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Medium-induced parton energy loss ing1jet events of high-energy heavy-ion collisions
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The effect of medium-induced parton energy loss on jet fragmentation is studied in high-energy heavy-ion
collisions. It is shown that an effective jet fragmentation function can be extracted from the inclusivepT
spectrum of charged particles in the opposite direction of a tagged direct photon with a fixed transverse energy.
We study the modification of the effective jet fragmentation function due to parton energy loss inAA as
compared topp collisions, includingET smearing from initial-state radiations for the photon-tagged jets. The
effective fragmentation function atz5pT /ET

g;1 in pA collisions is shown to be sensitive to the additional
ET smearing due to initial multiple parton scatterings whose effect must be subtracted out inAA collisions in
order to extract the effective parton energy loss. Jet quenching in deeply inelastic lepton-nucleus scatterings as
a measure of the parton energy loss in cold nuclear matter is also discussed. We also comment on the
experimental feasibilities of the proposed study at the Relativistic Heavy Ion Collider~RHIC! and Large
Hadron Collider~LHC! energies and some alternative measurements such as usingZ0 as a tag at the LHC
energy.@S0556-2813~97!04805-X#

PACS number~s!: 25.75.2q, 12.38.Mh, 13.87.Ce, 24.85.1p
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I. INTRODUCTION

Hard processes are considered good tools to study
trarelativistic heavy-ion collisions because they happen e
in the reaction processes and thus can probe the early s
of the evolution of a dense system, during which a qua
gluon plasma~QGP! could exist for a short period of time
Among the proposed hard probes, large transverse mom
tum jets or partons are especially useful because they inte
strongly with the medium. For example, an enhanced aco
narity and energy imbalance of two back-to-back jets@1# due
to multiple scatterings, jet quenching due to the mediu
induced radiative energy loss of a high-energy parton pro
gating through a dense medium@2# can provide important
information on the properties of the medium and interact
processes that may lead to partial thermalization of the p
duced parton system. The medium-induced radiative ene
loss of a fast parton traversing a dense QCD medium is
interesting by itself because it illustrates the importance
quantum interference effects in QCD. As recent studies h
demonstrated@3,4#, it is very important to take into accoun
the destructive interference among many different radia
amplitudes induced by multiple scatterings in the calculat
of the final radiation spectrum. The so-called Landa
Pomeranchuk-Midgal effect@5# can lead to very interesting
and sometimes nonintuitive results for the radiative ene
loss of a fast parton inside a QCD medium. Recently, Ba
Dokshitzer, Mueller, Peigne´, and Schiff ~BDMPS! showed
@4# that the energy loss per unit distance,dE/dx, grows lin-
early with the total length of the mediumL, which in turn
can be related to the total transverse momentum broade
squaredDkT

2 of the parton from multiple scatterings. It turn
out that both quantities,dE/dx andDkT

2 , are related to the
parton density of the medium that the parton is travel
550556-2813/97/55~6!/3047~15!/$10.00
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through. One can therefore determine the parton densit
the produced dense matter by measuring the energy loss
fast parton in high-energy heavy-ion collisions.

Unlike in the QED case, where one can measure dire
the radiative photon spectrum and thus the energy loss
fast electron, one cannot measure directly the energy los
a fast parton in QCD. Since a parton is experimentally as
ciated with a jet, a cluster of hadrons in a finite region of t
phase space, an identified jet can contain particles both f
the fragmentation of the leading parton and from the radia
partons. If we neglect thekT broadening effect, the tota
hadronic energy contained in a jet should not change eve
the leading parton suffers radiative energy loss. Howev
significant changes could happen to particle distributions
side the jet, or the fragmentation function and jet profile, d
to the induced radiation of the leading parton. Therefore,
can measure the radiative energy loss indirectly via
modification of the jet fragmentation function and jet profil

A jet fragmentation function is defined as the particle d
tribution in the fractional energy. In order to measure t
fragmentation function one has to first determine the ini
energy of the fragmenting parton either through other m
sured kinematic variables as ine1e2 ande2p or calorimet-
ric measurements as inpp andpp̄ collisions. However, be-
cause of the large value ofdET /dydf and its fluctuation in
high-energy heavy-ion collisions@6#, the conventional calo-
rimetric study of a jet cannot determine the jet energy to s
an accuracy as required to determine the parton energy
In search of an alternative measurement, Wang and Gyul
@7# proposed that single-particlepT spectrum can be used t
study the effect of parton energy loss, since the suppres
of largeET partons naturally leads to the suppression of la
pT particles. Because the particle spectrum at largepT is the
convolution of jet cross sections and fragmentation fu
tions, particles with a fixedpT can come from the fragmen
tation of partons of different initial energies with some ave
3047 © 1997 The American Physical Society
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3048 55XIN-NIAN WANG AND ZHENG HUANG
age value^ET
jet&. In this case, the suppression of thepT

spectrum due to parton energy loss is then related to
modification of jet fragmentation function at an averag
^z&5pT /^ET

jet&. Since^ET
jet& is approximately proportional to

pT , by varyingpT one can then study the energy depende
of the modification of jet fragmentation functions at a fix
^z& @8#.

In order to study the modification of thewhole jet frag-
mentation function due to parton energy loss in the fulz
range, we and Sarcevic@9# proposed to measure the partic
pT distribution in the opposite transverse direction of
tagged direct photon. Since a direct photon in the cen
rapidity region (y50) is always accompanied by a jet in th
opposite transverse direction with roughly equal transve
energy, thepT distribution of particles in that direction i
directly related to the jet fragmentation function with know
initial energy,ET

jet'ET
g . In such g1 jet events, the back

ground due to particle production from the rest of the syst
was estimated to be well below thepT spectrum from jet
fragmentation at moderate largepT . Therefore, one can eas
ily extract the fragmentation function from the experimen
data without much statistical errors introduced by the s
traction of the background. By comparing the extracted
fragmentation function inAA to that in pp collisions, one
can then measure the modification of the fragmentation fu
tion and determine the parton energy loss.

Because of the complexity of the problem, it will be hel
ful for us to first discuss all possible relevant proces
which might have some effects on the study of parton ene
loss ing1 jet events in high-energyAA collisions. One can
order the processes in a chronological order with respec
the hard process of direct photon production.

~1! As the two nuclei approach and pass through e
other, the two participating beam partons which later p
duce the direct photon will suffer initial-state interactio
with other oncoming nucleons. The participating beam p
tons will then suffer radiative energy loss and acquire tra
verse momentum kicks because of these soft interacti
The initial state interactions will also cause the shadowing
the parton distributions inside the nuclei. These initial-st
effects will certainly affect the production rate of direct ph
tons at a given transverse energyET

g . However, they will
not influence the propagation and fragmentation of
accompanying produced jet parton in events triggered wi
direct photon with a fixedET

g .
~2! After the hard process in which a direct photon and

jet parton are produced, the jet parton can also scatter f
the beam nucleons within a tube of a transverse size at m
1 fm in the rest part of the colliding nuclei which has n
passed through. Since the colliding nuclei pass through e
within a very short period of time,t;1 fm/c ~this is the
spatial size of wee partons, while the valence partons ha
Lorentz contracted size ofRAmN

2 /2s), the produced jet parton
in central rapidity region will not have time to interact wit
other beam nucleons outside the tube. Since we are
interested in jet partons in the central rapidity region, th
scatterings will not cause the jet partons to lose transv
energy. Rather, together with the initial-state interactio
they will change the final transverse momentum of the
parton, resulting in anET broadening in addition to theET
e
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smearing caused by initial-state radiations associated
the hard process. The effects of thisET broadening should
also exist and can be studied independently inpA collisions.

~3! In the triggered events, there are many other proces
which can also produce hard or semihard partons@10# and
thus form a dense medium in the central rapidity region. T
photon-tagged jet parton will then interact with these parto
during its propagation through the dense medium. We
these interactions final-state interactions. The induced ra
tive energy loss and transverse momentum broadening
ferred to askT broadening in this paper, are the focus of o
study.

