
resolution scale 0Q=5 GeV probed by CDF. Such corre- fective impact parameters op collisions, greatly increases
lations could result, for example, due to the DGLAP evolu-the region(in the momentum fractiory, and the virtuality,
tion from a low Q° scale of a couple GeVto Q Q% in which partons experience interactions close to the
~25 Ge\#, since the partons emitted in the course of thiSgg| . For a recent review of approaches to “taming” the
evolution would have small transverse separafftire SO-  growth of parton densities at sma) based on the impact

called “hot spots” of Ref.[20]). Assuming that the differ- harameter eikonal approximation and the leadingxlagp-
ence between the uncorrelated model and the data is due fpoximation, see Ref$21].

suchlocal correlations in bwe would obtain & distribution To simplify the discussion, we consider instead of the
for the double dijet trigger approximately as scattering of a colored parton the scattering of a small color-
B singlet dipole off the other nucleon. This is in the spirit of the
Teif(Mode) ~ e COF) dipole picture of high-energy scattering of Muel[@2]. The

P4,con(b)~ Pz(b)

oei(mode) distribution of the inelastic and elastic cross sectiony
o CDF) and ag,”, over the dipole-proton impact parameter,can be
+P4(b)m, (36) expressed in terms of the profile function of the dipole-
eff

nucleon elastic scattering amplitude??(s, p) (cf. Sec. I):

where P,(b) and P,(b) are the above uncorrelated model

estimates. It is clear from the inspection of Fig. 9 that this U%Pel(s)zf dZPG%peKS,P), (37
still corresponds to a large reductidby a factor~1.5) of ' '

the effective impact parameters with the double dijet triggerWith

as compared to the single dijet trigger.

It should be noted that the jet cross sections discussed odP(s,p)=|T9(s,p)|?, (38)
here are sensitive to the choice of “primordial” transverse
momentum distribution of the colliding partons, to higher- aﬁf’(s,p)=2 Rel%P(s, p)—|T9P(s, p) |2 (39)

order radiative corrections, and to the jet definition adopted.

To our knowledge, the same procedure was used in analyzinghe functionso (s, p) are dimensionless and can be inter-
single and double dijet events in RgT] (one of the jets was  preted as the “cross sections per unit transverse area.” If the
taken to be a photon for simplicityso most of these effects target proton were a “black” disk of radiug, the probability

should cancel in the cross section ratio. An additional sourcgor a dipole hitting the target to undergo inelastic scattering
of uncertainty is the correlation of the soft background iny,ouid be unity, and one would havel’(s p)=1 for p
1 in )

hgdron pro_ducuon with the cc_antrallty of thep event, as R This would imply
discussed in Sec. VI. A quantitative study of parton-parton
correlations certainly requires a more careful investigation of I%(s,p)=1 for p<R. (40)
these effects.

To summarize, we have demonstrated that a trigger offrom Eq.(38) it follows that in this case the elastic cross
events with(one or morg dijets near zero rapidity strongly section would also be unity,
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a‘e’,p(s,p)= 1 for p<R, (41 Here we have in mind generic inelastic production WiMR
~Q?, so we take
and thus the totalelastic plus inelastjccross section would )
be twice the inelastic one. For realistic interactions, one may X~ £=2x (49)
say that the proton becomes blackIifP(s,p) approaches S
unity in a certain region of impact parameters. In the follow-

ing we shall use this criterion to quantify the approach of2S the argument for the gluon dist'ribution. Iq the fol!owing
dipole-nucleon interactions to the BBL. A similar approache shall regard the cross section viz. the profile function as a

was used in Ref23] to study the proximity ofy* N scatter- function ofx=Q?/s and the dipole-proton impact parameter,
ing to the BBL. p- ) ) _

For small dipole sizes the cross section for inelastic Comparing Eqs(39) and(42) we obtain an equation for
dipole-nucleon scattering at fixed impact parameteis the profile functionl” (regarded now as a function afand

given by the leading-twist perturbative QCD expression?) corresponding to the leading-twist QCD result. If we as-
[24,25 sume the elastic amplitude to be imaginary, iletp be real,

we obtain
2

Cm
offir(s.p)= 5~ d?ag(Q)X'g(X' ,piQ%).  (42) 2I9P— (I )*=offir. (50)
The relevant solution of this quadratic equation is

