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Jet energy loss, photon production, and photon-hadron correlations are studied together at high transverse
momentum in relativistic heavy-ion collisions at Relativistic Heavy Ion Collider (RHIC) energies. The
modification of hard jets traversing a hot and dense nuclear medium is evaluated by consistently taking into
account induced gluon radiation and elastic collisions. The production of high-transverse-momentum photons
in Au + Au collisions at RHIC is calculated by incorporating a complete set of photon-production channels.
Comparison with experimental photon production and photon-hadron correlation data is performed, using a
(3 + 1)-dimensional relativistic hydrodynamic description of the thermalized medium created in these collisions.
Our results demonstrate that the interaction between the hard jets and the soft medium is important for the study
of photon production and of photon-hadron correlation at RHIC.
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I. INTRODUCTION

Hard processes are regarded as good tools for the tomo-
graphic study of relativistic heavy-ion collisions and of the
quark-gluon plasma: The energetic probes are created in the
early stage of the collisions and can therefore access the space-
time history of the transient hot and dense nuclear medium
created in these collisions. Large transverse-momentum par-
tons have been identified as especially useful because they
interact directly with the nuclear medium and will lose energy
in the process. The partonic jets that emerge will fragment into
the hadrons that are observed in the detectors. Experiments at
the Relativistic Heavy Ion Collider (RHIC) at Brookhaven
National Laboratory (BNL) have indeed shown that high-
pr hadrons in central A 4+ A collisions are significantly
suppressed in comparison with those in binary-scaled p + p
interactions [1-3]. Those results are commonly referred to as
“jet quenching.”

A lot of effort has been devoted to describe the energy
loss experienced by the color charges inside the hot, strongly
interacting matter. Gluon bremsstrahlung with the Landau-
Pomeranchuk-Migdal (LPM) [4] effect has been proposed
as the dominant mechanism for the jet-quenching process,
and different theoretical formalisms have been elaborated to
describe the hard parton energy loss [5—15]. Several of these
bremsstrahlung calculations were compared against each other
[16-19], using a relativistic ideal (3 + 1)-dimensional hydro-
dynamical simulation of the strongly interacting medium [20].
This implementation improved on earlier attempts relying
on simple schematic models by building on a detailed and
realistic description of the time evolution. Another potentially
important energy loss mechanism for high-pr color charges
is provided by scattering off thermal partons in binary elastic
collisions. Estimations of the relative magnitude of collisional
versus radiative energy loss have also been performed in
several different approaches and scenarios [21-28]. In Ref.
[29], a study of radiative and collisional energy loss was carried
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out in a given single approach (AMY [13-15]). Note that the
collisional energy loss was further improved on in Ref. [30].

Complementary to hadronic species, photons represent
another set of promising observables with the potential of
probing the quark-gluon plasma (see, for example, [31] and
references therein). Because they carry no color charge, once
produced, they will essentially escape from the collision
zone without further interaction with the surrounding nuclear
medium, reflecting directly local medium properties. However,
the experimental observation of produced photons in high-
energy nuclear collisions involves the entire evolution of the
collision, together with a variety of sources. Considering
that the background contribution from meson decay may
in principle be experimentally subtracted, theoretical studies
need to include photons produced in the early collisions, those
involving jet-medium interactions during jet propagation in the
medium [32], and those from fragmentation of the surviving
jets after their escape from the medium. In Refs. [33,34], the
calculation of photon production from nuclear collisions at
RHIC with those different photon sources has been done by
firstemploying a (1 + 1)-dimensional Bjorken evolution model
and then (2 + 1)-dimensional relativistic hydrodynamics.

These calculations, and others, have given rise to the hope
that the “tomography” of the hot and dense core of the nuclear
medium created in relativistic heavy-ion collisions may be put
on a firm quantitative footing.

