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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 inchjsive
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 l@sa as
compared tqp collisions, includingE+ smearing from initial-state radiations for the photon-tagged jets. The
effective fragmentation function &= p;/E¥~1 in pA collisions is shown to be sensitive to the additional
E+ smearing due to initial multiple parton scatterings whose effect must be subtractedfotciollisions 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 lon CollRidIC) and Large
Hadron Collider(LHC) energies and some alternative measurements such asZfsimg a tag at the LHC
energy.[S0556-28187)04805-X

PACS numbeps): 25.75—-q, 12.38.Mh, 13.87.Ce, 24.86p

[. INTRODUCTION through. One can therefore determine the parton density of
the produced dense matter by measuring the energy loss of a

Hard processes are considered good tools to study ufast parton in high-energy heavy-ion collisions. _
trarelativistic heavy-ion collisions because they happen early Unlike in the QED case, where one can measure directly
in the reaction processes and thus can probe the early staé;ée radiative photon spectrum and thus the energy loss of a
of the evolution of a dense system, during which a quark. st electron, one cannot measure directly the energy loss of

. . : a fast parton in QCD. Since a parton is experimentally asso-
gluon plasmaQGP could exist for a short period of time. ciated with a jet, a cluster of hadrons in a finite region of the

Among the proposed hard probes, large transverse momeppaqe space, an identified jet can contain particles both from
tum jets or partons are especially useful because they interag{e fragmentation of the leading parton and from the radiated
strongly with the medium. For example, an enhanced acoplgartons. If we neglect thé&; broadening effect, the total
narity and energy imbalance of two back-to-back jéfsdue  hadronic energy contained in a jet should not change even if
to multiple scatterings, jet quenching due to the mediumithe leading parton suffers radiative energy loss. However,
induced radiative energy loss of a high-energy parton propasignificant changes could happen to particle distributions in-
gating through a dense mediuifi] can provide important side the jet, or the fragmentation function and jet profile, due
information on the properties of the medium and interactiorfo the induced radiation of the leading parton. Therefore, one
processes that may lead to partial thermalization of the procan measure the radiative energy loss indirectly via the
duced parton system. The medium-induced radiative energjpodification of the jet fragmentation function and jet profile.
loss of a fast parton traversing a dense QCD medium is also A jet fragmentation function is defined as the particle dis-

interesting by itself because it illustrates the importance offibution in the fractional energy. In order to measure the
quantum interference effects in QCD. As recent studies havgagmentatlon function one has to first determine the initial
: energy of the fragmenting parton either through other mea-

demonstrated3,4], it is very important to take into account od kinemati ibles as @t e ande- lorimet
the destructive interference among many different radiatior? Inematic variables as@1 € ande p or calorimet-
ric measurements as mp and pp collisions. However, be-

amplitudes induced by multiple scatterings in the calculation ; o
of the final radiation spectrum. The so-called Landau cause of the large value dlEy/dyd and its fluctuation in

: . . “high-energy heavy-ion collisior§], the conventional calo-
Pomeranchuk-Midgal effe¢6] can lead to very interesting, imetic study of a jet cannot determine the jet energy to such

and sometimes noni_ntu_itive results for.the radiative energy,, accuracy as required to determine the parton energy loss.
loss of a fast parton inside a QCD medium. Recently, Baier, search of an alternative measurement, Wang and Gyulassy
Dokshitzer, Mueller, Peigneand Schiff(BDMPS) showed  [7] proposed that single-particle; spectrum can be used to
[4] that the energy loss per unit distand&/dx, grows lin-  study the effect of parton energy loss, since the suppression
early with the total length of the mediutn, which in turn  of |argeE+ partons naturally leads to the suppression of large
can be related to the total transverse momentum broadenirlgr particles. Because the particle spectrum at largés the
squaredAk? of the parton from multiple scatterings. It tumns convolution of jet cross sections and fragmentation func-
out that both quantities)E/dx and AK%, are related to the tions, particles with a fixegy can come from the fragmen-
parton density of the medium that the parton is travelingtation of partons of different initial energies with some aver-
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age vaIue(E‘?'}. In this case, the suppression of the  smearing caused by initial-state radiations associated with

spectrum due to parton energy loss is then related to thée hard process. The effects of tiis broadening should

modification of jet fragmentation function at an averageda|3° exist and_ can be studied independentlg Acollisions.
(2)= pT/<EjTet>_ Since( EjTet> is approximately proportional to (3) In the triggered events, there are many other processes

b, by varyingp, one can then study the energy dependenc(ﬁ/]hich can also produce hard or semihard partdrd and

e ; . . . us form a dense medium in the central rapidity region. The
of the modification of jet fragmentation functions at a fixed . , ; .
photon-tagged jet parton will then interact with these partons

(2) [8]. . . during its propagation through the dense medium. We call
In order to study the modification of theholejet frag-  ,ose interactions final-state interactions. The induced radia-
mentation function due to parton energy loss in the Wil e energy loss and transverse momentum broadening, re-
range, we and Sarcevi®] proposed to measure the particle ferreq to as; broadening in this paper, are the focus of our
pt distribution in the opposite transverse direction of astudy.
tagged direct photon. Since a direct photon in the central |n this paper, we will study in detail the effect of parton
rapidity region {/=0) is always accompanied by a jet in the energy loss on the jet fragmentation function as extracted
opposite transverse direction with roughly equal transversérom the p; spectrum in the opposite direction of a triggered
energy, thep distribution of particles in that direction is direct photon. In particular, we will take into account the
directly related to the jet fragmentation function with known E; smearing of the jet due to initial-state radiations associ-
initial energy, EX'~EZ. In such y+jet events, the back- ated with they+ jet processes. We will show that the particle
ground due to particle production from the rest of the systenspectrum from the jet fragmentation p~E7 is very sen-
was estimated to be well below th: spectrum from jet sitive to theE; broadening from initial- and final-state scat-
fragmentation at moderate large . Therefore, one can eas- terings with beam partons. One can then use our proposed
ily extract the fragmentation function from the experimentalmeasurement to determine tis broadening inpA colli-
data without much statistical errors introduced by the subsjons. This small but finite effect must then be subtracted out
traction of the background. By comparing the extracted jelvhen one determines the medium-induced parton energy loss
fragmentation function irAA to that inpp collisions, one in AA collisions. We will also investigate the sensitivity of
can then measure the modification of the fragmentation funcithe modification of the fragmentation function to the energy
tion and determine the parton energy loss. andA dependence of the parton energy loss. The change of
Because of the complexity of the problem, it will be help- the profile function in the azimuthal angle due to tke
ful for us to first discuss all possible relevant processesroadening of the parton from multiple scatterings inside the
which might have some effects on the study of parton energynedium will also be discussed. Heke is the parton trans-
loss iny+jet events in high-energhA collisions. One can verse momentum with respect to the original jet direction,
order the processes in a chronological order with respect t@hich can be related to the parton energy loss according to
the hard process of direct photon production. BDMPS study{4]. Finally, we will discuss the experimental
(1) As the two nuclei approach and pass through eaclieasibility of the proposed study and alternative measure-
other, the two participating beam partons which later proments usingz® particles as a tag. We will also discuss how
duce the direct photon will suffer initial-state interactions similar measurements can be made in deeply inelastic
with other oncoming nucleons. The participating beam pariepton-nucleus scatterings, from which one can determine
tons will then suffer radiative energy loss and acquire transthe energy loss of a fast parton passing through cold nuclear
verse momentum kicks because of these soft interactiongnatter.
The initial state interactions will also cause the shadowing of
the parton distributions inside the nuclei. These initial-state
effects will certainly affect the production rate of direct pho-
tons at a given transverse enerBy. However, they will The fragmentation functions of partons hadronizing in the
not influence the propagation and fragmentation of thevacuum have been studied extensivelyeihe™, ep, and
accompanying produced jet parton in events triggered with @p collisions [11]. These functions describe particle distri-
direct photon with a fixed?. butions in the fractional energy=E/Ej, in the direction
(2) After the hard process in which a direct photon and aof a jet. Similar to parton distributions inside hadrons, the
jet parton are produced, the jet parton can also scatter frorfftagmentation functions are also nonperturbative in nature.
the beam nucleons within a tube of a transverse size at moktowever, parton cascades during the early stage of the frag-
1 fm in the rest part of the colliding nuclei which has not mentation can be described by perturbative QCD. The mea-
passed through. Since the colliding nuclei pass through eacured dependence of the fragmentation functions on the mo-
within a very short period of timet~1 fm/c (this is the mentum scale is shown to satisfy the QCD evolution
spatial size of wee partons, while the valence partons have equations very well. We will use the parametrizations of the
Lorentz contracted size &,m2/2s), the produced jet parton most recent analys[4.2] in bothz andQ? dependence for jet
in central rapidity region will not have time to interact with fragmentation functionDﬂ,a(z,Qz) to describe the fragmen-
other beam nucleons outside the tube. Since we are onlation of a parton 4) into hadrons K) in the vacuum.
interested in jet partons in the central rapidity region, these The fragmentation of a parton inside a medium is differ-
scatterings will not cause the jet partons to lose transversent from that in the vacuum, because of its final-state inter-
energy. Rather, together with the initial-state interactionsactions with the medium and the associated radiations. Such
they will change the final transverse momentum of the jeinteractions and medium-induced radiations will cause the
parton, resulting in afE; broadening in addition to thE;  deflection and energy loss of the propagating parton which in