_ T9P(x,p) =1~ 1= 2P (x,p). (51)
1, 33 dipole,

C= o/, 88 dipole. (43} Note that this solution implies thatP—0, and thusoy,
—0 [cf. Eq. (38)], for oy, ;7—0, i.e., in the limit of small
dipole size. For the corresponding solution with the ™
sign in front of the square root the elastic cross section would
tend to a constant value for zero dipole size.
We evaluate the leading-twist expression for the inelastic

HereC is a color factor,

d is the dipole sizeas(Q?) the leading-order QCD running
coupling,

2y _ 4—77 88 dipole-nucleon cross sectigd2) with the model for the
as(Q%) 7 o (44) oo S L
Bo In(QZ/AQCD) p-dependent gluon distribution described in Sec. Il based on
the dipole form factor withx- and Q?-dependent mass pa-
11 2 rameter. Figure 10 shows the profile functibAP(x,p) ob-
Bo= 73 Nc= 3N (45 tained from Eq.(51) for valuesx=10"2, 10 3 and 104,

andQ?=100, 50 and 20 Ge?¥/ the dipole size in each case

(Ageo is the scale parameterand g(x,p;Q?) the impact 1S determined asl>=)\/Q? with A=9. The results clearly
parameter-dependent leading twist gluon density in théhow the approach to the BBL for decreasm@s_argsult of
nucleon, the growth of the gluon densitynd/or decreasin@~ (as a

result of the increasing dipole sizéNote that the results for
g(x/,p;QZ)Eg(X',QZ)FQ(X',p;QZ), (46)  the profile function shown here are physically meaningful
only in the region of impact parameters whét¥ is signifi-
where g(x',Q?) is the usual(tota) gluon density and cantly less than unity; fof %P~1 the simple leading-twist
Fo(x',p;Q%) the normalizedp profile, Eq.(16). The scale formula for the inelastic dipole-nucleon cross section, Eq.

parameteiQ? in «g and the gluon density is related to the (42), breaks down. In other words, the figures should be read
dipole size by as indicating theaegion in impact parametefor which the

cross section approaches the BBL, rather thaw it is ap-
\ proached once the interaction is sizable. An objective mea-
Q*=—, (47)  sure of the size of this region is the valuem#t whichI'9P
d exceeds a certain critical valuE g,

where\ is a dimensionless parameter whose value is to be rdp(x,p)>rgﬁt for p<peit- (52)
determined from phenomenological considerations. A value

of A=9 setsd equal to the average dipole size contributingFigure 11 shows.;; as a function ofx, and for the above
to the longitudinal photon-nucleon cross section at l@de  values ofQ?, for rgﬁtzo.s. This value of P corresponds to
we shall use this value ok in the following. The gluon a probability of having no inelastic interaction of only 0.25,
momentum fraction probed in inelastic dipole-nucleon scatcf. Eq. (39), which is a reasonable guideline. In Fig. 11 a
tering is determined by the invariant mass squared of thgalue of p.,=0 implies thatl'?P(x,p) is smaller tharl¢?

crit
produced systemyi?, for all values ofp; even in the center of the nucleon where
o the gluon density is maximunpE&0).
X' = M7+Q (48) We now turn to the question under which conditions in
s proton-proton collisions a parton in one proton will interact
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FIG. 10. The profile function for elastic dipole-nucleon scatterlfif(x, p), obtained from Eq(51) with the inelastic cross section given
by the leading-twist expression, E@2). Shown are the results for an 88 dipole witf=100 Ge\? (upper left pané| 50 Ge\? (upper
right pane), and 20 Ge¥ (lower left pane), for various values ok.

with the gluon field in the other proton near the BBL. The This integral measures the fraction of the partons with given
probability for this to happen depends on the transverse pac and Q? which hit the other proton in the “black” central
sition of the parton relative to the center of its parent protonregion. Herep,; depends ox andQ?, see above. Generally,
p1, @s well as the impact parameter of the proton-protonithe probability Pysc(b) is maximum for central collisions
collision. An interesting measure is the total probability for (h=0) and decreases with increasingNote that if the tar-
partons in gne proton with given momentum fractioand — get proton were a “black” disk of radiui, and the parent
wrtuahty Q< (but arbitrary transverse; pc_)3|t|))mo interact proton of the parton a disk of same SiZ@y, would be
with the other proton near the BBL. Itis given by the overlap iy, ath=0. Figure 12 shows,q(b) for partons with
integral of the normalized transverse spatial distribution Ofvirtuality Q?=20 Ge\? and different values ok

e i vttt i e In ctial hadron-haon calisons, the paron which
' probes the gluon field in the other proton is resolved by a