In this paper, we will study in detail the effect of parto
energy loss on the jet fragmentation function as extrac
from thepT spectrum in the opposite direction of a trigger
direct photon. In particular, we will take into account th
ET smearing of the jet due to initial-state radiations asso
ated with theg1 jet processes. We will show that the partic
spectrum from the jet fragmentation atpT;ET

g is very sen-
sitive to theET broadening from initial- and final-state sca
terings with beam partons. One can then use our propo
measurement to determine theET broadening inpA colli-
sions. This small but finite effect must then be subtracted
when one determines the medium-induced parton energy
in AA collisions. We will also investigate the sensitivity o
the modification of the fragmentation function to the ener
andA dependence of the parton energy loss. The chang
the profile function in the azimuthal angle due to thekT
broadening of the parton from multiple scatterings inside
medium will also be discussed. HerekT is the parton trans-
verse momentum with respect to the original jet directio
which can be related to the parton energy loss accordin
BDMPS study@4#. Finally, we will discuss the experimenta
feasibility of the proposed study and alternative measu
ments usingZ0 particles as a tag. We will also discuss ho
similar measurements can be made in deeply inela
lepton-nucleus scatterings, from which one can determ
the energy loss of a fast parton passing through cold nuc
matter.

II. MODIFIED FRAGMENTATION FUNCTIONS

The fragmentation functions of partons hadronizing in t
vacuum have been studied extensively ine1e2, ep, and
pp̄ collisions @11#. These functions describe particle distr
butions in the fractional energy,z5Eh /Ejet , in the direction
of a jet. Similar to parton distributions inside hadrons, t
fragmentation functions are also nonperturbative in natu
However, parton cascades during the early stage of the f
mentation can be described by perturbative QCD. The m
sured dependence of the fragmentation functions on the
mentum scale is shown to satisfy the QCD evoluti
equations very well. We will use the parametrizations of t
most recent analysis@12# in bothz andQ2 dependence for je
fragmentation functionsDh/a

0 (z,Q2) to describe the fragmen
tation of a parton (a) into hadrons (h) in the vacuum.

The fragmentation of a parton inside a medium is diffe
ent from that in the vacuum, because of its final-state in
actions with the medium and the associated radiations. S
interactions and medium-induced radiations will cause
deflection and energy loss of the propagating parton whic
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effect will modify the fragmentation functions from the
corresponding forms in the vacuum. In principle, one co
study the modification of jet fragmentation functions in pe
turbative QCD in which induced radiation of a propagati
parton in a medium and Landau-Pomeranchuk-Migdal in
ference effect can be dynamically taken into account. Ho
ever, for the purpose of our current study, we can us
phenomenological model to describe the modification of
jet fragmentation function due to an effective energy lo
dE/dx of the parton. Such an approach is useful and poss
necessary for experimental studies of the parton energy
and multiple final-state scatterings.

In this phenomenological model we assume that the
and lifetime of the system is small compared to the hadro
zation time of a fast parton. In the case of a QGP, a pa
cannot hadronize inside the deconfined phase. A fast pa
will hadronize outside the system and the fragmentation
be described as ine1e2 collisions, however, with reduce
parton energy. The interaction of a partona with the medium
can be characterized by the mean free pathla of parton
scatterings, the radiative energy loss per scatteringea and the
transverse momentum broadening squaredDkT

2 . The energy
loss per unit distance is thusdEa /dx5ea /la which in prin-
ciple depends onDkT

2 andla . We assume that the probabi
ity for a parton to scattern times within distanceL is given
by a Poisson distribution,

Pa~n,L !5
~L/la!

n

n!
e2L/la. ~1!

We also assume that the mean free path of a gluon is
that of a quark, and the energy lossdE/dx is twice that of a
quark. The emitted gluons, each carrying energyea on the
average, are assumed to hadronize also according to the
mentation function. For simplification, we will neglect th
energy fluctuation given by the radiation spectrum for
emitted gluons. We assume the momentum scale in the f
mentation function for the emitted gluons to be set by
minimum scaleQ0

252.0 GeV2. Since the emitted gluon
only produce hadrons with very small fractional energy,
final modified fragmentation functions in the moderate
large z region are not very sensitive to the actual radiat
spectrum and the momentum scale dependence of the
mentation functions for the emitted gluons. In this paper,
will also neglect possible final-state interactions betwe
hadrons from parton fragmentation and the hadronic envir
ment at the late stage of the evolution of the whole syst
However, it is important for future investigations to estima
the influence of pure hadron scatterings on the final obse
jet fragmentation functions.

We will consider parton fragmentation in the central r
pidity region of high-energy heavy-ion collisions. In th
case, we only need to study partons with initial transve
energyET and traveling in the transverse direction in a c
lindrical system. With the above assumptions, the modifi
fragmentation functions for a parton traveling a total distan
L can be approximated as@9#,
d
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Dh/a~z,L,Q
2!5

1

CN
a (

n50

N

Pa~n,L !
zn
a

z
Dh/a
0 ~zn

a ,Q2!

1^na&
za8

z
Dh/g
0 ~za8 ,Q0

2!, ~2!

where zn
a5z/(12nea /ET), za85zET /ea , and CN

a5

(n50
NPa(n). Dh/a

0 (z,Q2) are the jet fragmentation function
in the vacuum which we take the parametrized form in R
@12#. We limit the number of inelastic scatterings
N5ET /ea to conserve momentum. One can check that
above modified fragmentation functions satisfy the mom
tum sum rule by construction,(h*zDh/a(z,L,Q

2)dz
5(h*zDh/a

0 (z,Q2)dz51. For large values ofN, the average
number of scatterings within a distanceL is approximately
^na&'L/la . The first term in the above equation corr
sponds to the fragmentation of the leading partons with
duced energyET2nea aftern inelastic scatterings. This term
normally dominates for leading particles in the moderate a
large z region. Since the fragmentation function
Dh/a
0 (z,Q2) generally decrease withz, especially quite rap-

idly at moderate and largez region, the reduction in energ
will lead to the suppression of leading particles or the d
crease of the fragmentation functions in this region as co
pared to the case in vacuum. The second term in the ab
equation comes from the emitted gluons each having ene
ea on the average. This term is generally significant only
the smallz region and it increases the effective fragmen
tion functions in the smallz region, or enhances soft particl
production. We should note that our assumptions on the h
ronization of the emitted gluons are too schematic to giv
quantitative description of the physics involved in that sm
z region.

For a given parton energyET and the total distanceL, the
above effective fragmentation functions depend on only t
parameters, the mean free pathla and energy loss per sca
tering ea . As demonstrated in Ref.@9#, contributions from
the leading partons who have suffered at least one inela
scattering is completely suppressed forz values close to 1.
The remaining contribution comes from those partons wh
escape the system without a single inelastic scattering, w
probability exp(2L/la), which depends onla but is indepen-
dent of the parton energyET and the parton energy los
dEa /dx. On the other hand, in the intermediatez region,
particles from the fragmentation of the leading partons w
reduced energy dominates. The suppression of the fragm
tation functions is controlled by the total energy los
^DET&5^na&ea5LdEa /dx, which depends only on
dEa /dx. One, therefore, could determine, in principle, the
two parameters,la and dEa /dx, simultaneously from the
measured suppression of the effective fragmentation fu
tions, for fixedET andL. However, as we will see in the nex
section, the complication of not knowing the jet energy p
cisely will render such arguments unrealistic. In certa
cases, one has to resort to a model-dependent global fittin
the modification of the fragmentation functions in order
determine the mean free path and parton energy loss.
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III. THE INCLUSIVE FRAGMENTATION FUNCTION
OF PHOTON-TAGGED JETS

As we have emphasized in the Introduction, the most
portant point in the study of parton energy loss through
measurement of the modification of the parton fragmenta
functions is the determination of the initial parton or jet e
ergy. However, the direct measurement of a jet energy to
accuracy as required to determine an energy loss of a
GeV is unfeasible due to the large background and its fl
tuation in high-energy heavy-ion collisions. To overcom
this difficulty, it was proposed@9# that direct photons in
heavy-ion collisions can be used to tag the energy of
which always accompany the direct photons. Because
initial-state radiations associated with the production o
direct photon, the accompanying jet is not always exactly
the opposite direction of the photon and its transverse en
also differs from collision to collision, though the averag
jet energy is well approximated by the energy of the tr
gered photon. In Ref.@9#, the variation of jet energy was no
considered in the study of the effective inclusive jet fragm
tation function ing1 jet events and the modification due
parton energy loss. In this paper, however, we would like
explore the effect ofET smearing due to initial-state radia
tions. We will see that such a smearing complicates
simple procedure to determine the parton energy loss and
mean free path of final-state scatterings as outlined in
previous study@9#.