Il. MODIFIED FRAGMENTATION FUNCTIONS
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effect will modify the fragmentation functions from their 1 N 22

corresponding forms in the vacuum. In principle, one could Dh,a(z,L,QZ)z—a 2 Pa(n,L)—Dﬂ,a(zf},QZ)
study the maodification of jet fragmentation functions in per- N =0 z

turbative QCD in which induced radiation of a propagating 7!

parton in a medium and Landau-Pomeranchuk-Migdal inter- +<na>?aDﬂ,g(z;,Q§), )
ference effect can be dynamically taken into account. How-

ever, for the purpose of our current study, we can use a

phenomenological model to describe the modification of the ,
jet fragmentation function due to an effective energy IossWherﬁ zﬁ=z/(01—nea2/ET), Za,:ZET/Ea’ apd Cﬁ‘%
dE/dx of the parton. Such an approach is useful and possibly-n=0 Pa(n)- Di/a(z,Q”) are the jet fragmentation functions

necessary for experimental studies of the parton energy lod8 the vacuum which we take the parametrized form in Ref.
and multiple final-state scatterings. [12]. We limit the number of inelastic scatterings to
In this phenomenological model we assume that the siz&! =Er/€a t0 conserve momentum. One can check that the
and lifetime of the system is small compared to the hadron;j@Pove modified fragmentation functions satisfy thezmomen—
zation time of a fast parton. In the case of a QGP, a partof!™ Sum rule by - construction,Z[zDya(2,L,Q7)dz
cannot hadronize inside the deconfined phase. A fast partori =h/ZDiya(z.Q?)dz=1. For large values dfl, the average
will hadronize outside the system and the fragmentation caRumber of scatterings within a distanteis approximately
be described as ie*e~ collisions, however, with reduced (Na)~L/\5. The first term in the above equation corre-
parton energy. The interaction of a par@mith the medium  SPonds to the fragmentation of the leading partons with re-
can be characterized by the mean free paghof parton duced energ¥Er—ne, aftern inelastic scatterings. This term
scatterings, the radiative energy loss per scatterjrand the ~ normally domi_nates fqr leading particles in th_e moderat_e and
transverse momentum broadening squakéd. The energy Ia(r)ge z region. Since the fragmentation functions
loss per unit distance is thatE, /dx= e, /\, which in prin-  Dha(2.Q%) generally decrease with, especially quite rap-
ciple depends onk? and\,. We assume that the probabil- idly at moderate and large region, the reduction in energy

ity for a parton to scatten times within distancd. is given will lead to the suppression of leading particles or the de-
by a Poisson distribution crease of the fragmentation functions in this region as com-

pared to the case in vacuum. The second term in the above
equation comes from the emitted gluons each having energy
(LN €, on the average. This term is generally significant only in
Pa(n,L)= Te*”” (1)  the smallz region and it increases the effective fragmenta-
' tion functions in the smalt region, or enhances soft particle
production. We should note that our assumptions on the had-

We also assume that the mean free path of a gluon is ha[Pnlzatlon of the emitted gluons are too schematic to give a

that of a quark, and the energy los&/dx is twice that of a glﬁ:g?gﬁtwe description of the physics involved in that small
quark. The emitted gluons, each carrying eneegyon the . .

average, are assumed to hadronize also according to the fragt-)('jzoer Zf?é\éinep?rgo';zgzgza ?ngctth;ngogael d;tgr:)cr:a,otnr}e Wo
mentation function. For simplification, we will neglect the N v 9 lon Tunctl P y

energy fluctuation given by the radiation spectrum for theparameters, the mean free patiand energy loss per scat-

emitted gluons. We assume the momentum scale in the frag%?rmg €a- As demonstrated in Refd], contributions ffom :
mentation function for the emitted gluons to be set by the he leading partons who have suffered at least one inelastic
scattering is completely suppressed fovalues close to 1.

minimum scaIeQ§=2.0 GeV2. Since the emitted gluons - L7 .
. . The remaining contribution comes from those partons which
only produce hadrons with very small fractional energy, the

final modified fragmentation functions in the moderatelyescape. t.he system withogt asingle inelastic sgat.tering, with a
large z region are not very sensitive to the actual radiationprObabIIIty exp{-L/A,), which depends oR, but is indepen-

spectrum and the momentum scale dependence of the fraeg-ent of the parton energfr and the parton energy loss
mentation functions for the emitted gluons. In this paper, wefl Ea/dX. On the other hand, in the intermediateregion,
will also neglect possible final-state interactions betweerParticles from the fragmentation of the leading partons with
hadrons from parton fragmentation and the hadronic environteduced energy dominates. The suppression of the fragmen-
ment at the late stage of the evolution of the whole systemtation functions is controlled by the total energy loss,
However, it is important for future investigations to estimate{AEr)=(ny)e,=LdE,/dx, which depends only on
the influence of pure hadron scatterings on the final observedE,/dx. One, therefore, could determine, in principle, these
jet fragmentation functions. two parameters), and dE,/dx, simultaneously from the
We will consider parton fragmentation in the central ra-measured suppression of the effective fragmentation func-
pidity region of high-energy heavy-ion collisions. In this tions, for fixedE; andL. However, as we will see in the next
case, we only need to study partons with initial transverseection, the complication of not knowing the jet energy pre-
energyEt and traveling in the transverse direction in a cy-cisely will render such arguments unrealistic. In certain
lindrical system. With the above assumptions, the modifiedtcases, one has to resort to a model-dependent global fitting of
fragmentation functions for a parton traveling a total distanceghe modification of the fragmentation functions in order to
L can be approximated 49], determine the mean free path and parton energy loss.
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lll. THE INCLUSIVE FRAGMENTATION FUNCTION do?, dol®
OF PHOTON-TAGGED JETS = dE3dy.d . 4
dy,dE} 2 f rd¥aAdagerdy desdy.de,” Y