“ " ion i < Peri . . . .o
black” region in the other protonf(p1<per)., hard collision with a parton in the other proton, resulting in

hadron production; see Fig. 2. et be the momentum frac-
Pblack(b)Ef d*p10 (p1<pei) Fg(X,p2) tion of the resolving parton. Production of hadrons with
transverse momentupy, then resolves partons with momen-
(p2=|p1—h)). (53) tum fraction[cf. Eq. (1)]
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FIG. 11. The critical value of impact parametgy,;;, for which
the profile function of elastic dipole-nucleon scatterifi§?(x, p),
exceeds the valuE%?=0.5, cf. Eq.(52). Here py is shown as a
function ofx. A value ofp.= 0 implies thatl'@P(x,p) <T"3%. for all
values ofp. Shown are the results for an 88 dipole; Bé values
are the same as in Fig. 10.

4
X= S (549 =
XRS SN’
o
and virtuality _%‘
A
Q*=4p?. (58)

We are interested in partons with relatively largg
(~10"1), which are able to resolve smailpartons in the
other proton whose interactions are close to the BBL. Gen-
erally speaking, largp, select partons with largeand large
Q?, for which interactions close to the BBL are unlikely.
Thus, the probability of interactions close to the BBL de-
creases with increasing, . On the other hand, a certain b /[ fm

minimum value of the parton virtuality?, and .thus OPL ’ FIG. 12. The probability for partons in one proton with given
IS re_quwed for the. concept of p.ar.ton re;olutlon by ],et pro-ansz to interact with the other proton near the BBL, as defined by
dUCt'O_n to bef appllc_able. _Thus_, Itis C”_"C'al to_(?Stab“Sh tharEq.(53), as a function of the impact parameter of the proton-proton
there is a “window” in p, in which one is sensitive to BBL ¢gjjision, b. Shown are the results for=10"* (upper pandland
effects while at the same time the partonic description is stillk = 10-5 (jower pane), for Q2= 10, 20 and 30 Ge¥/
applicable.
An important quantity is the maximum value pf (for  value of p? defined according to Eq(56) becomes
givenxg) for which the resolved parton sees the other proton<1 Ge\? and thus physically meaningles&or central col-
as “black.” We can estimate this maximum with the help  lisions, b<0.5 fm, the values ofp? 55 are larger than
of the probability Py ¢ introduced in Eq.(53). For given 10 Ge\?, so that the underlying leading-twist approximation
Xgr, and given impact parametby we ask for the maximum is well justified. For such impact parameters it is possible to
value of p? for which P,..(b) exceeds a certain critical explore the properties of the BBL using resolved hard par-
value: tons as a well-defined probe.
Strictly speaking, the scattering of the smalparton in
Poiacd D) >Pere  for p?<p? g, . (56)  one proton with the largeg parton in the other proton oc-
curs at finite c.m. angles, and thus leads to a loss of light-
Figure 13 shows? gg corresponding to the criterion that cone fraction for the largeg parton. This effect should be
Ppiacd0)>0.5, as a function of the impact parameter of theincluded in a more accurate treatment.
proton-proton collisionp. One sees that the maximum The above results clearly show that in order to explore the
drops rapidly with increasing. [Forb=1 fm the maximum BBL with partons resolved in backward or forward jets as a
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FIG. 13. The maximum value of the jet transverse momenturParameters of the proton-proton collisions, E¥), as a function of

FIG. 14. The average value pf g5, , cf. Fig. 13, over impact

the resolving parton’'s momentum fractiotg . Shown are the av-
erages computed with the impact parameter distribution corre-
sponding to the hard dijet triggeP, (solid line), and the double
dijet trigger, P, (dashed ling for y/s=14000 GeV and dijet mo-
mentump, =25 GeV, cf. Fig. 8.