Let us consider events which have a direct photon w
fixed transverse energyET

g in the central rapidity region
uygu<Dy/2, Dy51. Given the jet fragmentation function
Dh/a
0 (z), with z the fractions of momenta of the jet carried b

hadrons, one can calculate the differentialpT distribution of
hadrons, averaged over the kinematical region (Dy,Df),
from the fragmentation of a photon-tagged jet inpp colli-
sions,

dNpp
g2h6

dyd2pT
[

1

dspp
g /dygdET

g

dspp
g2h6

dygdET
gdyd2pT

dspp
g2h6

dygdET
gdyd2pT

5(
a,h

E dET
adyadfa

3
dspp

g2a

dET
gdygdET

adyadfa

Dh/a
0 ~pT /ET

a!

pTET
a

3E
~Dy,Df!

dy

Dy

df

Df
f 0~ya2y,fa2f!, ~3!

where the summation is over jet (a) and hadron (h) species
and f 0(y,f), assumed to be the same for all hadron spec
is the normalized hadron intrinsic profile around the par
axis. If the azimuthal angle of the photon isfg and
f̄g5fg1p, the restricted kinematical region for the s
lected hadrons is defined as (Dy,Df)5(uyu<Dy/2,
uf2f̄gu<Df/2). One could also use more complicated g
ometry, such as a circle with a given radius, for the ph
space restriction to define a jet. The inclusive differen
cross section for direct photon production is
-
e
n
-
e
w
-

ts
of
a
n
gy

-

-

o

e
he
e

h

s,
n

-
e
l

dspp
g

dygdET
g 5(

a
E dET

adyadfa

dspp
g2a

dET
gdygdET

adyadfa
. ~4!

We now define theET-smearing function,gpp(ET
a ,ET

g),
and parton correlation function,f jet(ya ,fa), as

gpp~ET
a ,ET

g! f jet~ya ,fa!

[
1

dspp
g /dygdET

g

dspp
g2a

dET
gdygdET

adyadfa
. ~5!

In a perturbative calculation to the lowest order inas ,
which was used in our earlier study@9#, the ET-smearing
function and parton correlation function are simply twod
functions, gpp(ET

a ,ET
g)5d(ET

a2ET
g), f jet(ya ,fa)}d(fa

2f̄g), due to momentum conservation. The intrinsic hadr
profile function f 0(y,f) in this leading-order calculation
should be the measured jet profile. In calculations beyond
leading-order, the photon and jet parton have a finite imb
ance in transverse momentum due to the initial-state ra
tions. The final-state radiations also contribute to the m
sured jet profilef (y,f) which should be the convolution o
the parton correlation functionf jet(ya ,fa) from perturbative
calculations to a given order and the intrinsic hadron pro
f 0(y,f),

f ~y,f!5E dyadfaf jet~ya ,fa! f 0~ya2y,fa2f!. ~6!

Note that the differential cross sectiondsg2a and the
fragmentation functionDh/a

0 (z,Q2) in Eq. ~3! both depend
on the factorization scheme and the associated scale. S
theET-smearing function and parton correlation function
Eq. ~5!. Unlike the collinear divergences in the next-t
leading-order jet cross sections, which are cancelled via
definition of a jet with a finite size, the collinear divergenc
in Eq. ~3! are subtracted out via the definitions of part
distributions and fragmentation functions. Therefore, the d
ferential cross sectiondsg2a beyond the leading order in Eq
~3! is not the same as theg-jet cross section in which a jet i
defined via the transverse energy within a finite region
phase space@14#. The two cross sections can be related v
some divergence-free physical observables, e.g., total
ronic energy within the acceptance (Dy,Df), which can be
computed from Eq.~3!.

With the above definitions of theET-smearing function
and jet profile function, we can rewrite Eq.~3! as

dNpp
g2h6

dyd2pT
5(

a,h
r a~ET

g!E dETgpp~ET ,ET
g!

3
Dh/a
0 ~pT /ET!

pTET

C~Dy,Df!

DyDf
, ~7!

where C(Dy,Df)5* uyu<Dy/2dy* uf2f̄gu<Df/2df f (y,f

2f̄g) can be considered as an overall acceptance facto
finding the jet fragments in the given kinematic range.

We will approximate the fractional production cross se
tion r a(ET

g) of an a-type jet associated with the direct pho
ton, by the lowest order calculation,
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r a~ET
g!5

dsa
g/dygdET

g

dsg/dygdET
g ; sg5(

a
sa

g , ~8!

dsa
g

dygdET
g 5(

bc
E
xbmin

1

dxbf b/p~xb! f c/p~xc!

3
2

p

xbxc
2xb2xTe

yg

ds

d t̂
~bc→g1a!, ~9!

where xc5xbxTe
2yg/(2xb2xTe

yg), xbmin5xTe
yg/(2

2xTe
2yg), and xT52ET /As. The parton distributions in a

proton, f a/p(x), will be given by the MSRD28 parametriza-
tion @17#. In our following calculations forAA collisions, we
will use the impact-parameter averaged parton distributi
per nucleon in a nucleus (A,Z),

f a/A~x!5Sa/A~x!FZA f a/p~x!1S 12
Z

AD f a/n~x!G , ~10!

whereSa/A(x) is the parton nuclear shadowing factor whi
we will take theHIJING parametrization@13#. We have ex-
plicitly taken into account the isospin of the nucleus by co
sidering the parton distributions of a neutron which are
tained from that of a proton by isospin symmetry.

To simulate higher order effects, event generators suc
PYTHIA @15#, which was used in theHIJING program @13#,
normally use the parton shower model. In this model, o
introduces a cutoffm0 for the parton virtuality in the chain o
parton shower, thus avoiding both infrared and collinear s
gularities. In addition, initial- and final-state radiations a
treated separately and the interference between them is
neglected. Shown in Fig. 1, is the parton correlation funct
in rapidity y and azimuthal anglef with respect to the op-
posite direction of a triggered photon withET

g510 GeV in
HIJING @13# simulations ofpp collisions atAs5200 GeV. In
the simulations, the final-state radiations are switched of
that we can study the effect of momentum imbalance du
initial state radiations. We can see that most of the jet p
tons fall into the kinematic region, (uyu<1,uf2f̄gu<0.5).
The jet profile, which is the convolution of the parton corr

FIG. 1. The normalized parton correlation fromHIJING simula-
tions in rapidityy and azimuthal anglef with respect to the oppo
site direction of a tagged photon withET

g510 GeV inpp collisions
at As5200 GeV.
s

-
-

as

e

-

lso
n

o
to
r-

-

lation function and hadron intrinsic profile around the part
axis, has a similar shape with a slightly larger width acco
ing to both our simulations and experimental measureme
in high-energypp̄ collisions @16#. For calculations through-
out this paper, we will useDy51 andDf52. We find the
acceptance factor defined in Eq.~7!, C(Dy,Df)'0.5, inde-
pendent of both the colliding energy and the photon ene
ET

g , usingHIJING @13# Monte Carlo simulations.
Since a parton jet in the parton shower model is w

defined, one can then calculate the double differential cr
section forg-jet events. Shown in Fig. 2 are the normaliz
ET distributions of the jet parton,

1

Ng2 jet

dNg2 jet

dET
, ~11!

with givenET
g of the tagged direct photon, fromHIJING simu-

lations. As we can see that the transverse energy of the
parton has a wide smearing aroundET

g due to the initial-state
radiations associated with the hard processes. Because o
rapidly decrease withET of the direct photon production
cross section, the distribution is biased toward smallerET

than ET
g . The averageET is thus smaller thanET

g . In this
paper, we will use the jet parton distribution in Eq.~11! to
approximate theET-smearing function in Eq.~5!.

