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We point out that events associated with lafgedirect photons in high-energy heavy-ion collisions
can be used to study jet energy loss in dense matter. In such evengsg, $hectrum of charged hadrons
from jet fragmentation in the direction opposite to the tagged photon is estimated to be well above the
background which can be reliably subtracted at moderately laygeWe demonstrate that comparison
between the extracted fragmentation functiomi and pp collisions can be used to determine the jet
energy loss and the interaction mean free path in the dense matter produced in high-energy heavy-ion
collisions. [S0031-9007(96)00635-7]

PACS numbers: 25.75.Dw, 13.87.Ce, 24.10.Lx

Large transverse momentum jets, among many othehe backward direction of a direct photon is a very good
hard processes in high-energy heavy-ion collisions, havapproximation of the jet fragmentation function which can
been proposed as effective probes of the transient dendleus be reliably extracted. We shall also study the sensi-
matter. For example, an enhanced acoplanarity and energlyity of the modification of the jet fragmentation func-
imbalance of two back-to-back jets can be used to studtions in heavy-ion collisions to the energy loss of jets and
multiple scatterings of a parton inside a dense medium [1}he jet interaction mean free path inside a dense matter.
Study of largepr jets can also probe their energy loss due Let us consider events with a direct photon in the central
to inelastic scatterings inside a dense matter or a quarkapidity region,|y| = Ay/2, Ay = 1. For sufficiently
gluon plasma [2]. Because of the enormous background itarge E; of the photon, the rapidity distribution of the
high-energy heavy-ion collisions, the conventional calori-associated jet is also centered around zero rapidity with a
metric study cannot measure the jet energy to such an acomparable width. If the azimuthal angle of the photon
curacy as required to determine the energy loss. Alteris ¢, and ¢, = ¢, + m, most of the hadrons from
nately, the single-particle inclusivye,r spectrum has been the jet fragmentation will fall into the kinematic region
shown to be sensitive to the jet energy loss [3]. Since thély| = Ay/2,|¢ — ¢, = A¢/2), where one can take
single-particle spectrum is a convolution of the jet produc-A¢ = 2 according to the jet profile as measured in high-
tion cross section and the jet fragmentation functions, thenergy pp collisions [5]. Given the jet fragmentation
suppression of produced hadrons at a figgdesults from  functions D;/,(z), with z the fractional momenta of the
jet quenching with a wide range of initial transverse enerhadrons, one can calculate the differenpal distribution
gies, thus making it difficult to measure directly the modi-of hadrons from the jet fragmentation in the kinematical
fication of jet fragmentation for a given transverse energyregion(Ay, Ad),

In this Letter, we propose to study the jet quenching et
in high-energy heavy-ion collisions by measuring the dNen S ro(E]) Dysa(pr/Er) C(Ay,Ad)
distribution of charged hadrons in the direction opposite dyd?pr " =t prET AyAgp
to a tagged direct photon. A direct photon is produced by
quark-antiquark annihilation or quark- (antiquark-) gluonwhere C(Ay,A¢) = [\ a0 @y [14-a,1=a4/2d [ ¥
Compton scatterings in which a gluon or quark (antiquark)y, ¢ — ¢,) is an overall factor and(y, ¢) is the hadron
jetis also produced in the opposite direction of the photonprofile around the jet axis. The summation is over both jet
By tagging a direct photon with a given transverse energya) and hadron species), andr,(E7) is the fractional pro-
E7, one can avoid the uncertainties associated with theuction cross section of the-type jet associated with the
jet production cross section. One can also determine theirect photon. We defind?(z) = >, ra(E}/)Dh/a(z)
initial transverse energy of the produced jg% =~ E;,  as the inclusive fragmentation functionC(Ay, A¢) is
from momentum conservation, modulo calculable correcthe acceptance factor for finding the jet fragments in the
tions from initial state radiations. At collider energies andgiven kinematic range. We find'(Ay,A¢) = 0.5 at
sufficiently largeEy, the Cronin effect due to multiple /s = 200 GeV, independent of the photon energy,
scatterings during the initial interaction stage is also negusing HIJING [6] Monte Carlo simulations for the given
ligible [4]. We shall use perturbative QCD to show thatkinematic cuts. For a fixefi;, the jetE; has a smearing
the pr spectrum of charged hadrons with moderatein ~ aroundE; caused by initial state radiations. One should
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therefore average Eq. (1) over such a smearing. The 10 grr—rrr T
resultant spectrum is very well approximated by Eq. (1) i " 3
with E; = E; [7], as will be shown by comparison with 1 AutAub=0) s7=200 GeVy
explicit HIJING Monte Carlo simulations. 1 HIJING (AR®) ]
To calculate the background for the photon-tagged jet < 10 ¢ 3
fragmentation from particle production in a normal central Lo
nucleus-nucleus collision, one convolutes the fragmenta- @10 3 L
tion functions with the jet cross sections [8], & 103 &
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Where ZC = xT(ey/xa —|— eiy/xb)/z, xbl’l’lln = xaxTeiy/ 0 2 4 6 8 1012 14 16 18 20
(2xs — xr€”),  Xamin = x7e"/(2 — x7e7Y), and pr (GeV/o)