squaredpf’BBL, for which a smallx parton in one proton, resolved
in a collision with a large«g parton in the other proton, interacts
with the other proton close to the blackbody liniBBL), as a
function of the impact parameter of the proton-proton collision,
The criterion for proximity to the BBL iRy, b)>1/2; see Eq.
(56). Shown are the results foig=0.1, 0.2 and 0.3.
fraction of events wittb so large thapf]BBL(b)< 1 GeVPis
probe one needs to limit the effective impact parameters imo larger that~10% forxg=0.1; for the double dijet trigger
thepp collisions. Here the idea of using hard dijet productionit drops to ~1%. In contrast, for generic inelastic events
at central rapidities as a “centrality filter,” developed in Sec. without the hard multijet trigger, thle distributions of Fig. 9
IV, comes in. Assuming that the simultaneous production okshow that a significant fraction of events would involbe
central and forward or backward jets can be described incoralues for which our perturbative treatment would not be
herently, i.e., in a probabilistic manner, the probability for justified. In this sense, the possibility to control the effective
interactions near the BBL in events with hard dijet produc-impact parameters in thgp collisions by way of the hard
tion is given by the average of the impact parametermultijet trigger is more than just an enhancement of other-
dependenp, gg,_ distribution of Fig. 13 with the effective  wise well-defined contributions—it is crucial for the very
distribution implied by the hard dijet triggeP,(b), see Sec. applicability of the estimates presented here.
Vv The above estimates are based on the interaction of color-
octet(88) dipoles, corresponding to gluon partons, with the
5 (o2 gluon field of the other proton. They can easily be extended
<pi'BBL>2=f d°bpy gey(B)P2(b). (57 to the case of color-triplet (33dipoles, corresponding to
quark partons; see E¢2) and after. In particular, one finds
A similar definition applies to the double dijet trigger with  that in this case the values miBBL) are approximately 0.5
distribution P,(b). For the LHC energy,/s=14000 GeV, times the values for gluons over the rangexgfshown in
and a dijet trigger with momentum, =25 GeV, cf. Fig. 9, Fig. 14, for both the dijet and the double dijet trigger.
the average values q'biBBL obtained from Fig. 13 are It is worth noting that our estimate allows to avoid double
shown in Fig. 14(solid line) as a function of the resolving counting due to multiple rescattering at the virtualities much
parton’s momentum fractiorxg . Also shown are the corre- smaller than the BBL. At the same time, it neglects an addi-
sponding averages with a double dijet trigger with the saméional broadening due to the hard scattering at scales some-
p, (dashed ling One sees that the average valuepdfs, ~ What larger than BBL.
are all>1 Ge\?, i.e., in the region where our assumption of
resolved hard partons is well justified. What is equally im-
portant, theb distributions implied by the hard multijet trig-
ger suppress the contributions from large impact parameters,
b=1 fm, where ijBL drops below~1 Ge\?, meaning We have seen that the probability for partons in one pro-
that the gluon density seen by the smalbartons is so low ton to interact with the other proton near the BBL is greatly
that the BBL is never reached in the region where our apincreased by a trigger on hard dijet production, which acts as
proximations are justified. For the above dijet trigger, thea centrality filter. We now outline the consequences of such

VI. FINAL STATE PROPERTIES
FOR CENTRAL pp COLLISIONS
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interactions close to the BBL for the final state of the had-with the transverse momentum of the produced hadrons. For
ronic collision. small z coherence effects need to be taken into account, see
Generally speaking, partons propagating through a strongef. [30] for a discussion.
gluon field get transverse momenta of the order of the maxi- |n the BBL, estimates based on E@O) should be re-
mum transverse momentum for which the interaction regarded as an upper bound for the spectrum of leading par-
mains black,p, ggi, cf. the discussion in Ref§26-29. ticles, since in the case of large-angle scattering a parton may
This value of transverse momentum (@pproximately re-  5ctually convert into two highp, partons with, on average,
lated to the maximun®? at which the BBL is still valid as  gqual light cone fractions, resulting in an even steeper drop
of the leading hadron spectrum withThis is what happens
P, eL~QsrL/2, (58  in deep-inelastic scattering of a virtual photon in the BBL
[26]. In our case we expect somewhat smaller suppression
Oque to this effect, because large impact parameters contribute
to the processalthough with small probability and in this
case much more forward particles would be produced. At the
same time, the abovementioned trend of a steeper drop of the
spectrum withz should be much more pronounced for large-
D, BBL%J_X: i (59) k, particles, since in_ collisions at large impact parameters
' 2d 2d very few largek, particles would be produced.
A detailed numerical investigation of hadron production

whered is the dipole size, cf. Eq47). It is interesting thata " PP collisions based on Eq60) is beyond the scope of the
similar numerical estimate follows from the uncertainty rela-Present paper. Here we only list some expectations for the
tion: Regardingd as conjugate tg, of the parton in the dualitative properties of hadron production at large rapidities
dipole one obtaing, g ~/(2d). Note that our definition which follow from independent fragmentation in the BBL:

of the BBL scaleQgg, , is different from the saturation scale

Q. of the color glass condensate picture; nevertheless the . _ )
two scales are numerically comparable. (i) The leading particle spectrum will be strongly sup-

