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Abstract

: Following my previous ?roposal that two-particle correlation funcfions _
can be used to resolve the minijet contribution to particle production
in minimum biased events of high 'energy hadronic interactions, I study
the pr and energy dependence of the correlation. Using HIJING Monte
Carlo model, it is found that the correlation ¢(¢;, ¢2) in azimuthal angle ¢

~ between two particles with pr > p$* resembles much like two back-to-back
jets as p§* increases at high colliding energies due to minijet production.
It is shown that ¢(0,0) — ¢(0, 7), which is related to the relative fraction
of particles from ‘minijets, increases with energy. The background of the

~ correlation for fixed p§* also grows with energy due to the increase of
multiple minijet production. Application of this analysis to théistudy of

jet quenching in ultrarelativistic heavy ion collisions is also discussed.

*This work was supported by the Director; Office of Energy Research, Division of Nuclear Physics
of the Office of High Energy and Nuclear Physics of the U.S. Department of Energy under Contract
No. DE-AC03-76SF00098. o o
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Studying ininijets via the pr dependence

of two-particle correlation in azimuthal angle ¢ |

Xin-Nian Wang
Nuclear Science Division, Mailstop 70A-3307, Lawrence Berkeley Laboratofy
_ University of California, Berkeley, California 94 720t |
o | and ' !
Physics Department, Duke University, Durha‘m, NC'.7277'06'.

(Réceived )

Following my prévious 'pr.oposai that two-particle cor;elafcion functions can be
used to resolve the minijet contribution to particle production in minimum i)i#sed
events of high energy hadronic interactions, I study the pr and energy dependence of
the cérrelation. Using HIJ iNG Monte Carlo model, it is found that the correlation A
c(¢1,¢2) in azimuthal angle ¢ betWeen two particles with pr > p$** resembles much

- like two Back-to-BaCk jets as p$ increases at high coiliding energies due to minijet
produc}cion’. It is shown that ¢(0,0)—¢(0, 1r), which is related to the relative fraction of
particles from minijets, increases with energy. The backgrbund of the correlation for-
fixed p§ also grows with energy. due to the increase of multible minijet production.
Application of this analysis to the study of jet quenching in ultrarelativistic héavy

ion collisions is also discusse'd.
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I. INTRODUCTION

Minijets With pr R few GeV/c are cvorr‘lmon_ly belieyed to become increasingly
important 1n hadr(;riic interactions for energies Beyond- the CERN Intersecting Storage
Ring (ISR) energy range. It has been suggested by many authors that they are
responsible for not only the global properties, like the rapid inérease of the total cr(')ssv
sections[1]-[7] and the average charged multiplicity(7,10], but élso the Iocal correlation
and fluctuations(6]-[10] of multiparticle production in high energy pp and pp collisions.
'Th_ey have also been estimated to play\.an important role m ultrarelativistic heavy
ion collisions[_ll]. |

Another pa}rtiéularly interesting featﬁre of minijets is that they seem to give a
~ natural explaination[12] to the apparent “flow” effect in high energy pp collisioné.
This “flow” effect is the observation in experiments[13] at Fermilab Tevatron Collider
energy that the average transverse rﬁomentum of charged particles increases with the
total multiplicity of the events and the increase is stronéer for heavy particles than
the light ones. However, this observatio;l is surprisingly in coincident with the results
of an equilibrated quark gluon plasma (QGP)[M] in which the éommﬁn transverse
flow velocity from the collective expansion gives heavy particles larger transverse
momentum than the"pio‘ns. The speculation was made even more plausible by Lévai
~and Miller’s finding[15] that there is no time for the baryons to equiiibrate with the
pions dufing the expansion of a hadronic fireball. Other models such as the string
fusion model[16] can also explain the observed phenomenon. In order to differentiate
the minijet picture from the other scenarios, one must find a way to confirm the
influence of minijets on- particle production. . | |

| Although minijets are ahticipated from the prediétion pf perturbative QCD

(PQCD) and many efforts have been made to investigate their phenomenological
consequences, there exists little direct experimental evidence of their presence in

hadronic collisions. The only experimental attempt to find minijets is by UA1 ex-