As we have emphasized in the Introduction, the most im-
portant point in the study of parton energy loss through the We now define theEt-smearing functiong,,(E7,E7),
measurement of the modification of the parton fragmentatiomnd parton correlation functiofije(ya, #a), as
functions is the determination of the initial parton or jet en-
ergy. However, the direct measurement of a jet energy to th8pp(ETEP) fied Ya, ba)
accuracy as required to determine an energy loss of a few

y—a
GeV is unfeasible due to the large background and its fluc- _ 1 dogp _ )
tuation in high-energy heavy-ion collisions. To overcome do},/dy,dE} dEYdy,dEqdy,d ¢,

this difficulty, it was proposed9] that direct photons in _ _
heavy-ion collisions can be used to tag the energy of jets [N @ perturbative calculation to the lowest orderdsg,
which always accompany the direct photons. Because othich was used in our earlier studg], the Er-smearing
initial-state radiations associated with the production of gunction and parton correlation function are simply two
direct photon, the accompanying jet is not always exactly iffunctions, g,,(ET,EY)=8(ET—E}), fie(Ya ®a)*(da
the opposite direction of the photon and its transverse energy ¢,), due to momentum conservation. The intrinsic hadron
also differs from collision to collision, though the averagedprofile function fy(y,¢) in this leading-order calculation
jet energy is well approximated by the energy of the trig-should be the measured jet profile. In calculations beyond the
gered photon. In Ref9], the variation of jet energy was not leading-order, the photon and jet parton have a finite imbal-
considered in the study of the effective inclusive jet fragmen-ance in transverse momentum due to the initial-state radia-
tation function iny+jet events and the modification due to tions. The final-state radiations also contribute to the mea-
parton energy loss. In this paper, however, we would like tasured jet profilef (y, ¢) which should be the convolution of
explore the effect oE; smearing due to initial-state radia- the parton correlation functiofie(y, , ¢,) from perturbative
tions. We will see that such a smearing complicates thealculations to a given order and the intrinsic hadron profile
simple procedure to determine the parton energy loss and thg(y, ¢),
mean free path of final-state scatterings as outlined in the

revious study 9].
P Let us con)s[ider events which have a direct photon with f(y,¢>)=J dyaddafiedYa: #a)folYa=y.ba= ). (6)
fixed transverse energi} in the central rapidity region, _ ) _
|y,|<Ay/2, Ay=1. Given the jet fragmentation functions Note that the differential cross sectiat”"* and the
DY 4(2), with z the fractions of momenta of the jet carried by fragmentation functiorDy,,(z,Q°) in Eq. (3) both depend
hadrons, one can calculate the differenpigldistribution of ~ ©n the factorization scheme and the associated scale. So are
hadrons, averaged over the kinematical regidry,A ¢), the Er-smearing function and parton correlation function in

from the fragmentation of a photon-tagged jetpp colli-  EQ. (5). Unlike the collinear divergences in the next-to-
sions, leading-order jet cross sections, which are cancelled via the

definition of a jet with a finite size, the collinear divergences
in Eqg. (3) are subtracted out via the definitions of parton

ngu;h _ 1 dagp " distributions and fragmentation functions. Therefore, the dif-
dyd®pr _dogp/dyyd EY dy,dEXdyd?pr ferential cross sectiodo” ™ # beyond the leading order in Eq.
(3) is not the same as the jet cross section in which a jet is
e defined via the transverse energy within a finite region in
dogp _2 dE2dv.d phase spacfl4]. The two cross sections can be related via
dyydE%dydsz_a,h f Erdyadéa some divergence-free physical observables, e.g., total had-

ronic energy within the acceptancAy,A ¢), which can be

do},? Dpa(pr/ED) computed from Eq(3).
xdE-de dE3dy,d¢, prE2 With the above definitions of th&-smearing function
7 and jet profile function, we can rewrite E@) as
[ Sty b b), @ -
A_A_ oYa™ Y:Pa— ¥), dNYZ
randy 80 By b S r(ED [ dErg(ErED
where the summation is over jedl and hadron If) species 0
andfy(y, ¢), assumed to be the same for all hadron species, % Dha(Pr/Er) C(Ay,A ) @)
is the normalized hadron intrinsic profile around the parton prET AyA¢

axis. If the azimuthal angle of the photon i, and

¢.,= ¢+, the restricted kinematical region for the se- where C(AY, AP)=]y1<ay2dYS |4 |<agd DTy, ¢
lected hadrons is defined asAy,A¢)=(]y|<Ay/2, —¢,) can be considered as an overall acceptance factor for
|p— ¢V|SA¢/Z)- One could also use more complicated ge-finding the jet fragments in the given kinematic range.
ometry, such as a circle with a given radius, for the phase We will approximate the fractional production cross sec-
space restriction to define a jet. The inclusive differentialtion r ,(E¥) of ana-type jet associated with the direct pho-
cross section for direct photon production is ton, by the lowest order calculation,
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FIG. 1. The normalized parton correlation framviNG simula- 005 | ]
tions in rapidityy and azimuthal angle> with respect to the oppo- ’
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FIG. 2. TheE;-smearing function for the photon-tagged parton
do? 1 jets withE¥=10, 15 GeV, fromHIIING simulations ofpp collisions
5 => J AXpForp(Xp) Ferp(Xe) at \'s=200 GeV. The averaged value Bf is (E;)=8.08, 12.57
dy,dEf  be Jxpmin GeV, respectively

3 e d—(j bc—y+a 9 lation function and hadron intrinsic profile around the parton
T eXp— XTEY dt axis, has a similar shape with a slightly larger width accord-
B _y y oy ing to both our simulations and experimental measurements
where  Xc=XpXte /(2Xp—X7€"),  Xemin=X1€(2 i high-energypp collisions[16]. For calculations through-
—xre™¥7), and X_TZZET.NE- The parton distributions in a oyt this paper, we will usay=1 andA¢=2. We find the
proton, f(x), will be given by the MSRDB- 1 parametriza- acceptance factor defined in E@), C(Ay,A ¢)~0.5, inde-

tion [17]. In our following calculations foAA collisions, we pendent of both the colliding energy and the photon energy
will use the impact-parameter averaged parton distributiongy usingHIJING [13] Monte Carlo simulations.

per nucleon in a nucleus\(Z), Since a parton jet in the parton shower model is well

defined, one can then calculate the double differential cross
, (100  section fory-jet events. Shown in Fig. 2 are the normalized
E+ distributions of the jet parton,

fasa(X)=Sya(X)

Z Z
Kfa/p(x)"_ 1- K fa/n(x)

whereS,;A(X) is the parton nuclear shadowing factor which

we will take theHIJING parametrizatior{13]. We have ex- 1 dN,
plicitly taken into account the isospin of the nucleus by con- N.__ . dE.
sidering the parton distributions of a neutron which are ob- vt T
tained from that of a proton by isospin symmetry.

To simulate higher order effects, event generators such akith givenE{ of the tagged direct photon, fromJING simu-
PYTHIA [15], which was used in theilJING program[13], lations. As we can see that the transverse energy of the jet
normally use the parton shower model. In this model, ongparton has a wide smearing arougfl due to the initial-state
introduces a cutoff, for the parton virtuality in the chain of radiations associated with the hard processes. Because of the
parton shower, thus avoiding both infrared and collinear sinfapidly decrease witltE; of the direct photon production
gularities. In addition, initial- and final-state radiations arecross section, the distribution is biased toward sméeter
treated separately and the interference between them is algean EY. The averageE+ is thus smaller tharE?. In this
neglected. Shown in Fig. 1, is the parton correlation functiorpaper, we will use the jet parton distribution in Ed1) to
in rapidity y and azimuthal angle with respect to the op- approximate thé&et-smearing function in Eq(5).
posite direction of a triggered photon withY=10 GeV in If one triggers a direct photon with a giveB}, one
HIJING [13] simulations ofpp collisions aty/s=200 GeV. In  should average over tHe; smearing of the jet in the calcu-
the simulations, the final-state radiations are switched off séation of particle distributions in the opposite direction of the
that we can study the effect of momentum imbalance due ttagged photon. Such a smearing is important especially for
initial state radiations. We can see that most_of the jet parhadrons withpr comparable or larger thagy.
tons fall into the kinematic region,|y|<1,|¢— ¢,|<0.5). If we define the inclusive fragmentation function associ-
The jet profile, which is the convolution of the parton corre-ated with a direct photon ipp collisions as,