If one triggers a direct photon with a givenET
g , one

should average over theET smearing of the jet in the calcu
lation of particle distributions in the opposite direction of th
tagged photon. Such a smearing is important especially
hadrons withpT comparable or larger thanET

g .
If we define the inclusive fragmentation function asso

ated with a direct photon inpp collisions as,

FIG. 2. TheET-smearing function for the photon-tagged part
jets withET

g510, 15 GeV, fromHIJING simulations ofpp collisions
at As5200 GeV. The averaged value ofET is ^ET&58.08, 12.57
GeV, respectively
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Dpp
g ~z!5(

a,h
r a~ET

g!E dETgpp~ET ,ET
g!
ET

g

ET
Dh/a
0 S zET

g

ET
D ,
~12!

with z5pT /ET
g the hadrons’ momenta as fractions of t

direct photon’s transverse energy, we can rewrite thepT
spectrum@Eq. ~7!# of hadrons in the opposite direction of
tagged photon as

dNpp
g2h6

dyd2pT
5
Dpp

g ~pT /ET
g!

pTET
g

C~Dy,Df!

DyDf
. ~13!

Considering parton energy loss in centralAA collisions,
we model the modified jet fragmentation functions as giv
by Eq.~2!. Including theET smearing and averaging over th
g-jet production position in the transverse direction, the
clusive fragmentation function of a photon-tagged jet in c
tral A1A collisions is

DAA
g ~z!5E d2rt A

2~r !

TAA~0! (
a,h

r a~ET
g!

3E dETgAA~ET ,ET
g!
ET

g

ET
Dh/aS zET

g

ET
,L D ,

~14!

whereTAA(0)5*d2rt A
2(r ) is the overlap function ofAA col-

lisions at zero impact parameter. TheET-smearing function
gAA(ET ,ET

g) in AA collisions should be different from tha
in pp collisions due to initial multiple parton scattering
However, for the moment, we will regard them as the sa
and postpone the discussion of the difference to the n
section. We have assumed that direct photon production
is proportional to the number of binary nucleon-nucleon c
lisions. Neglecting expansion in the transverse direction,
total distance a parton produced at (r ,f) will travel in the
transverse direction is L(r ,f)5ARA

22r 2(12cos2f)
2rcosf. Using the above inclusive fragmentation function
Eq. ~13!, one can similarly calculate thepT spectrum of par-
ticles in the opposite direction of a tagged photon inAA
collisions. Setting the parton energy lossdE/dx50, the
above equation should be reduced to the inclusive fragm
tation function inpp collisions in Eq.~12! and the corre-
spondingpT spectrum should also become the same as
pp collisions.

To measure the modification of the inclusive fragmen
tion function in experiments, one should first select eve
with a direct photon of energyET

g . Then one measures th
particle spectrum in the kinematical region (Dy,Df) in the
opposite direction of the tagged photon. After subtracting
background which is essentially thepT spectrum in ordinary
events, one can use Eq.~13! to extract the inclusive jet frag
mentation function,Dg(z), from the resultant spectrum. On
can then compare the extracted inclusive jet fragmenta
function in centralAA collisions to that inpp or peripheral
AA collisions to study the modification due to parton ener
loss. Note that the centrality requirements for the sig
(g1 jet) and background~ordinary! events should be the
same. The overall acceptance factorC(Dy,Df) in AA col-
n
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lisions remains approximately the same as inpp collisions
with small but measurable corrections due to thekT broad-
ening of the leading parton as we will discuss later.

To demonstrate the feasibility of the above prescrib
procedure, we show in Fig. 3 the calculatedpT distributions
of charged hadrons from the fragmentation of photon-tag
jets with ET

g510, 15 GeV and the underlying backgroun
from the rest of a central Au1Au collisions at the RHIC
energy. We setdE/dx50 so the effect of parton energy los
is not included yet. The points areHIJING simulations of
20-K events and solid lines for jet fragmentation are nume
cal results from Eq.~13! with the fragmentation functions
given by the parametrization ofe1e2 data@12#. The numeri-
cal result ~solid line! for the background coming from je
fragmentation in ordinary central events is obtained by
convolution of the jet cross section and fragmentation fu
tions @8#. As we can see, the spectra from jet fragmentat
are significantly higher than the background at modera
large transverse momenta. The background inpp collisions
is about 1200~the number of binary nucleon-nucleon coll
sions! times smaller than in central Au1Au collisions. One
can therefore easily extract the inclusive fragmentation fu
tion from the experimental data without much statistical
rors from the subtraction of the background. This conclus
remains valid even if one includes the parton energy los
AA collisions because both the background and the parti
from jet fragmentation are suppressed by approximately
same amount due to jet quenching@8,9#. As one can expec
from Fig. 3, for direct photons withET

g,6 GeV at the RHIC
energy, the hadron spectrum from the jet fragmentation
much smaller than the background. In this case, one can
longer accurately extract the effective fragmentation funct
with finite number of events.

Shown in Fig. 4, are similar calculations for centr
Pb1Pb collisions at the LHC energy withET

g560 GeV for

FIG. 3. The differentialpT spectrum of charged particles from
the fragmentation of a photon-tagged jet withET

g510, 15 GeV and
the underlying background in central Au1Au collisions at
As5200 GeV. The direct photon is restricted touyu<Dy/250.5.
Charged particles are limited to the same rapidity range and in
opposite direction of the photon,uf2fg2pu<Df/251.0. Solid
lines are calculations using Eq.~7! and points areHIJING simulations
of 20 K events.
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55 3053MEDIUM-INDUCED PARTON ENERGY LOSS INg1JET . . .
the tagged photons. It is clear that the overall backgroun
much larger than at the RHIC energy. Therefore, one ne
to trigger on largeET

g photons. Our calculation shows th
the fragmented hadron spectrum from the photon-tagged
with ET

g540 GeV is roughly as large as the background
the LHC energy, from which one can barely extract the
fective fragmentation function. ForET

g,40 GeV, the frag-
mentation spectrum is too small to be extracted.

As a general criterion on the minimum value ofET
g in our

prescribed procedure in centralAA collisions, one should
require

ET
g.ETmin

g , TAA~0!
ds jet

dydET
~ETmin

g !51~GeV21!.

~15!

Since largepT hadrons in the background also come fro
jet fragmentation, this is to ensure thatET

g is large enough
such that the average number of jets withET5ET

g in each
central collisions is less than 1. Only then, the inclusive fr
mentation function of the photon-tagged jet can be extrac
with confidence after the subtraction of the backgrou
Shown in Table I, are values ofETmin

g for different central
A1A collisions atAs5200 GeV. This is consistent with
what one can expect from Fig. 3.

IV. EFFECTS OF JET ET SMEARING

From Figs. 3 and 4, one also notices that there are sig
cant number of particles withpT larger thanET

g , from frag-
mentation of the photon-tagged jets. This is because of

FIG. 4. The same as Fig. 3, except forET
g560 GeV at

As55.5 TeV.

TABLE I. The minimum transverse energy of the triggered ph
ton, ETmin

g , required in order for the fragmentation function
photon-tagged jets to be reliably extracted in centralA1A colli-
sions atAs5200 GeV.