periments[17] at CE_RN where hadronic clusters tzvith transverse energy Er 2 5 GeV
have been identified as minijets and the cross sections are found to be consistent with
the PQCD ﬁrediction. However, this kind of cluster-ﬁnding method even for inter-
mediate E7 values is complicated by the background of random fluctuations[18]. For
smaller E7, minijet clusters are overwhelmed_ by the background fluctuation. There-
fore, because of their srnall.t.ransverse momenta, minijets with relatively small pr Z, v
2 ‘GeV/c can never be resolved as distinct jets from the large soft background in
minimum biased events. To avoid the experimental difficulties of 'reconstructing jets '
“with the huge background in high. energy AA collisions, it has been suggested[19] that
single inclusive spectra of produced particles can be used to study the properties of
jet production. Sitnilarly, I have proposed in a.previous paper[20] that two particle
corvrelation'functions ie useful to study the content of minijets in miuimum biaSecI
events of hadronic interactions. In this paper, I report the detailed study of the' pr
and energy dependence of the two-particle correl‘ation in the azimuthal angle ¢ and
| the influence of finite rapidity cuts. |
Since particles from jet fragrnentatlon are correlated in both directions of the
minijets, they have been found[21] to dommate both the short and forward backward
two- pa1t1cle c01relat10ns in pseudorapidity. For two- particle correlatlon in the az-
imuthal angle 4, contrlbutlon from back-to-back minijets should be strongly peaked
at both forward (A¢ = 0) and backward (A¢ = =) directions. If we calculate the same
cor 1elat1on but f01 some selected particles whose transverse momenta are 1a1ge1 than
a certain pr cut_, the two peaks should be more ;)romment because these particles are
‘more ltkely to come from minijets. The energy and pr depe_ndence of such correlations
of charged particles must depend on the relative fraction of minijet events and mini-
jet multiplicity, thus shedding some light onvminijet.content in these events. On the
contrarj, particles from soft production of fused strings or an expauding'quark gluon

\

plasma are isotropical in the transverse plane and would only have some nominal



. correlétion in .the backward direction due to momentum conservation.

The experimental study of the two-particle correlations is important to clarify
the controversial issue whether the observed flavor dependenée of fhe corrgla,tion
between the multiplicity and average transverse -momentuﬁ at Fermilab Tex.zatron
energy[13] is due to minijet production[12], or s}tvring interactiqn[IG], or the formation
- of a quark gluon plaéma[lél]. On the other hand, it can also provide constraints on
theoretical models as how to combine PQCD hard scatterings with ,noﬁperturbative'
soft interactions, how to pararhétrize the soft processes, and what is the appropriate
fragmentation scheme of‘vmultipile minijets. In the light of the stﬁdy on intermittency
‘in particle production[22], it also helps us to have a befter understanding of the
intermittent fluctuations in hadronic colvlisions“at collider energies as particles from
et rfragmentation indeed have been shown to have strong intermittent behavior[23].
| This study is based on the Monte Carlo model, HIJING[24], which combines a
simple two-striﬁg phenomenology for low PT proclesses'together with PQCD for high
T procesées. Since HIJ ING is a model with a very ‘svpeciﬁc scheme of minijet frdg-
mentation, the results we get are only a qualitativg estimate of the eﬁ"ects'of minijets
-on the two;particle correiation functions. Though the correlations in pseudofapidity
7 and- azimuthal angléAqS are both imp'ortanti‘ we limit our discussion's‘ .bnly to the
latter case. The remaining of this paper is organized as follows. In Sec. II we.brieﬂyA
review the HIJING model as discussed in detailed in Ref.[24]. In Sec. IIT we study
" the pr dependence of the two-particle correlations in ¢ and their resemblance to large
pr jet profiles. Special emphasis is given to the effects of minijets on the back-to-back
differences of the corfehtion, ¢(0,0) — ¢(0, 7). In Sec. IV, the energy dependgnce of
the background of Athe corre}atioh and its implication on multiple minijet production
are discussed. T he effect of finite rapidity cut is also discussed. Finally, Sec. V

-

concludes with a summary and remarks.