11
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with z=p;/E¥ the hadrons’ momenta as fractions of the
direct photon’s transverse energy, we can rewrite phe
spectrum[Eq. (7)] of hadrons in the opposite direction of a
tagged photon as

15 GeV

E’=

dN/idyd’p(y=0) (GeV’c)

dNZ,"  D2,(pr/EY) C(Ay,A¢)
dyd*pr prEY AyA¢

13

Considering parton energy loss in centfed collisions,
we model the modified jet fragmentation functions as given 10 U R P
) . ) 6 8 10 12 14 16 18
by Eqg.(2). Including theE; smearing and averaging over the Py (GeV/C)
y-jet production position in the transverse direction, the in-

clusive fragmentation function of a photon-tagged jet in cen- _ _ _
tral A+ A collisions is FIG. 3. The differentialpt spectrum of charged particles from

the fragmentation of a photon-tagged jet wiki= 10, 15 GeV and

dzrtz(r) the underlying background in central AWu collisions at

DXa(2)= J —AE ra(E%) Js=200 GeV. The direct photon is restricted [y <Ay/2=0.5.
Taa(0) 21 Charged particles are limited to the same rapidity range and in the

£ £ opposite direction of the photomq&—qby— m|<A@/2=1.0. Solid

T T lines are calculations using E) and points areilJING simulations

X E E;,E¥Y)—D z—,L
J dErGan(Er EF) Er h’a< E’ ) of 20 K events.

—
<
T

[ Background

o\x
wof

(14 lisions remains approximately the same aim collisions
2 2y - _ with small but measurable corrections due to kikebroad-
whereTaa(0)=/d°rt,(r) is the overlap function dAAcol-  gping of the leading parton as we will discuss later.
lisions at zero impact parameter. TBg-smearing function To demonstrate the feasibility of the above prescribed
gaa(Er.E7) in AA collisions should be different from that procedure, we show in Fig. 3 the calculategdistributions
in pp collisions due to initial multiple parton scatterings. of charged hadrons from the fragmentation of photon-tagged
However, for the moment, we will regard them as the SaMeets with EY=10, 15 GeV and the underlying background
and postpone the discussion of the difference to the neXtom the rest of a central A4Au collisions at the RHIC
section. We have assumed that direct photon production ra@qergy. We sel E/dx=0 so the effect of parton energy loss
is proportional to the number of binary nucleon-nucleon col-s not included yet. The points an@JiNG simulations of
lisions. Neglecting expansion in the transverse direction, theg_k events and solid lines for jet fragmentation are numeri-
total distance a parton produced at¢) will travel in the  ¢5) results from Eq(13) with the fragmentation functions
transverse direction is L(r,¢)=\Ri—r*(1-cos'¥)  given by the parametrization ef e~ data[12]. The numeri-
—rcosp. Using the above inclusive fragmentation function in cal result(solid line) for the background coming from jet
Eq. (13), one can similarly calculate th@: spectrum of par-  fragmentation in ordinary central events is obtained by the
ticles in the opposite direction of a tagged photonAA  convolution of the jet cross section and fragmentation func-
collisions. Setting the parton energy logd&/dx=0, the tions[8]. As we can see, the spectra from jet fragmentation
above equation should be reduced to the inclusive fragmerare significantly higher than the background at moderately
tation function inpp collisions in Eq.(12) and the corre- |arge transverse momenta. The backgroung pncollisions
spondingpy spectrum should also become the same as is about 120Qthe number of binary nucleon-nucleon colli-
pp collisions. siong times smaller than in central AuAu collisions. One

To measure the modification of the inclusive fragmenta-can therefore easily extract the inclusive fragmentation func-
tion function in experiments, one should first select eventsion from the experimental data without much statistical er-
with a direct photon of energ§?. Then one measures the rors from the subtraction of the background. This conclusion
particle spectrum in the kinematical regioAy,A ¢) in the  remains valid even if one includes the parton energy loss in
opposite direction of the tagged photon. After subtracting theA A collisions because both the background and the particles
background which is essentially tipg spectrum in ordinary from jet fragmentation are suppressed by approximately the
events, one can use E@.3) to extract the inclusive jet frag- same amount due to jet quenchif&9]. As one can expect
mentation functionp ¥(z), from the resultant spectrum. One from Fig. 3, for direct photons witE¥<6 GeV at the RHIC
can then compare the extracted inclusive jet fragmentatioenergy, the hadron spectrum from the jet fragmentation is
function in centralAA collisions to that inpp or peripheral much smaller than the background. In this case, one can no
AA collisions to study the modification due to parton energylonger accurately extract the effective fragmentation function
loss. Note that the centrality requirements for the signalith finite number of events.
(v+jet) and backgroundordinary events should be the Shown in Fig. 4, are similar calculations for central
same. The overall acceptance fac@Ay,A¢) in AA col-  Pb+Pb collisions at the LHC energy withY=60 GeV for
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the tagged photons. It is clear that the overall background is z

much larger than at the RHIC energy. Therefore, one needs

to trigger on largeEY photons. Our calculation shows that FIG. 5. Upper panel: The inclusive fragmentation functions with
the fragmented hadron spectrum from the photon-tagged jetsolid lines and without (dashed lings E; smearing for
with E¥=40 GeV is roughly as large as the background atdEq/dx=1 GeV/fim anddE,/dx=0. Lower panel: The ratios of
the LHC energy, from which one can barely extract the e]c_the inclusive fragmentation func_tlons with and without energy loss.
fective fragmentation function. FE}<40 GeV, the frag- | ¢ mean free path Oyf a quark is assumed tape 1 fm and the
mentation spectrum is too small to be extracted. triggered photon hakEY=15 GeV in central Adt-Au collisions at

L . . s=200 GeV.
As a general criterion on the minimum valuetf in our Vs

prescribed procedure in centrAlA collisions, one should E; smearing of the jet caused by initial-state radiations. To
require illustrate the effect of thé&; smearing, we plot in Fig. 5 the
inclusive fragmentation function@ipper panel with (solid
lines) and without (dashed lines E; smearing both for
dE,/dx=1 GeV/fm and dE,/dx=0. The lower panel
(15 shows the ratios of the inclusive fragmentation functions
with and without energy loss. We assume that the mean free
Since largepr hadrons in the background also come frompath of a quark is\q=1 fm and the triggered photon has
jet fragmentation, this is to ensure that is large enough EY=15 GeV in central At-Au collisions at\/s=200 GeV.
such that the average number of jets wih=E7} in each  Notice that we now define as a hadron’s fractional energy
central collisions is less than 1. Only then, the inclusive frag-of the triggered photon. Because of thg smearing of the
mentation function of the photon-tagged jet can be extractefet caused by initial-state radiations, hadrons can haye
with confidence after the subtraction of the backgroundiarger thanEY. Therefore, the effective inclusive jet frag-
Shown in Table I, are values &, for different central mentation function does not vanishat pr/E¥>1. As we
A+A collisions ats=200 GeV. This is consistent with can see, the effect & smearing is only significant at large

do'jet
dydE;

EY>Enn,  Taa(0) (E2in) =1(GeV'1).

what one can expect from Fig. 3. z. In particular atz=1, the modified fragmentation function
without E+ smearing has contributions only from those par-
IV. EFFECTS OF JET E; SMEARING tons which escape the system without a single inelastic scat-

tering, thus is controlled only by the mean free p&#h.
From Figs. 3 and 4, one also notices that there are signifijowever, after taking into account tilg smearing, one also
cant number of particles withy larger thanE{, from frag-  has contributions from the fragmentation of jets wih
mentation of the photon-tagged jets. This is because of thRyrger tharEZ even if the jet has suffered energy loss. There-
fore, the modification of the inclusive fragmentation function
TABLE I. The minimum transverse energy of the triggered pho-j, this region ofz depends on both the mean free path and
ton, Efy,, required in order for the fragmentation function of i, parton energy loss. Only at very large 2, the modifi-
photon-tagged jets to be reliably extracted in cen&alA colli-  cation factor becomes independent of the energy loss, de-
sions aty/s=200 GeV. pending only on the mean free path. However, the produc-
tion rate becomes also extremely small. For small and
intermediate values of, both the inclusive fragmentation
EZin (GeV) 5.0 5.5 6.0 6.4 function and the modification due to parton energy loss are
not very sensitive to th&; smearing.