A 80 120 160 200

ETmin
g ~GeV! 5.0 5.5 6.0 6.4
is
ds

ts
t
-

-
d
.

fi-

e

ET smearing of the jet caused by initial-state radiations.
illustrate the effect of theET smearing, we plot in Fig. 5 the
inclusive fragmentation functions~upper panel! with ~solid
lines! and without ~dashed lines! ET smearing both for
dEq /dx51 GeV/fm and dEq /dx50. The lower panel
shows the ratios of the inclusive fragmentation functio
with and without energy loss. We assume that the mean
path of a quark islq51 fm and the triggered photon ha
ET

g515 GeV in central Au1Au collisions atAs5200 GeV.
Notice that we now definez as a hadron’s fractional energ
of the triggered photon. Because of theET smearing of the
jet caused by initial-state radiations, hadrons can havepT
larger thanET

g . Therefore, the effective inclusive jet frag
mentation function does not vanish atz5pT /ET

g.1. As we
can see, the effect ofET smearing is only significant at larg
z. In particular atz.1, the modified fragmentation functio
without ET smearing has contributions only from those pa
tons which escape the system without a single inelastic s
tering, thus is controlled only by the mean free path@9#.
However, after taking into account theET smearing, one also
has contributions from the fragmentation of jets withET

larger thanET
g even if the jet has suffered energy loss. The

fore, the modification of the inclusive fragmentation functio
in this region ofz depends on both the mean free path a
the parton energy loss. Only at very largez.2, the modifi-
cation factor becomes independent of the energy loss,
pending only on the mean free path. However, the prod
tion rate becomes also extremely small. For small a
intermediate values ofz, both the inclusive fragmentation
function and the modification due to parton energy loss
not very sensitive to theET smearing.

-

FIG. 5. Upper panel: The inclusive fragmentation functions w
~solid lines! and without ~dashed lines! ET smearing for
dEq /dx51 GeV/fm anddEq /dx50. Lower panel: The ratios of
the inclusive fragmentation functions with and without energy lo
The mean free path of a quark is assumed to belq51 fm and the
triggered photon hasET

g515 GeV in central Au1Au collisions at
As5200 GeV.
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3054 55XIN-NIAN WANG AND ZHENG HUANG
To study the effect of jetET smearing in detail, we show
in Fig. 6 ratios of the inclusive fragmentation function
central Au1Au collisions with energy lossdEq /dx51
GeV/fm over the one inpp collisions without energy loss
We shall refer to this ratio as themodification factor. The
enhancement of soft particle production due to induced em
sions is important only at very small fractional energyz. The
fragmentation function is suppressed for large and inter
diatez due to parton energy loss. For fixeddE/dx andz, the
suppression becomes less asET

g or the averagê ET& in-
creases. One can notice that there is an interesting stru
in the region ofz.0.8 which is also a consequence of the
ET smearing. In this region, contributions from fragmen
tion of jets with ET larger thanET

g dominates. Since the
leading particles are relatively less suppressed for largerET
with fixed dE/dx and z, the decrease of the modificatio
factor will then saturate at aroundz'1 until the largeET tail
of the ET smearing for the photon-tagged jet~as shown in
Fig. 2! becomes insignificant. Therefore, the structure of
modification factor in the largez region results from the
competition between the energy dependence of jet quenc
and the falling off of the tail of the jetET smearing. The
structure becomes more prominent for largerET

g and it
should also depend on the energy dependence of the p
energy loss.

Another advantage of studying jet quenching in photo
tagged events is that the results are not sensitive to som
the effects of initial-state multiple interactions, e.g., t
nuclear shadowing of parton distributions@7# and energy loss
of the beam partons, which can affect the direct photon p
duction rate. However, there is one exception, i.e., theET
broadening from multiple initial- and final-state scatterin
with the beam partons. SuchET broadening, which also
causes the so-called Cronin effect@18# in pA collisions,
should also increase theET smearing of the photon-tagge
jets in bothpA andAA collisions. ThisET broadening has
also been seen in dijet events of fixed target experime
@19#. Even though the Cronin effect for inclusive cross se
tions decreases with the colliding energy as indicated by
rent experiments@20# and theoretical estimates also predic
to be small@10# at the RHIC collider energy and beyond, th
smallET broadening in the photon-tagged events should
have finite effects and one would like to have a handle o
experimentally.

FIG. 6. The modification factor of the photon-tagged inclus
jet fragmentation function in central Au1Au collisions at
As5200 GeV for a fixeddEq /dx51 GeV/fm.
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One can directly measure theET distributions of the
photon-tagged jets inpp and pA collisions and study the
possible change, using the conventional calorimetrical st
of jets. However, due to small but finite background inpp
andpA collisions, it is difficult to measure the calorimetri
energy of jets with an accuracy of less than 1 GeV. Here
propose to study theET broadening indirectly by measurin
the modification factor for the photon-tagged jets inpA col-
lisions, since the inclusive fragmentation function is ve
sensitive to theET smearing as we have demonstrated a
the final jet partons in the central rapidity region do n
experience transverse energy loss inpA collisions. In par-
ticular atz5pT /ET

g;1, only those jets withET.ET
g contrib-

utes. The spectrum in this region is extremely sensitive to
ET broadening. Therefore, one should be able to meas
even very smallET broadening via the modification factor i
pA collisions.

Let us assume that the transverse momentum kick fr
initial- and final-state scatterings with the beam partons ha
Gaussian distribution with a widthDpA , one can then calcu
late the effective jet fragmentation function similarly to E
~12! but with a modified ET-smearing function
gpA(ET ,ET

g),

DpA
g ~z!5(

a,h
r a~ET

g!E dETgpA~ET ,ET
g!
ET

g

ET
Dh/a
0 S zET

g

ET
D .
~16!

The modifiedET-smearing function can be obtained as t
convolution of theET-smearing function inpp collisions
with a Gaussian distribution,

gpA~ET ,ET
g!5E dET

aE d2pT
pDpA

2 e2pT
2/DpA

2
gpp~ET

a ,ET
g!

3d~ET2AET
a21pT

212pTET
acosf!

5E
0

pdf

p E
0

ET
2dpT

2

DpA
2 gpp~ET

a ,ET
g!

3e2pT
2/DpA

2 ET

AET
22pT

2~12cos2f!
, ~17!

where ET
a5AET

22pT
2(12cos2f)2pTcosf. For not very

large values ofDpA relative toET
g , the peak of the modified

smearing functiongpA(ET ,ET
g) is simply shifted to larger

values ofET as compared togpp(ET ,ET
g). One can charac-

terize theET shift by

DET5E dETET@gpA~ET ,ET
g!2gpp~ET ,ET

g!#. ~18!

To demonstrate the sensitivity of the effective fragmen
tion function on theET broadening due to multiple parto
scatterings, we show in Fig. 7 the modification fact
DpA

g (z)/Dpp
g (z) in pA collisions for three values ofDET

with ET
g510 and 15 GeV, respectively, at the RHIC energ

It is clear that the modification factor is sensitive to the a
ditional ET smearing even for very small values ofDET .
The shape of the modification factor simply reflects the f
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that the smearing function is most modified around the p
ET'ET

g . Comparison between the calculation forET
g510

and 15 GeV for fixed values ofDET shows that the relative
effect of multiple scatterings decreases with increasingET

g .
TheET-smearing function forAA collisions can be mod-

eled the same way as in Eq.~17! for pA collisions, except
that DpA is replaced byDAA . According to the classica
random-walk approximation@4,21#, DpA

2 should be propor-
tional toA1/3, or the average number of proton-nucleon su
collisions. In such an approximation,DAA

2 52DpA
2 . Using

this modifiedET-smearing function in Eq.~14!, we can cal-
culate the modified effective fragmentation function for t
photon-tagged jets inAA collisions, including both the effec
of parton energy loss through the dense medium and
additionalET smearing due to initial- and final-state scatte
ings with the beam partons. Shown in Fig. 8 are the ca
lated modification factors with~solid line! and without
~dashed line! ET broadening. It is clear that theET broaden-
ing has a significant effect on the final modification factor
AA collisions. One therefore has to studypp, pA, andAA
collisions systematically and subtract the effect caused
theET broadening due to initial multiple scatterings to obta
the modification factor only due to parton energy loss
AA collisions. In the following discussions, we assume t
such an effect has already been subtracted out and we
concentrate on the effect of parton energy loss.