xr = 2pr/+/s. The K =~ 2 factor accounts for higher FiG. 1. The differential p; spectrum of charged particles
order corrections [9]. The parton distribution density in afrom the fragmentation of a photon-tagged jet witf =

nucleus,fa/a(x, r) = ta(r)Sa/alx, r)fa/n(x), is assumed 15 and 20 GeV and the underlying background in central
to be factorizable into the nuclear thickness functipir) AU + Au collisions at/s = 200 GeV. The direct photon is

; P 2 _ s tpilg restricted to|ly| = Ay/2 = 0.5. Charged patrticles are limited
[with normalization [ d”rta(r) = Al, parton distribution to the same rapidity range and in the opposite direction of

in a nucleonf,/y(x), and the parton shadowing factor ihe photon,|¢ — ¢, — | = A¢p/2 = 1.0. Solid lines are
Sasa(x, r) in which we take the parametrization used inperturbative calculations and points a#eING simulations of
the HIJING model [6]. In our notation, the scale depen-10 K events. The dashed lines are calculations with jet energy

dences of the parton distribution,/y(x, 0%) and the 108S,dE,/dx =1 GeV/fm, and the mean free path = 1 fm.
fragmentation functionth/a(z,QZ) are implicit, which
we take to be) = Ej. ergy loss dominates even when the Landau-Pomeranchuk-
Jet fragmentation functions have been studied exterMigdal suppression is taken into account [13,14]. While
sively in pp, ep, ande*e™ experiments [10]. We will a dynamical study of the jet propagation and the modi-
use the parametrizations of batrand 0> dependence of fication of the hadronization is more desirable, we will
the most recent analysis [11] for the unmodified fragmenuse a phenomenological model here to demonstrate how
tation functionng/a(z), in which only pions and kaons sensitive our proposed measurement in the photon-tagged
are included. We will use the MRS Dparametrization of events to the interactions and the average energy loss suf-
the parton distributions [12]. The resultant single-particlefered by a parton in a dense medium.
pr spectra from Eq. (2) fopp and pp collisions at dif- We restrict ourselves to the central rapidity region
ferent energies agree well with the experimental data &80 that a parton will only propagate in the transverse
moderatepr = 2 GeV/c [7] where particle production direction in a cylindrical system. The parton will not
from soft processes is expected to be small. Shown ihadronize inside a deconfined quark-gluon plasma. In
Fig. 1 are the differentiap; distributions from the frag- a hadronic medium, we assume that the fragmentation
mentation of a photon-tagged jet witf, = 15 and 20 functions can be approximated by their forms in vacuum.
GeV and the underlying background of normal centralWe only study the effects of radiative energy loss. Given
Au + Au collisions at,/s = 200 GeV. The points are the inelastic scattering mean free path, the probability
HIJING simulations of 10 K events, and solid lines arefor a parton to scatter times within a distancé& L before
numerical results of Egs. (1) and (2); in both cases ndt escapes the system is assumed to be
medium (_effects have been cons_,idered.ir) the_ fragmenta- ~ (AL/AY)" AL/,
tion functions. The background imp collisions is about Py(n) = n ¢ : 3)

1200 times smaller than A Au. If we assume the average energy loss per scattering

In heavy-ion collisions, produced partons will experi- gffered by the parton is,, the modified fragmentation
ence secondary scatterings and induced radiation Whig{ynctions can be approximated as

will drive the system toward equilibrium. As a result, N .

large momentum partons will lose part of their energy be- D AL.O?) = 1 p Zn 0 (a2
fore they escape and fragment into hadrons. There have walz, AL, O7) Cy ,;) () z walZn )
been many studies on the energy loss of a propagating N