A 80 120 160 200
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One can directly measure the; distributions of the
photon-tagged jets ipp and pA collisions and study the
possible change, using the conventional calorimetrical study
of jets. However, due to small but finite backgroundpip
and pA collisions, it is difficult to measure the calorimetric
energy of jets with an accuracy of less than 1 GeV. Here we
RS propose to study thE; broadening indirectly by measuring
| Ep=15Gev . the modification factor for the photon-tagged jetsia col-
lisions, since the inclusive fragmentation function is very

¥=10 GeV
e sensitive to thee; smearing as we have demonstrated and
0 02 04 06 08 1 12 14 16 18 . . . . .
2=p/El the final jet partons in the central rapidity region do not

experience transverse energy losspiA collisions. In par-
FIG. 6. The modification factor of the photon-tagged inclusive ticular atz= pT/E%~.1’ Only thqse _jets WitlEr>Ef co_n_trlb—
jet fragmentation function in central AtAu collisions at utes. The sp_ectrum in this region is extremely sensitive to the
J/S=200 GeV for a fixeddE, /dx=1 GeV/fm. E; broadening. Therefore,_ one should bg_ ab!e to measure
even very smalE broadening via the modification factor in
i o , pA collisions.
. To study the effect of jeEy smearing in detail, we show * | ot s assume that the transverse momentum kick from
in Fig. 6 ratios of the inclusive fragmentation function in jnisia|- and final-state scatterings with the beam partons has a
central AutAu collisions with energy lossdEq/dx=1  Gayssian distribution with a width,», one can then calcu-

GeV/fm over the one irpp collisions without energy 10ss. |56 the effective jet fragmentation function similarly to Eq.
We shall refer to this ratio as thmodification factor The 12) but with a modified E-smearing function

enhancement of soft particle production due to induced emisg (E1,E2)

sions is important only at very small fractional enemyyrhe PALYET =1

fragmentation function is suppressed for large and interme- EY EY
diatez due to parton energy loss. For fixd@&/dx andz, the DJa(2)= > ra E%)f dETgpA(ET,E%)E— Dﬂ,a( ZE_)'
suppression becomes less B% or the averageEr) in- ah T T
creases. One can notice that there is an interesting structure (16)

in the region ofz>0.8 which is also a consequence of the jetthe modifiedE-smearing function can be obtained as the
Er smearing. In this region, contributions from fragmenta-,nvolution of theE,-smearing function inpp collisions
tion of jets with E; larger thanEY dominates. Since the \yith a Gaussian distribution

leading particles are relatively less suppressed for |aEger

with fixed dE/dx and z, the decrease of the modification d’pr 2.2

factor will then saturate at arourze 1 until the largeE tail gpA(ET,E%/)If dE%f A2 © PT8pag, o(EFEY)
of the E; smearing for the photon-tagged jets shown in PA

Fig. 2 becomes insignificant. Therefore, the structure of the X 8(Eg— \/E$2+ p$+ 2prE3cosp)
modification factor in the large region results from the

competition between the energy dependence of jet quenching md¢ (g2d p2 a v

and the falling off of the tail of the jeE; smearing. The = fo - s A—gAgpp(EwET)

structure becomes more prominent for larget and it

should also depend on the energy dependence of the parton 22 =
energy loss. x e Pt JE2—p2(1-co2d) (a7
Another advantage of studying jet quenching in photon- T Pr(1-cos¢)

tagged events is that the results are not sensitive to some of a =72
the effects of initial-state multiple interactions, e.g., theWhere Ex= VEr*- pT(l,_ CoS¢)—prcosp. For not very
nuclear shadowing of parton distributiof and energy loss arge values oA, relative toE7, the peak of the modified
of the beam partons, which can affect the direct photon prosmearing functiong,a(E+,E7) is simply shifted to larger
duction rate. However, there is one exception, i.e.,Fre Vvalues ofE; as compared tg,,(E+,E{). One can charac-
broadening from multiple initial- and final-state scatteringsterize theE+ shift by

with the beam partons. Such; broadening, which also
causes the so-called Cronin effdd8] in pA collisions,
should also increase the; smearing of the photon-tagged
jets in bothpA and AA collisions. ThisE; broadening has
also been seen in dijet events of fixed target experiments T0 demonstrate the sensitivity of the effective fragmenta-
[19]. Even though the Cronin effect for inclusive cross sec-tion function on theE; broadening due to multiple parton
tions decreases with the colliding energy as indicated by curscatterings, we show in Fig. 7 the modification factor
rent experiment20] and theoretical estimates also predict it DJa(2)/D}(2) in pA collisions for three values oAE;

to be small[10] at the RHIC collider energy and beyond, the with E¥=10 and 15 GeV, respectively, at the RHIC energy.
small E1 broadening in the photon-tagged events should stillt is clear that the modification factor is sensitive to the ad-
have finite effects and one would like to have a handle on iditional E; smearing even for very small values AfE+.
experimentally. The shape of the modification factor simply reflects the fact

A= f AEEr[gpa(ET ED ~ Opp(Er.ED]. (18
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FIG. 8. The modification factor for the inclusive fragmentation
function of photon-tagged jets wittsolid) and without(dashegl
E+ broadening due to initial parton scatterings, in centrat-Auw
collisions at /s=200 GeV. The parton energy loss is fixed at
E,/dx=1 GeV/fm and the mean free pak=1 fm.

FIG. 7. The maodification factor for the photon-tagged jet frag-
mentation function inpA collisions withE¥=10 and 15 GeV at
\Js=200 GeV, for different values ok E; due toE; broadening.

d
that the smearing function is most modified around the peak

Er~Ef. Comparison between the calculation f8f=10  pared to the initial jet energy, and yet the spectrum from
and 15 GeV for fixed values afEy shows that the relative jet fragmentation is still much larger than the underlying
effect of multiple scatterings decreases with increagifig  background. However, because of the complication of the
The Er-smearing function foAA collisions can be mod- initial-state radiations, one still cannot determine precisely
eled the same way as in E(L7) for pA collisions, except the energy of the photon-tagged jet in each cemralevent.
that A, is replaced byAas. According to the classical Therefore, the parton energy loss and mean free path cannot
random-walk approximatiof4,21], AEA should be propor- be determined independently in a tangible way. As compared
tional to AY3, or the average number of proton-nucleon sub-to our earlier result§9] where we did not take into account
collisions. In such an approximatiom3,=2A3,. Using  of the Ey smearing of the photon-tagged jets, the modifica-
this modifiedEt-smearing function in Eq(14), we can cal- tion of the averaged fragmentation function due to energy
culate the modified effective fragmentation function for theloss is quite sensitive to the value of the mean free path for
photon-tagged jets iAA collisions, including both the effect dEq/dx= 1 GeV as shown in Fig. 6.
of parton energy loss through the dense medium and the To study the sensitivity of the modification to the energy
additionalE1 smearing due to initial- and final-state scatter-loss, we plot in Fig. 9 the modification factor at a fixed value
ings with the beam partons. Shown in Fig. 8 are the calcuof z=0.4 as functions ofdE,/dx. For small values of
lated modification factors with(solid line) and without dEy/dx, the suppression factor is more or less independent
(dashed ling E; broadening. It is clear that tHe; broaden-

ing has a significant effect on the final modification factor in 1 . ;
AA collisions. One therefore has to stugp, pA, andAA A=197 z=04
collisions systematically and subtract the effect caused by El=15 GeV
the E; broadening due to initial multiple scatterings to obtain @& e
the modification factor only due to parton energy loss in =) “?;x;f:‘\ -
AA collisions. In the following discussions, we assume that % Er=10 GeV 3w
such an effect has already been subtracted out and we only e
concentrate on the effect of parton energy loss. T .
V. EXTRACTING PARTON ENERGY LOSS o 03 ! L5228
dE /dx (GeV/fm)