We have seen that in the central collisions selected by thBréssed compared to interactions far from the BBL. The sup-
“centrality trigger” the maximum transverse momenta Pression will be especially pronounced for nucleons, so that
to describe the hadronization of these partons assuming ibat of nucleons.
dependent fragmentation. In this approximation, the differen- (i) The average transverse momenta of the leading par-
tial cross section for the semi-inclusive production of a giventicles will be =1 GeVlc.
hadronh, characterized by its rapidity relative to the parent (i) There will typically be no correlation between the
proton of the resolving parton, lagand transverse momen- transverse momenta of leading hadrons, since they originate
tum, k, , is given by[28] from two different partons which have uncorrelated trans-
verse momenta. Some correlations will remain, however, be-
cause two partons produced in collisions of snmxalénd
largex partons may end up at similar rapidities.

(iv) For small impact parametef@hich constitute a rela-
tively small fraction of the total inelastic cross section but

— k) Firp(X, QB ) Disp(Z/%,1, ,QEgL)c(d,). dominate in new particle productip@ large fraction of the
(60) events will have no particles withk=0.02—-0.05. This sup-
pression will occur simultaneously in both fragmentation re-
gions, corresponding to the emergence of long-range rapidity
Here f,(x,Q?) is the leading-twist parton i( correlations between the fragmentation regions. For studies
=quark, gluon) distribution in the protorr(q,) the trans-  of this feature of the centradp collisions it would be desir-
verse momentum distribution of the partons after passingble to have good acceptance for both leading charged and
through the strong gluon field, which can be estimated imeutral particles. This would allow one to measure the frac-
various models(see, e.g., Ref[27]), and D;;, the parton tion of events without leading particles as a function of the
fragmentation function. Here we make the natural assumpeentrality of the collision.
tion, in line with the discussion above, that the smxapar- (v) In the forward production of dimuons or dijets one
tons are resolved at the sc&)é=Q3g, , i.e. that the factor- expects a broadening of the distribution over transverse mo-
ization scale is given by the maximal virtuality at which the menta[31], as well as a weaker dependence of the dimuon
interaction is close to the BBL. In Ref28] a similar ap-  production cross section on the dimuon mass for masses
proach was applied to particle production in central protonfew GeV[29].
nucleus collisions. We stress that the approximation of inde- (vi) The background for heavy particle or high- jet
pendent fragmentation is justified for sufficiently large production should contain a significant fraction of hadrons
values ofz (leading hadrons the relevant range i@ grows  with transverse momenta ~p, gg , Originating from frag-

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

do_ppﬂhx

1 X
7z—= d?q, dAl fdx—5<2>| +(z/x
dZdsz i;q’g q.a%l; L Ox3 (I, +(z/x)q,
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mentation of partons affected by the strong gluon field. TheDGLAP evolution due to unitarity effects. This information
direction of the transverse momenta of these hadrons shoukhould be incorporated in studies of nonlinear QCD evolu-
be unrelated to the transverse momenta of the jets. This ph@éon within the renormalization group approach; see, e.g.,
nomenon will make it difficult to establish the direction of Ref, [33] and references therein. So far, such studies have
jets unlessp, (jet)>p, ga - assumed infinite extension of the “dense gluon medium” in
In connection with particle production at large rapidities, the transverse plane. They have also neglected the contribu-
another interesting quantity to study will be the incident en+jons of largex partons to the parton densities at smatlue
ergy dependence of the leading partiglemultiplicity with 5 1o9Q? evolution, which are taken into account in our ap-
the dijet “centrality trigger” for fixed values ok, andx,. In proach.
the absence of the trigger this would correspond to the study New heavy particles at LHC will be produced practically
of usual Feynman scaling violations. In this case it is knownOnly in central collisions, as can be selected with the pro-
that different impact parameters contribute, and that leadin i