V. EXTRACTING PARTON ENERGY LOSS

Given the modification of the inclusive fragmentatio
function of photon-tagged jets, one, in principle, should
able to extract the parton energy loss and the parton m
free path in our phenomenological model. The optimal c
is when the average total energy loss is significant as c

FIG. 7. The modification factor for the photon-tagged jet fra
mentation function inpA collisions withET

g510 and 15 GeV at
As5200 GeV, for different values ofDET due toET broadening.
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pared to the initial jet energy, and yet thepT spectrum from
jet fragmentation is still much larger than the underlyi
background. However, because of the complication of
initial-state radiations, one still cannot determine precis
the energy of the photon-tagged jet in each centralAA event.
Therefore, the parton energy loss and mean free path ca
be determined independently in a tangible way. As compa
to our earlier results@9# where we did not take into accoun
of theET smearing of the photon-tagged jets, the modific
tion of the averaged fragmentation function due to ene
loss is quite sensitive to the value of the mean free path
dEq /dx5 1 GeV as shown in Fig. 6.

To study the sensitivity of the modification to the ener
loss, we plot in Fig. 9 the modification factor at a fixed val
of z50.4 as functions ofdEq /dx. For small values of
dEq /dx, the suppression factor is more or less independ

- FIG. 8. The modification factor for the inclusive fragmentatio
function of photon-tagged jets with~solid! and without ~dashed!
ET broadening due to initial parton scatterings, in central Au1Au
collisions at As5200 GeV. The parton energy loss is fixed
dEq /dx51 GeV/fm and the mean free pathlq51 fm.

FIG. 9. The modification factors for the inclusive fragmentati
function of photon-tagged jets at givenz5pT /ET

g50.4 as functions
of parton energy lossdEq /dx with different values of the mean fre
pathlq , in central Au1Au collisions atAs5200 GeV.



is
i-
lo
ld
e
io
p-

g.
-

th

he
e

ys
re
t
e

e

s
l
,

g

in
.
di

he

ric

ly
y
rin

c
e
d
th

he
ine
n

size

jet
ins
e
is
c-
uld
nd
g
ings
l
the
the
t
rity
o the
ed
nse
rgy

n,
to
ill
nc-

ta-

3056 55XIN-NIAN WANG AND ZHENG HUANG
of the mean free path. This is referred to as the ‘‘soft em
sion’’ scenario in Ref.@9# where the suppression is dom
nated by the leading parton with an average total energy
^DET

a&5^na&ea5^L&dEa /dx. The suppression factor shou
scale withdEa /dx, depending very weakly on the mean fre
path. Assuming an exponential form of the fragmentat
function;e2cz for z50.2;0.8, one can show that the su
pression factor has a form (12DET

a/ET
g)exp(2czDET

a/ET
g).

For large values ofdEq /dx>1 GeV/fm, the ratio is sensitive
to the mean free path. However, as one can see from Fi
the suppression factor flattens out asdEq /dx increases, es
pecially for large values of the mean free pathla . This can
be understood as the ‘‘hard emission’’ scenario in which
parton enegy loss per emissionea5ladEa /dx is large. In
this scenario,zn aftern times emission becomes so small, t
nÞ0 contribution is completely suppressed in the modifi
fragmentation function in Eq.~2!. The only contribution is
from n50 term, i.e., from the partons which escape the s
tem without any induced radiation. In this case, the supp
sion factor is controlled by exp(2L/la), a factor independen
of dEa /dx andET

g . One thus needs to measure the suppr
sion factor at smaller values ofz or a global fit to determine
both the energy lossdEa /dx and the mean free path from th
experimental data.

Recent theoretical studies@4# of parton energy loss in a
dense medium of a finite sizeL indicate that the energy los
per unit distancedE/dx could be proportional to the tota
distance that the parton has traveled since it is produced

dEa
dx

5
Caas

8

m2

l
L ln

L

l
5
Caas

8
DkT

2 , ~19!

which was also shown to be proportional to the avera
transverse momentum broadening squaredDkT

2 , with respect
to the direction of the initial parton momentum, wherem is
the Debye mass of the medium andl is the mean free path
of the parton,Ca5 4/3 for quark and 3 for a gluon. ThekT
broadening results from multiple scatterings which also
duce the radiative energy loss for the propagating parton

One way to test this experimentally is to study the mo
fication factor at any givenz value for different nucleus-
nucleus collisions or for different centralities~impact param-
eters!. Shown in Fig. 10 are the modification factors for t
inclusive fragmentation function atz50.4 as functions of
A1/3. We assume that the radius of the cylindrical system
RA51.2A1/3 fm. In one case~dashed lines!, we assume a
constant energy lossdE/dx50.5 GeV/fm. The modification
factor decreases almost linearly withA1/3. In another case
~solid lines!, we assumedEq /dx50.2(L/fm) GeV/fm. The
average transverse distance a parton travels in a cylind
system with transverse sizeRA is ^L&50.905RA . We choose
the coefficient indEq /dx such that its average value rough
equals 0.5 GeV/fm forA520. To implement such an energ
loss in our model, we assume the energy loss per scatte
for a parton traveling a total distanceL, to be
ea5la0.2(L/fm) GeV. As we can see, the suppression fa
tor for a distance-dependentdE/dx decreases faster than th
one with constantdE/dx. Unfortunately, we have not foun
a unique way to extract the average total energy loss so
one could show that it is proportional toA2/3 for the distance-
-
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dependentdE/dx. One possible procedure to determine t
A dependence of the energy loss is to first determ
dE/dx andl using a global fit to the measured modificatio
factor for each type of centralAA collisions and then find the
A dependence of the extracteddE/dx. However, such a pro-
cedure and our model depend on the assumption of the
of the dense medium produced inAA collisions.

VI. kT BROADENING AND JET PROFILE

In our discussions so far, we have assumed that the
profile in the opposite direction of the tagged photon rema
the same inAA as inpp collisions, since we used the sam
acceptance factorC(Dy,Df). Such an acceptance factor
determined by the effective jet profile in the opposite dire
tion of the tagged photon. One can imagine that there sho
be two sources of corrections. One is due to the initial- a
final-state multiple parton scatterings with the collidin
nucleons. As we have discussed, such multiple scatter
can cause the broadening of the jetET smearing. They shal
also increase the acoplanarity of the jet with respect to
tagged photon. One can study this effect directly via
effective jet profile inpA→g1 jet1X processes as in dije
events@19#. Let us assume that such increased acoplana
can be measured and corrected. The second correction t
effective jet profile comes from multiple scatterings suffer
by the leading parton while it propagates inside the de
medium. These multiple scatterings induce radiative ene
loss and in the meantime also cause thekT broadening of the
final parton with respect to its original transverse directio
giving rise to an additional acoplanarity. Such a change
the jet profile could affect the acceptance factor, which w
be an overall factor to the measured jet fragmentation fu

FIG. 10. The modification factors for the inclusive fragmen
tion function of photon-tagged jets at givenz5pT /ET

g50.4 as func-
tions ofA1/3 in centralA1A collisions atAs5200 GeV. The solid
lines are for a distance-dependent parton energy lossdEq /dx, while
the dashed lines are for a constantdEq /dx.



le

on
il
e

it
th

f-
im

e
fil

e

is
e
th

lo
er

ng
he
ns-

is

tum
old
loss
ible
ure

te
can
af-

ses,
um

atter
stic
elate
n of
ear-

r

ies
,
en
ni-

rom
We
rom
ting
lon-
is

r-
nd
us,
in

e-

th
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tion if we assume the jet profile to be the same for partic
with different fractional energies.