IL. T/HE HIJING MODEL

The HIJING model[24] has been developed rﬁainly for multiple jet and particle
production in pp, pA, and AA collisions at energi_és Vs 2 5 AGeV. The forrﬁulati011
of HIJING was guided by the successful irﬁplementation of PQCD in the PYTHIA
model[25]'and the need to incorporate a consistent model of soft procéssés. It thus
provides a,‘link between the dominant nonperturbative fragmentatioﬁ physics at inter;
mediate energies and the perturbative phy‘si‘cs at higher cdllidér energies. A detailed
description of the HIJING model can be found iﬁ Ref.[24]. It includes fnultiple
- et p'roduétion with initial and final stafe raciiation along the lines of the PYTHIA
model[25] and soft beam jets are modeled by .~qua1'l<—diquéﬂ< strings with gluon kinks .‘
along the lines of the DPM[26] and FRiTI-OF[27] models. For nucleus induced reac-
-tions, nuclear _sha,ddwing Qf parton structure functions and ﬁnal state interaction of
produced jets are also considered[19]. |

In the eikonal formalism, the inelastic cross section of pp or pp collisions is given

by

. i =/ dzb[l _ e—(a,of,+aj¢¢)TN(b,s)], . (1)

* where TN(.b,s) is the partonic overlap function between two nucleons at impact pa-
rameter b; 0je:(po, s) is the total inclusive jet cross section calculated from PQCD with
pr > po, and o, 1e(s) is the corresponding phenomenological inclusive. cross section

of soft interactions. The cross sections for no and j > 1 number of hard or semihard

parton scatterings are,

oo /d2b[1 _ e—a’,ofltTN(b,s)]e—ajgtTN(b,s) , ) (2)
v ) 0_] — ‘/d2b[UJetT]\']'(b) s)]J e_qjetTN(b’s) , . ' (3)
- gl . .

. with their sum giving rise to the total inelastic cross section, o;,. Following the above
formulas, the cross section with at least one hard parton scattering, defined as opqrd,

1s then



hara = [ dPH[L = em0seTH ] eeronTtss), ®)

and the average number of parton scatterings per inelastic event is

<njet> : Ujet(Pm 3)/Uin- ‘ _ (5)

Shown in Fig. 1 are the energy dependence of (nje:) and the fractional cross
section of hard processes, ohera/0in for pop = 2-GeV/c and Tsoft => 57 mb ‘We see
that as energy increases inelastic events coptain more and more hard processeé and
finally are dominated by minijet production. The prQbabilitieé for multiple minijet
production also become promine’nt at energies above 1 TeV as (njet)Z 1. |

Once again, we gmphasizé here that py and o5 In HIJ ING ‘model are phe-
nomenologiéal and model dependent parameters separating PQCD at high pr from
the nonperturbative low pr regime. Our guideline for choosing the value of pg is that
it should be much larger than AQCD ~ 200 MeV/c in order to abply PQCD but'
low enough to permit the simplest possible model for the nonperturbative dynamics.’
Choosing po = 2 GeV/c a,l‘lo'st us to use a constant Osoft = D7 mb to reproduce‘ the
obéerved energyv dependence of the total, el@stic and inelastic cross sections in pp
and pp collisions[10, 21] With theée’p'arameters, it has been showﬁ[?l] that a simple
two-string model suffices to account for the soft dynamics. A complete test of the
HIJING modei h;is been reported in Ref. [21]. The model has been successful to
provide a consistent explanation of not only the energy dependence of pseudorapidity
distributions, moderate pr inclusive spectra, and the violation of Koba-Nielsen-Olesen
(XNO) scaling, but also the flavor and multiplicity dependence of the average trans-
verse momentum([12] in pp and pp collisions in a wide energy range /s = 50-1800
. GeV. In addition, it is also consistent with the available data on pA and AA collisions

at moderate energies /s S 20 AGeV[24].