Given the modification of the inclusive fragmentation
function of photon-tagged jets, one, in principle, should be FIG. 9. The modification factors for the inclusive fragmentation
able to extract the parton energy loss and the parton me&anction of photon-tagged jets at giver pr/E}=0.4 as functions
free path in our phenomenological model. The optimal casef parton energy lossE,/dx with different values of the mean free

is when the average total energy loss is significant as conpath),, in central AurAu collisions atys=200 GeV.
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of the mean free path. This is referred to as the “soft emis- 08
sion” scenario in Ref[9] where the suppression is domi-

nated by the leading parton with an average total energy loss
(AE$)=(n,)e,=(L)dE,/dx. The suppression factor should 06 -
scale withdE, /dx, depending very weakly on the mean free
path. Assuming an exponential form of the fragmentation
function ~e~°* for z=0.2~0.8, one can show that the sup- 04
pression factor has a form HAE$/EY)exp(—czAEY/ED).
For large values o E;/dx=1 GeV/fm, the ratio is sensitive

El=10GeV

A+A (b=0)
22000 GeV, z=0.4

(@)

Y
pp

to the mean free path. However, as one can see from Fig. 9, a 02
the suppression factor flattens out@,/dx increases, es- § 08
pecially for large values of the mean free path. This can Eﬁ

be understood as the “hard emission” scenario in which the

parton enegy loss per emissien=\,dE,/dx is large. In 06 |

this scenarioz, aftern times emission becomes so small, the
n+#0 contribution is completely suppressed in the modified 04 I
fragmentation function in Eq(2). The only contribution is

- : " - - - - dE _/dx=0.5 GeV/fm ]
from n=0 term, i.e., from the partons which escape the sys- _dngdx=0‘2(L/fm) GeV/iml
tem without any induced radiation. In this case, the suppres- 0.2 , » s

sion factor is controlled by exp{L/\,), a factor independent 2 3 :1/3 3 6

of dE,/dx andEZY. One thus needs to measure the suppres-
sion factor at smaller values afor a global fit to determine
both the energy lossE, /dx and the mean free path fromthe  FIG. 10. The modification factors for the inclusive fragmenta-
experimental data. tion function of photon-tagged jets at giver p+/E¥=0.4 as func-
Recent theoretical studi¢d] of parton energy loss in a tions of A¥in centralA+A collisions atys=200 GeV. The solid
dense medium of a finite side indicate that the energy loss lines are for a distance-dependent parton energyd&ggdx, while
per unit distancedE/dx could be proportional to the total the dashed lines are for a constaif,/dx.
distance that the parton has traveled since it is produced,

dependentdE/dx. One possible procedure to determine the
CaasAkz (19 A dependence of the energy loss is to first determine
8 T dE/dx and\ using a global fit to the measured modification
factor for each type of centrdl A collisions and then find the
which was also shown to be proportional to the averaged dependence of the extractdé/dx. However, such a pro-
transverse momentum broadening squax&@, with respect ~ cedure and our m_odel depend on the assumption of the size
to the direction of the initial parton momentum, whereis ~ ©Of the dense medium produced A collisions.
the Debye mass of the medium akds the mean free path
of the partonC,= 4/3 for quark and 3 for a gluon. THer
broadening results from multiple scatterings which also in- |n our discussions so far, we have assumed that the jet
duce the radiative energy loss for the propagating parton. profile in the opposite direction of the tagged photon remains
One way to test this experimentally is to study the modi-the same iM\A as inpp collisions, since we used the same
fication factor at any giverz value for different nucleus- acceptance factaE(Ay,A¢). Such an acceptance factor is
nucleus collisions or for different centraliti@snpact param-  determined by the effective jet profile in the opposite direc-
eterg. Shown in Fig. 10 are the modification factors for the tion of the tagged photon. One can imagine that there should
inclusive fragmentation function a=0.4 as functions of pe two sources of corrections. One is due to the initial- and
A3 We assume that the radius of the cylindrical system iginal-state multiple parton scatterings with the colliding
Ra=1.2A"3 fm. In one case(dashed lings we assume a nucleons. As we have discussed, such multiple scatterings
constant energy lossE/dx=0.5 GeV/fm. The modification can cause the broadening of the fgt smearing. They shall
factor decreases almost linearly wit’®. In another case also increase the acoplanarity of the jet with respect to the
(solid lineg, we assumealE,/dx=0.2(L/fm) GeV/fm. The tagged photon. One can study this effect directly via the
average transverse distance a parton travels in a cylindricalffective jet profile inpA— y+jet+ X processes as in dijet
system with transverse siR is (L)=0.908R,. We choose events[19]. Let us assume that such increased acoplanarity
the coefficient idE,/dx such that its average value roughly can be measured and corrected. The second correction to the
equals 0.5 GeV/fm foA=20. To implement such an energy effective jet profile comes from multiple scatterings suffered
loss in our model, we assume the energy loss per scatteringy the leading parton while it propagates inside the dense
for a parton traveling a total distancd, to be medium. These multiple scatterings induce radiative energy
€a=M\,0.2(L/Tm) GeV. As we can see, the suppression fac-loss and in the meantime also causekhdroadening of the
tor for a distance-dependedE/dx decreases faster than the final parton with respect to its original transverse direction,
one with constantlE/dx. Unfortunately, we have not found giving rise to an additional acoplanarity. Such a change to
a unigue way to extract the average total energy loss so thate jet profile could affect the acceptance factor, which will
one could show that it is proportional &% for the distance- be an overall factor to the measured jet fragmentation func-

dE, Caasu?® L
= —LIn==
dx 8 A N

VI. k1 BROADENING AND JET PROFILE
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I : N : form and its derivation is also valid for a parton propagating
F\ 3 inside cold nuclear matter or hot hadronic medium. The
3 s¥2=200 GeV E properties of the medium are manifested in the total trans-
) E'=10 GeV 3 verse momentum kickAkZ. For a hot QGPAKZ directly
3 ) E reflects the temperature, while for cold nuclear matter it is
E % E related to the gluon density inside a nuclé¢ds If there is a
\ E dramatic difference between the transverse momentum
broadening or the parton energy loss in QGP and cold
nuclear matter, then the measurement of parton energy loss
] in high-energy heavy-ion collisions can be used as a possible
L == N probe of QGP formation. It is thus also important to measure
0 05 1 15 2 25 3 the parton energy loss in cold nuclear matter.
As we have mentioned in the Introduction, initial-state
interactions with beam nucleons prior to a hard process can

FIG. 11. Jet profiledE/d¢ (within |y|<0.5) with respect to  also cause the participating partons to lose energy, thus af-
the opposite direction of the tagged photon. The solid line is thefecting the final cross section. Among many hard processes,
original profile in pp collisions from HIIING simulations, while  such as the Drell-Yan lepton pair and heavy quarkonium
the (anaséhed line is the modified profile function witkk3=4 production at largexe in pA collisions [22], the simplest
GeVe/ce. processes where parton energy loss in cold nuclear matter
can be directly measured are probably deeply inelastic
lepton-nucleus scatterings. In such processes, one can relate
the suppression of the leading hadrons to the attenuation of
the quark jet inside the nuclear matter. There are many ear-
lier studies of this problem in the literatuf23—-26. In this
paper, we would like to revisit this problem within our
framework of modified fragmentation functions.