Since we only consider jets in the central rapidity regi
(y50), we assume that the final multiple scatterings w
only change the jet profile in the azimuthal direction. W
define the jet profile function asf (f)5dET /df. If the ini-
tial effective jet profile isf 0(f) and thekT broadening dis-
tribution is given by a Gaussian form@4#, the final effective
jet profile function is then,

f ~f!5E
0

`

dkT
2 1

DkT
2 e

2kT
2/DkT

2
f 0~f2f jet!, ~20!

where sinfjet5kT /ET andDkT
2 is the averagekT broadening

squared.
To demonstrate the effect of thekT broadening due to

final multiple scatterings, we plot in Fig. 11~solid line! the
azimuthal angle distribution ofET ~within uyu,0.5) with re-
spect to the opposite direction of the tagged photon w
ET

g510 GeV. We have subtracted the background so
dET /df50 atf5p. The profile distribution includes both
the intrinsic distribution from jet fragmentation and the e
fect of initial-state radiations. The acceptance factor is s
ply the fractional area within theufu,Df/2 region. The
kT broadening of jets due to multiple scatterings will broad
the profile function. Shown as the dashed line is the pro
function from Eq.~20! for DkT

254 ~GeV/c) 2. It is clear that
with a modest value of thekT broadening, the acceptanc
factor only changes by a few percent.

Since the change of the effective jet profile function
related to the averagekT broadening, one can combine th
measurement with the measured energy loss to verify
relationship betweendE/dx andDkT

2 as in Eq.~19!.

VII. JET QUENCHING IN DEEP INELASTIC
LEPTON-NUCLEUS SCATTERINGS

Even though we have so far applied the parton energy
in Eq. ~19! to a fast parton inside a dense matter, the gen

FIG. 11. Jet profiledET /df ~within uyu,0.5) with respect to
the opposite direction of the tagged photon. The solid line is
original profile in pp collisions from HIJING simulations, while
the dashed line is the modified profile function withDkT

254
GeV2/c2.
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form and its derivation is also valid for a parton propagati
inside cold nuclear matter or hot hadronic medium. T
properties of the medium are manifested in the total tra
verse momentum kickDkT

2 . For a hot QGP,DkT
2 directly

reflects the temperature, while for cold nuclear matter it
related to the gluon density inside a nucleus@4#. If there is a
dramatic difference between the transverse momen
broadening or the parton energy loss in QGP and c
nuclear matter, then the measurement of parton energy
in high-energy heavy-ion collisions can be used as a poss
probe of QGP formation. It is thus also important to meas
the parton energy loss in cold nuclear matter.

As we have mentioned in the Introduction, initial-sta
interactions with beam nucleons prior to a hard process
also cause the participating partons to lose energy, thus
fecting the final cross section. Among many hard proces
such as the Drell-Yan lepton pair and heavy quarkoni
production at largexF in pA collisions @22#, the simplest
processes where parton energy loss in cold nuclear m
can be directly measured are probably deeply inela
lepton-nucleus scatterings. In such processes, one can r
the suppression of the leading hadrons to the attenuatio
the quark jet inside the nuclear matter. There are many
lier studies of this problem in the literature@23–26#. In this
paper, we would like to revisit this problem within ou
framework of modified fragmentation functions.

In deeply inelasticl A collisions, a quark or antiquark is
knocked out of a nucleon by the virtual photon which carr
energyn and virtualityQ. In the rest frame of the nucleus
the photon’s energy is transferred to the quark which th
will propagate through the rest of the nucleus. If the hadro
zation time of the quark in the order of 2n/LQCD

2 is much
larger than the nuclear size, most of the leading hadrons f
the jet fragmentation are formed outside of the nucleus.
can then attribute the attenuation of the leading hadrons f
the quark fragmentation to the energy loss of the propaga
quark inside the nuclear matter. Let us assume that the
gitudinal position of the nucleon from which the quark
knocked out isxi in the direction of the virtual photon. Using
Eq. ~2! for the modified fragmentation functions due to pa
ton energy loss and averaging over the longitudinal a
transverse position of the interaction point inside the nucle
we can obtain the effective quark fragmentation functions
deeply inelastic lepton-nucleus collisions,

Dh/a
l A~z,Q2!5

3

4E0RA
2dx'

2

RA
2 E

2LA~x'!

LA~x'! dxi

RA
Dh/a~z,DL,Q

2!,

~21!

whereLA(x')5ARA
22x'

2 , DL52xi1LA(x'), and a hard-
sphere nuclear distribution is used.

In a parton model, the nuclear structure function is d
fined as

F2
l A~x,Q2!5ZF2

l p/A~x,Q2!1~A2Z!F2
l n/A~x,Q2!,

~22!

e
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1

x
F2
l p/A~x,Q2!5

4

9
@2VN/A~x,Q2!12ūN/A~x,Q2!#

1
1

9
@VN/A~x,Q2!12d̄N/A~x,Q2!

12s̄N/A~x,Q2!#,

1

x
F2
l n/A~x,Q2!5

4

9
@VN/A~x,Q2!12ūN/A~x,Q2!#

1
1

9
@2VN/A~x,Q2!12d̄N/A~x,Q2!

12s̄N/A~x,Q2!#,

whereVN/A(x,Q
2) ~normalized to 1! is the effective valence

quark distribution,q̄N/A(x,Q
2)’s are the effective sea quar

distributions per nucleon inside a nucleus, a
x5Q2/2mNn. Here we neglect the isospin asymmetry in t
sea quark distributions, i.e.,ūN/A(x,Q

2)5d̄N/A(x,Q
2). Be-
ro
ts
o
n

th
je
i

cause of nuclear effects such as shadowing, the effec
parton distributions per nucleon inside a nucleus are differ
from that inside a nucleon in the vacuum. There are ma
different mechanisms for the nuclear modification of the p
ton distributions and they could be different for valence a
sea quark distributions@27#. In this paper, we assume that th
nuclear modification factors for quark distributions are t
same and can be given by the ratio of structure function

RA/D~x,Q2!5
VN/A~x,Q2!

VN/D~x,Q2!
5
q̄N/A~x,Q2!

q̄N/D~x,Q2!

5
2F2

l A~x,Q2!

AF2
l D~x,Q2!

. ~23!

With parton fragmentation model, one can also define
semi-inclusive structure function associated with product
of hadrons with momentumzn in the direction of the virtual
photon,
F2
l A→h6

~x,z,Q2!5ZF2
l p/A→h6

~x,z,Q2!1~A2Z!F2
l n/A→h6

~x,z,Q2!,

1

x
F2
l p/A→h6

~x,z,Q2!5
4

9
@2VN/A~x,Q2!12ūN/A~x,Q2!#@Dp/V

l A ~z,Q2!1DK/V
l A ~z,Q2!#1

1

9
@VN/A~x,Q2!12d̄N/A~x,Q2!#

3@Dp/V
l A ~z,Q2!1DK/S

l A ~z,Q2!#1
1

9
2s̄N/A~x,Q2!@Dp/S

l A ~z,Q2!1DK/V
l A ~z,Q2!#,

1

x
F2
l n/A→h6

~x,z,Q2!5
4

9
@VN/A~x,Q2!12ūN/A~x,Q2!#@Dp/V

l A ~z,Q2!1DK/V
l A ~z,Q2!#1

1

9
@2VN/A~x,Q2!12d̄N/A~x,Q2!#

3@Dp/V
l A ~z,Q2!1DK/S

l A ~z,Q2!#1
1

9
2s̄N/A~x,Q2!@Dp/S

l A ~z,Q2!1DK/V
l A ~z,Q2!#. ~24!
tio
s,

h
ar
tal
-
is

e
of
n
still

os-
In principle, one should also take into account hadron p
duction from the fragmentation of the nuclear remnan
However, one can neglect them for relatively large values
z. In the above equation, we have used the following defi
tions for the quark fragmentation functions:

Dp/V[Dp/u5Dp/ ū5Dp/d5Dp/ d̄ ,

Dp/S[Dp/s5Dp/ s̄ ,

DK/V[DK/u5DK/ ū5DK/s5DK/ s̄ ,

DK/S[DK/d5DK/ d̄ . ~25!

With the above model assumptions, one can study
quark energy loss by measuring the modification of the
fragmentation functions via the ratio of the above sem
inclusive structure functions for different nucleus (A andD
deuterium! targets,
-
.
f
i-

e
t
-

RA/D~z!5
2F2

l A→h6

~x,z,Q2!