parton inside a medium. It is believed that radiative en- + (na) ?Dh/g(za’ Qp), (4)
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wherez? = z/(1 — ne,/Er), z,, = zEr/€,, and Cy = without jet quenching, one can accurately measure the
f:':() P,(n). We limit the number of inelastic scatter- jet fragmentation function from ther distribution of
ings to N = Er/e, by energy conservation. For large charged particles in the opposite direction of the tagged
values of N, the average number of scatterings within aphotons, given enough number of events. Once the
distanceAL is approximatelyn,) =~ AL/A,. The first background is subtracted, one can push the limit to
term corresponds to the fragmentation of the leading pareven smallerp; = 2 GeV/c, which corresponds te ~
tons with reduced energyr — ne,, and the second term 0.1. One can then compare the fragmentation functions
comes from the emitted gluons each having ene¢gy measured inpp, pA, or peripheraldAA with central AA
on average. For simplification, we have neglected theollisions to obtain the modification due to jet quenching.
fluctuation in the energy carried by each emitted gluon To study the sensitivity of the modified inclusive frag-
and its possible rescatterings. We also assume that theentation function to the energy loss, and the interaction
fragmentation functions can be applied to the hadronizamean free path), we plot in Fig. 2 the ratio of the frag-
tion of the emitted gluons. The inelastic scatteringsmentation functions with and without energy loss for cen-
suffered by the leading parton are normally not hardiral Au + Au collisions. There is enhancement of soft
Therefore, we also assume the scales in the fragmentatigarticle production due to induced emissions, but only at
functions of the emitted gluons are given by the initial very small values of. The fragmentation function is sup-
valueQj = 2.0 Ge\2. Since the emitted gluons will only pressed for a large range efdue to energy loss. For
contribute to hadrons with very small fractional energy,fixed dE,/dx = 1 GeV/fm, the suppression is delayed to
the final modified fragmentation function in the moder-larger values of: for larger jet energies. The optimal
ately largez region is not sensitive to the actual radiation situation is when the average total energy 108%) is
spectrum and the scale dependence of the fragmentatiorcomparable to the initial jet energy so that substantial sup-
Since the jet production rate is proportional to the num-{ression happens at moderate values.ofFrom Figs. 2
ber of binary nucleon-nucleon collisions, the averaged inand 1, we can see that there is such a window of oppor-
clusive fragmentation function of a photon-tagged jet in aunity betweenE; = 10 and 20 GeV at/s = 200 GeV

central nucleus-nucleus collision is where the background is small.
d2ri3(r) For large values of > 0.9, particles from the leading
Dii(z) = f T—?O) Zra(E%)Dh/a(z,AL), (5) jets, which have suffered at least one inelastic scattering,
AA ah

are completely suppressed. The remaining contribution
where T44(0) = [d?rti(r) is the overlap function of comes from only those jets that escape the system without
AA collisions at zero impact parameter. Neglecting thea single scattering. The suppression factor is given by
transverse expansiolL(r,¢ — ¢,) only depends on (exp(—AL/A,)), independent of jet energfr and the
the jet production position(r, ¢). Using Eq. (4) in energy lossiE,/dx. Therefore, one can determine the jet
Eqg. (2), we can calculate the single-particle inclusiye interaction mean free path by measuring the suppression
spectrum of normal centralA collisions taking into factor of the jet fragmentation function at large>
account jet quenching. 0.9. For intermediate values of ~ 0.2-0.5, particles

In principle, e, and A, are related to each other in a from the leading partons with reduced energy dominate
dynamical model [13,14]. Phenomenologically, we canas far ase, < Er, a situation we will refer to as
treat them as independent parameters. Alternatively, we
will vary A, anddE,/dx = €,/A, in our calculations. ARRAR RS RS AR LS AR RS LA R
The dashed lines in Fig. 1 are calculated with the modified A=197 qu/dx=1 GeV/fm
fragmentation functions, witWE,/dx = 1 GeV/fm and L
A, = 1 fm. We have assumed that the mean free path
of a gluon is half and the energy loss is twice that
of a quark. During the parton propagation, multiple
scatterings can also change the direction of the parton
resulting in a sizable acoplanarity. Such an acoplanarity
due to multiple scatterings is probably small as compared
to that caused by initial state radiations for a large
E7 photon. Thus, we assume the acceptance factor
C(Ay,A¢) to be the same as ipp collisions. One

(2)

Y
pp
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observes that there is significant suppression of large 10-2 T T T T R
particles both from the background and jet fragmentation 0 01 02 03 04 05 06 07 08 09 1
in the opposite direction of a tagged photon due to jet Z

quenching. Since the number of particles at lapge= G. 2. Ratio of the inclusive fragmentation function of a

. ) ) |
4 GeV/c from the underlying background is substantially photon-tagged jet with and without energy loss in central
smaller than from the tagged jet fragmentation with andAu + Au collisions for a fixeddE,/dx = 1 GeV/fm.
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—— T T T T and the mean free path of jet interaction inside the dense

0.9 A=197 z=0.3 E matter produced in high-energy heavy-ion collisions.

08 3 We have not specified the energy dependence of the
< 07k ] energy loss in our calculation. In addition, the energy
! 06 b loss, dE/dx, might also depend on the distance that jet
e 05 b partons have traveled as indicated by a recent study [14].
N These dependences can be studied experimentally by
. 04 ¢ varying the energy of the tagged photons in the collisions
a 03 of different nuclei. These are the subjects of further

0.2 investigations [7].
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