In deeply inelastic”’A collisions, a quark or antiquark is
knocked out of a nucleon by the virtual photon which carries
energyv and virtuality Q. In the rest frame of the nucleus,
the photon’s energy is transferred to the quark which then
. 1 will propagate through the rest of the nucleus. If the hadroni-

f(d’):f dk$—zefk$mk$fo(¢—¢jet), (200  zation time of the quark in the order ofvaéCD is much
0 Akt larger than the nuclear size, most of the leading hadrons from
the jet fragmentation are formed outside of the nucleus. We
where simpe=kr/Er and Ak is the averagé; broadening  can then attribute the attenuation of the leading hadrons from
squared. the quark fragmentation to the energy loss of the propagating

To demonstrate the effect of tHer broadening due to quark inside the nuclear matter. Let us assume that the lon-
final multiple scatterings, we plot in Fig. 1(%o0lid line) the  gitudinal position of the nucleon from which the quark is
azimuthal angle distribution dEy (within |y|<0.5) with re-  knocked out is¢ in the direction of the virtual photon. Using
spect to the opposite direction of the tagged photon wittEq. (2) for the modified fragmentation functions due to par-
EY=10 GeV. We have subtracted the background so thaton energy loss and averaging over the longitudinal and
dE;/d¢=0 at ¢==. The profile distribution includes both transverse position of the interaction point inside the nucleus,
the intrinsic distribution from jet fragmentation and the ef- we can obtain the effective quark fragmentation functions in
fect of initial-state radiations. The acceptance factor is simdeeply inelastic lepton-nucleus collisions,
ply the fractional area within thép|<A@/2 region. The
k+ broadening of jets due to multiple scatterings will broaden
the profile function. Shown as the dashed line is the profile 3 re2d® (L) dx
function from Eq.(20) for Ak?=4 (GeVk) 2. Itis clear that D{A(z,Q%) = _fRA_zi M p,L(z,AL,Q2),
with a modest value of th&; broadening, the acceptance 2 4Jo RaJ-Luo)Ra ™
factor only changes by a few percent. (21)

Since the change of the effective jet profile function is
related to the averagle; broadening, one can combine the
measurement with the measured energy loss to verify thewhereLa(x,)=VRZz—x?, AL=—x+La(x,), and a hard-

—_
o

dE/do (GeV)
S = N WA NN O
-
1

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

Since we only consider jets in the central rapidity region
(y=0), we assume that the final multiple scatterings will
only change the jet profile in the azimuthal direction. We
define the jet profile function a ¢) =dE;/d¢. If the ini-
tial effective jet profile isfy(#) and thek; broadening dis-
tribution is given by a Gaussian forpd], the final effective
jet profile function is then,

relationship betweedE/dx andAk? as in Eq.(19). sphere nuclear distribution is used.
In a parton model, the nuclear structure function is de-
fined as

VII. JET QUENCHING IN DEEP INELASTIC
LEPTON-NUCLEUS SCATTERINGS

Even though we have so far applied the parton energy loss  F5(x,Q%) =ZF5P"A(x,Q?) + (A—Z)F5"A(x,Q?),
in Eq. (19) to a fast parton inside a dense matter, the generic (22
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oI , 4 ) . ) cause of nuclear effects such as shadowing, the effective
;sz (x,Q%) = §[ZVN/A(X,Q )+ 2upa(X,Q) ] parton distributions per nucleon inside a nucleus are different
from that inside a nucleon in the vacuum. There are many

1 p ) different mechanisms for the nuclear modification of the par-
+ 5 Vna(X,Q%) +2dya(x,Q) ton distributions and they could be different for valence and

o sea quark distributior[27]. In this paper, we assume that the
+25ya(%,Q?)], nuclear modification factors for quark distributions are the

same and can be given by the ratio of structure functions,

1 4 _
L Fa"A,Q%) = g [Via(x,.Q%) + 2Upa(x,Q?)]
Via(%,Q%)  ana(x,Q%)

_ RA/D(XiQ )=
+%[ZVN,A(X,Qz)—F2dN,A(x,Q2) Vp(x.Q%) Gy (x,Q?)
— 2F5A(x,Q2)
+2s5na(%,Q%)], = AFP(x,.QY) (23

whereVya(x,Q?) (normalized to 1is the effective valence

quark distributiongya(x,Q%)’s are the effective sea quark  With parton fragmentation model, one can also define the
distributions per nucleon inside a nucleus, andsemi-inclusive structure function associated with production
x=Q?/2myv. Here we neglect the i |sosp|n asymmetry in theof hadrons with momenturay in the direction of the virtual
sea quark distributions, i.euya(X,Q?) =dya(x,Q?). Be-  photon,

FoA " (x,2.Q8)=ZFPA M (x,2.Q9) +(A-2)F"A " (x,2,Q),
1#*’"‘%“ (x,2,Q? )——[2VN/A<x Q%) +2Una(x,.QA)][DIA(2,Q) + Di(z.Q) ]+ 5 [vN/A<x Q%) +2dya(x,Q?)]
X[D/(2,Q?) +Dify(z,Q? >]+—2sN,A(x Q3)[D%/(2,Q%) +Di(z.QY)],
1F/“’A*“ (x,2,Q° )——[vN,A<xQ )+ 2, QA DA 2,09+ Dh(2,Q%) ]+ < 5[2Via(x,.Q?) + 2dya(,Q?)]

X[Don(2,Q? )+DK/S(Z Q3]+ _2SN/A(X Q?)[D W/S(Z Q? )+DK/V(Z Q9] (24

In principle, one should also take into account hadron pro- ZF/AHhi(X 2,0?)
. . 2 146
duction from the fragmentation of the nuclear remnants. Rap(2)= —— )
However, one can neglect them for relatively large values of AFP 7" (x,2,Q%)
z. In the above equation, we have used the following defini-

tions for the quark fragmentation functions:

(26)

Shown in Fig. 12, is the calculation of the above ratio
within our model of the modified fragmentation functions,
together with experimental data from E6BE]. In the ex-
periments, the averaged values@f, v, andx are different
D ,/s=D;s=D /s, for different values ofz. We have taken into account such
kinematic effects in our calculation, especially the nuclear
modification of the quark distributions. In the experimental
measurements, small valuesoére correlated to small val-
ues ofx, where nuclear shadowing of parton distributions is

Dk/s=Dx/a=Dx/a- (25 important. This is why the rati®Ryp(2) is smaller than 1
even at small values af. Within the errors, the data are

With the above model assumptions, one can study theonsistent with our calculation with parton energy loss of
quark energy loss by measuring the modification of the jedE/dx=0.5—-1 GeV/fm. It is clear that in order to pin down
fragmentation functions via the ratio of the above semi-the quark energy loss inside the nuclear matter, one still
inclusive structure functions for different nucleus éndD needs more accurate measurements in deeply ineldstic
deuteriun) targets, collisions. Because of the finite total parton energy loss pos-

D71'/VE Dﬂ'/u: DW/F Dﬂ'/d: Dv'r/d_i

Dk/v=Dkju=Dk/a=Dx/s=Dk/s>
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055 F '. ] compared tor® spectrum with(dot-dashefland without(dashed
0.5 0 blib|20|30‘40‘50‘60‘70|‘ Lt parton energy lossdE,/dx=1 GeV/fm, \q=1 fm) in central

z

.80.9 1

Au+Au collisions at\s=200 GeV.

FIG. 12. The suppression factor of charged hadron production it€d in Figs. 13 and 14, are the production rates of direct

the jet fragmentation region in deeply inelastié& collisions as a

photons(solid line) and 7%’'s (dashed and dot-dashed lines

function of z=E,/v. The lines are calculations using modified for central Aut-Au collisions at the RHIC and LHC ener-

fragmentation functions with parton energy lat§, /dx. The data

are from Ref[28].

sible inside a finite nucleus, events with small valuesvof
(energy carried by the struck quarire more desirable.