AF2
l D→h6

~x,z,Q2!
. ~26!

Shown in Fig. 12, is the calculation of the above ra
within our model of the modified fragmentation function
together with experimental data from E665@28#. In the ex-
periments, the averaged values ofQ2, n, andx are different
for different values ofz. We have taken into account suc
kinematic effects in our calculation, especially the nucle
modification of the quark distributions. In the experimen
measurements, small values ofz are correlated to small val
ues ofx, where nuclear shadowing of parton distributions
important. This is why the ratioRA/D(z) is smaller than 1
even at small values ofz. Within the errors, the data ar
consistent with our calculation with parton energy loss
dE/dx50.5–1 GeV/fm. It is clear that in order to pin dow
the quark energy loss inside the nuclear matter, one
needs more accurate measurements in deeply inelasticl A
collisions. Because of the finite total parton energy loss p



f

u
er

ra
r

a
-

-
io
e
th
b
n

th
-

ect
s
-
e
on-

n-

ace
at

e
or-
d
ne
the

n

d

55 3059MEDIUM-INDUCED PARTON ENERGY LOSS INg1JET . . .
sible inside a finite nucleus, events with small values on
~energy carried by the struck quark! are more desirable.

VIII. EXPERIMENTAL FEASIBILITIES

To have an estimate of the experimental feasibility of o
proposedg1 jet measurement, we list in Table II the numb
of g1 jet events per year per unit rapidity and unit~GeV!
ET at the RHIC collider energy. We assume a cent
Au1Au cross section of 125 mb with impact paramete
b,2 fm. We have taken a luminosity ofL5231026

cm22 s21 with 100 operation days per year. Theg1 jet
cross sections are taken from the compilation by the h
probes collaboration@29#. As we can see, although the num
ber of direct photons withET

g57 GeV is large enough, the
rate forET

g515, 20 GeV is still too small to give any statis
tically significant measurement of the fragmentation funct
and its modification inAA collisions. If one can increase th
luminosity by a factor of 10, the numbers of events for bo
ET

g510 and 15 GeV are significant enough for a reasona
determination of the fragmentation function of the photo
tagged jets.

Given a number of events, one still has to overcome
large background ofp0’s to identify the direct photons. Plot

FIG. 12. The suppression factor of charged hadron productio
the jet fragmentation region in deeply inelasticl A collisions as a
function of z5Eh /n. The lines are calculations using modifie
fragmentation functions with parton energy lossdEq /dx. The data
are from Ref.@28#.

TABLE II. Rate of direct photon production in central Au1Au
collisions at As5200 GeV, with luminosityL5231026 cm22

s21 and 100 operation days per year.

ET
g ~GeV! 7 10 15 20

(dNg2 jet/dydET )/year 20500 3550 400 70
r

l
s

rd

n

le
-

e

ted in Figs. 13 and 14, are the production rates of dir
photons~solid line! andp0’s ~dashed and dot-dashed line!
for central Au1Au collisions at the RHIC and LHC ener
gies. The rate ofp0 production is calculated with the sam
jet fragmentation functions employed in this paper and c
voluted with jet production cross sections@8#. We can see
that without jet quenching,p0 production rate is about 20
times larger than the direct photons atpT510 GeV/c at
As5200 GeV. Fortunately, jet quenching due to parton e
ergy loss can significantly reducep0 rate at largepT as
shown by the dot-dashed line. However, one still has to f
p0’s about three times higher than the direct photons
pT510 GeV/c. At largerpT , the situation improves, but on
loses the production rate. Since the isolation cut method n
mally employed inpp collisions to reduce the backgroun
for direct photons does not work any more, the only way o
can identify them with high accuracies has to be through
means of improved detectors.

Similarly, we also list in Table III the number ofg1 jet

in

FIG. 13. The spectrum of direct photon production~solid! as
compared top0 spectrum with~dot-dashed! and without~dashed!
parton energy loss (dEq /dx51 GeV/fm, lq51 fm! in central
Au1Au collisions atAs5200 GeV.

FIG. 14. The same as Fig. 13, except atAs55.5 TeV.
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events per year per unit rapidity and unit~GeV! ET at the
LHC energy. We assume a luminosity ofL5231027

cm22 s21 with 50 operation days per year for Au1Au col-
lisions. The production rates are reasonably high due to b
the high luminosity and collider energy. However, the cor
sponding background ofp0’s is also high ~see Fig. 14!
which may make the detection of direct photons more di
cult.

At the LHC energy,As55.5 TeV, the production rate fo

Z01 jet becomes large even for reasonably largePT
Z0 . Listed

in Table IV are the number ofZ01 jet events per year pe

unit rapidity integrated overPT
Z0 with different low cut-off

values. The production cross sections are provided by
based on calculations as described in Ref.@30#. Note that the
givenZ0 production rates are integrated ones, thus appea
to be larger than the differential rate of direct photon prod
tion at the same transverse momentum. One can detecZ0

through the dilepton channel which has almost no ba
ground in the range of the dilepton invariant mass n
MZ0. One can then apply the same procedure as we h
discussed in this paper for direct photon events and mea
the modification of the effective jet fragmentation functio
due to parton energy loss. However, the drawback of us
the dilepton channel ofZ0 decay is that the effective numbe
of events via this channel is about 6.7% of the total num
of Z0 events.

IX. CONCLUSIONS AND DISCUSSIONS

In summary, we have studied systematically how one
measure the parton energy loss ing1 jet events in centra
high-energy heavy-ion collisions within the framework of
modified fragmentation function model. We have demo
strated that an effective fragmentation function of t
photon-tagged jets can be extracted from the inclus
charged hadron spectrum in the opposite direction of
tagged photon. We have estimated the background f
largepT hadron production to be small as compared to h
ron production from the jet fragmentation for relatively lar
values ofpT . We also provided estimates of the lower limi
onET

g in centralA1A collisions in order for such extractio
to be possible. We further show that the effective fragm
tation function is sensitive to the parton energy loss poss
experienced by the parton during its propagation through
produced dense matter. The sensitivity is characterized
the so-called modification factor via the comparison of

TABLE III. Rate of direct photon production in central Au1Au
collisions atAs55.5 TeV, with luminosityL5231027 cm22 s21

and 50 operation days per year.

ET
g ~GeV! 40 50 60

(dNg2 jet/dydET )/year 2880 1070 490
.
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effective fragmentation function inAA with the one inpp
collisions.

We have explicitly taken into account theET smearing of
the photon-tagged jets for a fixed value ofET

g due to initial-
state radiations. We also demonstrated that the defined m
fication factors inpA collisions probe theET broadening due
to multiple initial- and final-state parton scatterings with t
beam nucleons. One should subtract out the effect of s
ET broadening when extracting the parton energy loss fr
the modification factor inAA collisions. We have also mad
detailed analysis of the modification factor within our mod
and studied the sensitivity to different forms of the part
energy loss, e.g.,A dependence and the effective jet profi
as a function of the azimuthal angle in the transverse pla
We have also applied our model to jet quenching in dee
inelastic lepton-nucleus collisions from which one can e
tract the parton energy loss inside cold nuclear matter.
nally, we have examined the experimental feasibilities of o
proposed study. Our estimates show that in order to h
accurate measurements, one needs somewhat increased
nosity aboutL5231027 cm22 s21 at the RHIC energy. At
the LHC energy, one can alternatively useZ0 as the trigger
and study the associated jet fragmentation.

The analysis in this paper has been based on a simpl
model of modified fragmentation functions. In particular, w
have neglected the fluctuation of the induced radiation
cording to a given radiation spectrum and we assumed
average energy loss to be independent of the initial pa
energy. Since the initial parton energy in theg1jet events
can still fluctuate due to initial state radiations, the final p
ticle spectrum should also be subject to any variation of
energy loss with the initial parton energy. Such sensitivit
should be studied in the future. However, one can also
dress this issue experimentally by changing the energy of
tagged photon.
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