%osed hard dijet trigger. The fact that such collisions are also

particle production is predominantly a large impact Paramsy o ones in which the interactions of hard partons reaches the

eter phenomenon, which likely leads to a rather weak vioIa—BBL oses new challenaes for the analvsis of such events
tion of Feyman scaling. On the other hand, in the “condi- P w 9 ysl u v :

tional multiplicity” with the centrality trigger small impact One needs to identify the signatures of new particle produc-

parameters give the dominant contribution, and thus the suﬁ'—on on top of the very specific modifications of the final state

pression of the forward spectrum should strongly increasd™Plied by the BBL in the central region. This could imply,
with energy. e.g., changes in the definition of jets due to the enhanced

The proximity to the BBL in centrapp collisions will ~ Pedestal of soft hadrons and enhanced production of mini-

also lead to observable effects in particle production at smalets, as well as changes in the cuts necessary to define an
rapidities. One expects a significant increase of the multiplicisolated lepton. Furthermore, the sizable “intrinsip? of

ity at small rapidities, because interactions in the BBL will the partons acquired from interactions with the strong gluon
likely lead to generation of large color charges in the frag-field may impose limits on the accuracy of the determination
mentation regions. Also, as we discussed in Sec. IV, the prosf the masses of produced heavy patrticles.

duction of multiple minijets will be strongly enhanced. Such  There is an interesting connection of thp collisions at

an increase should in fact be present already at the TevatratHC energies discussed here with cosmic ray physics near
collider, in events with a trigger on two-jet @’ production.  the Greisen-Zatsepin-KuzmiGZzK) cutoff, see Ref[34] for

We are aware of only one stud@2] which investigated the 3 recent review. The density of gluons through which a pro-
correlation of the l_mderlying_event structure with _th_e_pres-ton propagates in centrglp collisions at LHC energies is
ence of such a trigger. An increase of the multiplicity atcomparable to the typical density encountered by a proton
small rapidities was indeed observed. near the GZK cutoff in collisions with aifi.e., light nuclej.

The detailed modeling of the phenomena outlined in thisthys the BBL effects on forward particle production de-
section will require building a Monte Carlo event generator,scribed above could have an impact on the energy spectrum
accounting for the proximity of the spectator interactions togpg composition of cosmic rays near the GZK cutoff.
the BBL and for the new pattern of flow of color excitations. Learning how hadron production depends on the impact
parameter of th@p collision will allow to address also other
guestions of strong interaction dynamics, not primarily re-
lated to the BBL. For example, it is often argued that events

In this paper we have demonstrated that a trigger on hardiith large hadron multiplicitiega factor of=2 larger than
dijet production strongly reduces the effective impact paramaverage at small rapidities are due to collisions at small
eters inpp collisions at LHC and, to some extent, at Tevatronimpact parameters, in which the soft parton clouds of the
energies. The possibility to select central collisions with acolliding protons overlap much stronger than in average col-
reasonable rate is of considerable practical importance. lisions. Once the correlation between the centrality of the

We have argued that the structure of the final states irollision and the suppression of the forward spectra, etc., has
centralpp collisions at LHC energies will differ significantly been established with the help of the dijet trigger, one would
from that of minimal bias events. The reason is that in thebe able to check whether similar effects are present also in
central transverse region the interaction of hard partons witthe high-multiplicity events, testing the hypothesis that these
the gluon field in the other proton approaches the unitarityare central collisions.

(blackbody limit, leading to an enhancement of transverse Finally, the comparison of our model estimate of the cross
momenta and depletion of longitudinal momenta in hadrorsection for double dijet production with the CDF d4dg
production at large rapidities. indicates that there may be significant spatial correlations of

The proposed centrality trigger offers new opportunitiespartons in the transverse plane. This interesting phenomenon
for realistic studies of the physics of strong gluon fields inshould be investigated further. Not only is it important for
QCD. On the experimental side, it singles out central eventpossible extensions of the single dijet trigger to multiple dijet
for which the chances of reaching the BBL are maximized production—it may also reveal interesting information about
and its signatures in the final state can be clearly identifiecthe structure of the nucleon at low scales, which generates
On the theoretical side, it quantitatively defines the region irthe parton distributions at the dijet production scale through
transverse space in which one should expect deviations froi®? evolution.

VII. CONCLUSIONS
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