ITII. TWO-PARTICLE CORRELATION



Experimental study of particles fromithe fragmentation of high pr jetvsb has shown
that particles with larger average transverse momenta are much concentrated in both
directions of the back to-back jets. The widths of these jet profiles are abnut 1 in both
pseudorapidity n and azimuthal angle ¢ as has been determined from the calorimetric
study of hlo'h T Jets It is a.ppalent that snmlar trends should also hold for particles

from minijets and they must influence the two-particle correlation functions. It has

already been shown in Ref. [21] that minijets are the dor’niriant mechanism underlying
both the enhant:ed'-short rangé and forward-backward correlations in 7. In this paper
I demonstrate that the energby nnd pr dependence of two-particle correlations in the
azimuthal angle qﬁ can be used .to stuc.ly' minijets in minimum biased events. One
can expect that with hlgher p3, the correlation must look similar to the high pr jet
profiles. Moreover, the energy depéndence of the correlation for fixed p$" should be
related to the increase of the fraction of tninijet events -and the avéragé number of
minijets'a.s. shown in Fig 1. |

The normallzed two partlcle correlatlon functions are defined as,

P(¢1, ¢2)
p(¢ )P(¢2)

where p(4) is the averaged particle density in ¢ and p(¢1, ¢2) is the two-particle.

(1, 65) -1, ()

density which is proportional to the probability of joint particle production at ¢,

~ and ¢,. Both p(¢4) and p(¢1,¢2).a,re integrated over the whole rapidity‘range. The
limitation of a restricted rapldlty range will be.discussed in the next section. In
actual ca,lculatlons one dnectlon in the transverse’ plane is randomly selected as
¢1 =0 for all the events and then both the averaged smgle 1nclus1ve density p(AqS)
and the two- pa,ltlcle joint density p(O A¢) are calculated. Because the collisions
are syrnrnetncal in the transverse plane perpendlcular to the beam dlrectxon p(AP)
should be a constant equal to the total averaged multiplicity of the selected particles
divided by 2x. Similarly, p(0, A¢) is also independent of the direction which is chosen

as ¢; = 0. In fact, one can even choose the direction of each particle as ¢; = 0 to

_,,___'_,_T,,_.;; e e 7



calculate ¢(0, A¢) and then average it over all partincles in each event. In this case
oﬁe can get better éta.tist’_ics for a limited number of évents_.. Since I have the luxury
to produpe many events 'through the Monte Carlo simulation, I instead try to average
over as rriany events‘ as we can to achieve the best statistics possible over global
quantities such as the number of jets per event w’ifh relative large pT.

Shown in Figs. 925 are calculated results on two-particle correlation functions
in pp and PP collisions at diﬁ'erent'enérgies. To study the pr dependence, the cor-
relations are obtained for selected particles with different transverse momentum cut
pr > p$*¢=0 (long-dash-short-dashed histograms), 0.5 (dotte?i histograms), 1.0 (solid
histograms), 1.5 (short-dashed histograms), and 2.0 (dot-dashed histograms). At low

_energy /s = 50 GeV (Fig.. 2) where minijet production is not very important as seen
from Fig. 1, there is very little correlation between two particles with A¢ < 27 /3 ex-
cept some small increase at A¢ ~ 0 for the case of pr > 1.0 GeV/ec. _The‘ correlation
at A¢ ~ 7 is totally due to the momentum conservation which increases with larger

- pr cuts. As was pointed out in Ref. [21], minijet contribution to particle prod{mtion

at the highest CERN ISR energies /s =~ 50 GeV is just beginning to emerge. This is

again illustrated here by the slight increase of the correlation at A¢ ~ 0 for particles

N

with pr > 1.0 GeV/c.

As we can see from Fig. 1, minijet production increases very fast with energy
and becomes a significant part of the hadronic interactions above /s 2 100 GeV.
Therefore, the two-particl'e correlation fuhctions in Fig. 3 for /s = 200 GeV are very
different from those at Vs = 50 GeV in Fig. 2. We observe that there is apparently
strong correlation Between two particles with pr > 0.5 GeV/c at both A¢ ~ 0 and =
forming a valley at A¢ ~ 7/ 3.‘ This feature is very similar to the high pr jet ioroﬁles as
functions of ¢ relative to thev triggered jet axié'[28]. However, due to the relative large
fraction of particles from soft interacfcion's where momentum conservation dictates

the two-particle correlation at A¢ ~ , the resultant ¢(0,Ad) at Ad ~ = is still



/

larger than at Ag ~ 0. Whereas in high pr jet profiles, the peak of particle flow
toward the triggered jet v(A(ﬁ = 0) is always narrower but the height is about the
same as in the backward direction(A¢ = m). The dominance of particles from soft
interactions at this energy is cleariy demonstrated in the gasé of p# = 0 where
¢(0, A¢) monotonically increases from 0.2 at A¢ =0 to 0.3 at A¢ = . B