VIIl. EXPERIMENTAL FEASIBILITIES

gies. The rate ofr® production is calculated with the same
jet fragmentation functions employed in this paper and con-
voluted with jet production cross sectiof8]. We can see
that without jet quenchings® production rate is about 20
times larger than the direct photons =10 GeVt at
Js=200 GeV. Fortunately, jet quenching due to parton en-
ergy loss can significantly reduce® rate at largep; as
shown by the dot-dashed line. However, one still has to face

. . iy 0» H H H
To have an estimate of the experimental feasibility of our™ S about three times higher than the direct photons at
proposedy+ jet measurement, we list in Table Il the number PT=10 GeVL. At largerpy, the situation improves, but one

of y+jet events per year per unit rapidity and uf@eV)

loses the production rate. Since the isolation cut method nor-

E; at the RHIC collider energy. We assume a centralMally employed inpp collisions to reduce the background
Au+Au cross section of 125 mb with impact parametersfor direct photons does not work any more, the only way one

b<2 fm. We have taken a luminosity of=2x 10
cm 2s™1 with 100 operation days per year. Thetjet

probes collaboratioh29]. As we can see, although the num-
ber of direct photons witlE}=7 GeV is large enough, the

can identify them with high accuracies has to be through the
means of improved detectors.

cross sections are taken from the compilation by the hard Similarly, we also list in Table Il the number of+jet

rate forE¥=15, 20 GeV is still too small to give any statis- v ' ' ‘ T
tically significant measurement of the fragmentation function ) \‘\‘ Au+rAub=0) s?=5.5TeV ]
and its modification irAA collisions. If one can increase the 10k ‘¢ ° without jet quenching]
luminosity by a factor of 10, the numbers of events for both S0 70 with jet quenching |
EY=10 and 15 GeV are significant enough for a reasonable = :
determination of the fragmentation function of the photon- 210- i
tagged jets. T

Given a number of events, one still has to overcome the S0l
large background of%’s to identify the direct photons. Plot- )

8107,

TABLE II. Rate of direct photon production in central AiAu
collisions at 's=200 GeV, with luminosity £=2X10?® cm~2 101
s~ and 100 operation days per year. ;:

10 . o

EY (GeV) 7 10 15 20 o 1020 pT3?GeV‘}2) 0 60
(dN”7®YdydE; )/year 20500 3550 400 70

FIG. 14. The same as Fig. 13, exceptyat=5.5 TeV.
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TABLE Ill. Rate of direct photon production in central AtAu TABLE IV. Rate of Z° production in central AuAu collisions
collisions at\s=5.5 TeV, with luminosity£=2x10?" cm~2s~! at \/s=5.5 TeV, with luminosity £=2x10?" cm 2s~! and 50
and 50 operation days per year. operation days per year.

EY (GeV) 40 50 60 P2’ (GeV) >20 >40 >60
(dN”7®YdydE; )/year 2880 1070 490 ANl dy/year 21100 7700 3470

events per year per unit rapidity and uf@eV) E; at the effective fragmentation function idA with the one inpp

LHC energy. We assume a luminosity af=2x10?"  collisions.

cm~?s~ ! with 50 operation days per year for AuAu col- We have explicitly taken into account tiis smearing of

lisions. The production rates are reasonably high due to botthe photon-tagged jets for a fixed value®¥ due to initial-

the high luminosity and collider energy. However, the corre-state radiations. We also demonstrated that the defined modi-

sponding background o#®s is also high(see Fig. 1% fication factors inpA collisions probe th&; broadening due

which may make the detection of direct photons more diffi-to multiple initial- and final-state parton scatterings with the

cult. beam nucleons. One should subtract out the effect of such
At the LHC energy,J/s=5.5 TeV, the production rate for E; broadening when extracting the parton energy loss from

Z%+ jet becomes large even for reasonably Iaﬁﬁg. Listed the modification factor irAA collisions. We have also made

in Table IV are the number aZ%+jet events per year per detailed analysis of the modification factor within our model

and studied the sensitivity to different forms of the parton

energy loss, e.gA dependence and the effective jet profile

\éalueds. The lprtl)dtgctlon c(rjoss ;gcgqns&]e IF\JIrOtVI(tjl’?dt ?ﬁ' Hags a function of the azimuthal angle in the transverse plane.
ased on caicuiations as described in 1. Note that In€ = \ye have also applied our model to jet quenching in deeply

?'Vgnlz pro?#ctltt)rr: rzt_](cefs artat_lr}tegtratefddpnets, thfts appe;””ﬁllelastic lepton-nucleus collisions from which one can ex-
0 be larger than Ihe difierential rate ot direct photon producy, . e parton energy loss inside cold nuclear matter. Fi-

:'r?n aththtﬁ saCirTre EranS\;]erse rlnorﬂgrr:tur:n. Or|1e ce;n dz{';tl:“‘ctknally, we have examined the experimental feasibilities of our
rougOI _ ?h ilepton cfatr;]ne d\'llv '? as a_mct)s NO backy oposed study. Our estimates show that in order to have
ground In the range of the diiepton nvarnant mass Neah.q,,rate measurements, one needs somewhat increased lumi-

Mo. One can then apply the same procedure as we havr‘?osity aboutZ=2X10?" cm~2s~! at the RHIC energy. At

discussed in this paper for direct photon events and measuff. | Hc energy, one can alternatively & as the trigger
the modification of the effective jet fragmentation function and study the aésociated jet fragmentation

dhuedt_(l) partonhenerglyczloosds. Hovyevher, tEe dfrfawk_Jack of gsmg The analysis in this paper has been based on a simplified
t fe 'eﬁ)ton ctr?nneh Igcaybls tt gt7to/e ef tﬁcnﬁ r|1um ebr model of modified fragmentation functions. In particular, we
obevents via this chanhnel 1S about b. /% of the fotal numbef,,, o neglected the fluctuation of the induced radiation ac-

of Z° events. cording to a given radiation spectrum and we assumed the
average energy loss to be independent of the initial parton
IX. CONCLUSIONS AND DISCUSSIONS energy. Since the initial parton energy in the-jet events
gan still fluctuate due to initial state radiations, the final par-
ticle spectrum should also be subject to any variation of the

measure the parton energy lossjr-jet events in central . L A
high-energy heavy-ion collisions within the framework of a Energy loss W't.h thg initial parton energy. Such sensitivities
should be studied in the future. However, one can also ad-

modified fragmentation function model. We have demon-d o . .
strated that an effective fragmentation function of the ress this issue experimentally by changing the energy of the
photon-tagged jets can be extracted from the inclusivéagged photon.
charged hadron spectrum in the opposite direction of the

tagged photon. We have estimated the background from

large p+ hadron production to be small as compared to had- We thank I. Sarcevic for helpful discussions and her early
ron production from the jet fragmentation for relatively large collaboration. We also thank T. Han for providing the cross
values ofpr. We also provided estimates of the lower limits sections 0fZ° production and helpful discussions. X.-N.W.
onE7 in centralA+ A collisions in order for such extraction would like to thank J. B. Carroll and D. Kharzeev for helpful
to be possible. We further show that the effective fragmendiscussions. This work was supported by the Director, Office
tation function is sensitive to the parton energy loss possiblyf Energy Research, Division of Nuclear Physics of the Of-
experienced by the parton during its propagation through théce of High Energy and Nuclear Physics of the U.S. Depart-
produced dense matter. The sensitivity is characterized bment of Energy under Contracts No. DE-AC03-76SF00098
the so-called modification factor via the comparison of theand DE-FG03-93ER40792.

unit rapidity integrated oveID%0 with different low cut-off

In summary, we have studied systematically how one ca
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