As we increase the enefgy to 1.8 and 6 TeV (Figs. 4, 5), the correlation functions *
with no pr cut become flatter over the whole dngular range due to the increasing
fra,ctibn of particles fro_rri mihijets relative to the soft processeé. The correlation
functions with higher pr cuté look more and“more similar to the high pr jet prbﬁles
~with ¢(0,0) =~ ¢(0,7) and narrower. peaks at A¢p ~ 0. We know from Fig. 2 that
particles from soft production have some strong correlation only at A¢ ~ = due |
to momentum-conSei'{fatioﬁ while particles from minijets, on the 6ther hand, hdve
enhanced correlation both at A¢ ~ 0 and m. The actual shape of the corrélation :
~ function then depends on the rel@tive f1'actioﬁs of particles from rninijets‘ and soft"
procesées. Looking through Figs. 2-5, we can clearly see that the height of the
correlation functfons at A¢ ~ m gradually becorries equal to that‘at Do ~ O as
shown in Fig. 6 by the increase of the dlﬂ’erence ¢(0,0) — ¢(0,7) with energy. It
approaches zero for any fixed p at higher energies. This energy dependence of
¢(0,0) — ¢(0,m) is a direct consequenceiof. the increase of minijet production with
ener gy in pp and pp collisions. Thus, it has been demonstrated that the study of the
energy and pr dependence of two- partxcle correlation’ functlon ¢(0,A¢) can p1ov1de

us with information about the minijet content in minimum biased events.‘

IV. EFFECTS OF MULTIPLE
MINIJETS AND FINITE RAPIDITY CUT

When the average number of produced minijets is larger than one (Fig. 1) at high
colliding energies, multip.le minijet production becomes important[10,24]. Since these

minijets are independently produced, they should increase the background to the two-

9



pa.rficle.correlai;ion. The vefy extreme cases are central events of high energy heavy
ion collisions where hundreds of minijets are prbduced. The two-paiticle correlatidn
~will be completely flat when the valleyé we see in Figs. 2-5 for pp aﬁd' pp collisions
are filled up by the increased background. In hadronic collisions this rarely hapﬁens
and the increase of the background can be considered as an implication of multiple
minijet production. . |

Plotted in Fig. 7 is the difference ¢(0,0) — ¢(0,7/3) between tfle correlation at
A¢ = 0 and the background in the vg,lley Ap=7/3 fof each ﬁxéd p* as a function
of /5. It grows first with enérgy due to the increase of minijet events and the relativev _
small number of minijets per event. However, as the probabilities of multiple minijet -
production become increasingly important, the difference then decreases with energy.
r-I'he larger the p$*, the sooner tHe decrease begins. | |

Unlike high‘ P back-to-back jets which are both kinematically bounded to the
central rapidity region, a pair éf minijets can be easily produced with large rapidity
gap Between them. Whén we trigger one milnij’.et. ina limited rapidity window,.t'he :
other one which is produced in the same parton scattering often falls outside the
rapidity window. Therefore, if we calculate two-particle cqrrelation for particles m
a limited rapidity range, minijet contributién to the backward correlation (A¢ =)
- will mostly drop out while the contribution to forward correlation (A¢ = 0) still
remains. Indeed, as shown in Fig. 8, the forward correlation at A¢ = 0 for particleé
in |n| < 1 is very strong, but the backward correlation -at. A¢ = = is drastically
reduced as compared to the'correlation pattern in the full rapidity range in Fig. 2-5.
Furthernﬂore, due to strong short range two-particle correlation in rapidify[?l], the
forward corfelation at A¢ =0 is enhanced"by restricting particles to |p| < 1. At

Vs =18TeV, I find that the enhancement of backward correlation at A¢ = 7 due

to minijets becomes important only when the rapidity window is |p| 2 2.

10



V. SUMMARY AND REMARKS

It is demonstrated in detail in this paper that two-particle coirelation functions
in the azimuthal ahgle ¢ are useful for the study of minijets and their cont;ibution to
particle producti;)n in the minimum biased events of hadronic interactions. Because
particles from jet fragmentation are more concentrated along the jét axes, théy result
m enhanced two-particle correlation in both fhe triggered (A¢ = 0) and the backward
(A¢ = =) direction. On thé other hand, particles from isotropic soft prodﬁction- only
have some nominal correlation in the backward direction due to momentum cohser—
vation. Therefore, the energy dependence of the relative height ¢(0,0) — ¢(0, 7) of the
correlation in the two opposite directions is directly related to thev rninijet content in
the particle production and increases with the colliding energy. Furthermore, mul-
tiple minijet production becomes important at high energies and they increase the
background relative to the enhanced correlation at A¢ = 0 and 7.

It is important to keep in mind that fhe' results we obtained via HIJ ING are
- only intended to show quaiitatively the effects of multiple minijets on the energy
and pr dependence of two-particle correlation in ¢ The quantitative magnitudes of
the correlations must depend on the specific scheme of minijet fragmentation and
the color flow of multiple minijets[24] in HIJING. It is important to study in t‘he _
future the sensaizzivity of two-particle correlation functions to the schemes of minijet
fragmentation and the color flow structu.re’of multiple minijets. The final schemes
which survive the tests on single inclusive s_pectra-have also to be constrained by
_ the experimental measurements of the energy and pr depiendenc.e of two-particle
. correlation functions.

I have emphasized the implications of the energy an;i pr dependence of the two-
parficle corrélation functions on minijet production. For experiments at a fixed en-
ergy, one can also investigate the contribution of minijets to the two-particle correla-

~.tion function by comparing the direct measurements to the calculation from the same

11



. data sample but with randomized azimuthal ahgle ¢ for each particle. Due to this
randomization of ¢, the correlation calculated from the manipulated data should be
mﬁch flattér than the real one for any given Pt ‘Ivt is also important and interesting
vto sﬁudy the pr dependence c:f two-particle correlation functions in pseudorapidity n
and the correlation relative to a triggered particle which has the highest pr in each
event[20].

As discussed in Sec.. IV, the two—partide correlation in ¢ in ultrarelativistic heavy
ion collisions should Be much flatter than in pp and pp collisions for e\;ny fixed p$*
due to the hugé number of minijet production. However, if we increase St to a mgch
larger value (e.g. 4-6 GeV/c), the backgroun.dlto the correlation becofnes smaller
due to small cross sections of large pT jets. Since the ;si.lf;gle inclusive spectrum at
large and moderate pr has been shown to be sensative to 'jet.quenchin'g[19], two-
particle correlation is apparently more relevant to the study df jet qﬁenchihg and the

implication on energy loss mechanism it conveys.
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- FIGURES

FIG.1. Fractional cross section oxarg /o:n for at least one hard scattering and average

number of minijet production (nje:) per event as functions of 1/s.

FIG. 2. The correlation functions ¢(0, A¢) between two particles with fixed pr cutoff

‘vs A¢ in pp collisions at \/_ =50 GgV;
FIG..3. The same as Fig. 2, excepi.: for pp collisions at /s = 200 GeV..
. FIG. 4. The same as Fig. 2, except for pp collisions at /8 = 1.8 TeV.
| FIG. 5. The same as Fig. 2, except for /s = 6 TeV. |

FIG. 6. The energy dependence of the difference ¢(0,0) ~ ¢(0, 7) between the correla-

tion at A¢ = 0 and = for each fixed pr cutoff.

FIG. 7. The energy dependence of the difference ¢(0,0) — ¢(0,7/3) between the cor-

relation at A¢ = 0 and the background at 7 /3 for each fixed pr cutoff.

F1G. 8. Thé same as Fig. 4, except for charged particles in a limited rapidity range of

nl <1
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