In what concerns hadrons, several quantities have been put
forward as “tomographic variables.” One of those is the nuclear
modification factor R 4 4 that is inferred from the measurement
of single-particle inclusive py spectra. It is defined as the ratio
of the hadron yield in A 4 A collisions to that in binary-scaled
p + p interactions. Because the single-particle spectrum is
a convolution of the jet production cross section and jet
fragmentation functions, the suppression of the produced
hadrons at a fixed p7 involves jets with a wide range of initial
transverse energies; for details see Refs. [16,29]. In retrospect,
it is therefore not particularly surprising that a wide variety of
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energy loss conjectures that differ significantly in the predicted
energy loss mechanism can reproduce the measured R44 in
central Au + Au collisions at /s = 2004 GeV at RHIC given
the present experimental errors for central collisions. In that
sense, the tomographic usefulness of R4, in central collisions
has become rather questionable [35]. There have been several
suggestions to improve the situation. One is to consider a
more differential observable and study R,4 in noncentral
collisions as a function of the azimuth and pr [36]. This
effectively corresponds to studying an average over different
paths of partons as they traverse the expanding medium, which
is no longer rotationally invariant in the transverse plane. In
Ref. [16], R4 was also studied as a function of pr in central
and noncentral collisions at mid- and forward rapidities.
Although this does not restrict the initial jets’ energies or
initial vertices, it allows for a different averaging over the
medium than in central collisions and can thus provide us with
additional information.

Another road to improvement consists of considering
many-body variables, e.g., to study the production of high-
pr hadrons correlated with other high-pr particles. One
motivation is that the correlation between the trigger particle
and the measured hadrons will constrain the initial energy
distribution of the parton that fragments into the hadrons
more tightly than single-particle measurements. One such
suggested trigger is a hadron, see, e.g., Ref. [37]. Note,
however, that choosing a specific pr for the trigger hadron
on the “near side” still does not strictly pin down the
energy of the “away-side” partons. The trigger hadron is
produced by fragmentation of partons that have also traversed
the medium and lost energy. Therefore, a specific trigger
bias is introduced into the away-side parton distribution and
initial vertex distribution. This effect has been explored in
Ref. [37], where a detailed analysis of the initial vertex density
and conditional probability distribution P(pr) of away-side
partons for di-hadron correlations was presented in the Baier-
Dokshitzer-Mueller-Peigne-Schiff (BDMPS) framework of
energy loss [5] by gluon bremsstrahlung. There it was shown
that the yield of hadrons per trigger hadron was sensitive to the
specific assumptions about the evolution model for dihadron
correlations, while it was not for Ry 4.

Another promising trigger is a high- pr photon: One studies
jet quenching by measuring the pr distribution of charged
hadrons in the opposite direction of a trigger direct photon
[38,39]. Direct photons are predominantly produced from hard
collisions in the early stage of relativistic nuclear collisions.
Assuming that a high-py direct photon from these processes
can be used as a trigger of the away-side hadron, the transverse
energy of the initial away-side parton before energy loss can
then be deduced (up to corrections at next to leading order
in o). Thus, direct photons can provide a calibrated probe
for the study of the properties of high-energy-density QCD.
This kind of trigger does not introduce a vertex bias and
therefore weighs all vertices according to the nuclear overlap
function, and it strongly restricts the initial away-side partons’
energy to a monoenergetic source. Given this restriction of
the initial jet’s transverse energy, the expected tomographic
capabilities of photon-tagged jet correlation measurements
are much higher than those of R44. It has been shown in
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Ref. [35] that while different schematic conjectures of jet
energy losses could not be discriminated by R44 in central
collisions at midrapidity, they gave clearly different predictions
for y-hadron correlations. Some other studies have also been
performed along this direction [40—42].

However, jet-photon correlation calculations need to go
beyond direct photons and to include the other important
and known electromagnetic sources such as fragmentation
and jet-medium interaction. As the initial away-side partonic
jets in these processes could have larger transverse energies
than the near-side trigger photon, photons produced from
those processes might have significant contribution to the
correlations between final photons and hadrons. In this work,
we consider these possibilities and incorporate a complete set
of high- pr photon-production channels and study their relative
contributions to the correlations between back-to-back photons
and hadrons.

In Ref. [29], we have presented a consistent calculation
of both collisional and radiative energy loss in the same
formalism. There it was applied to calculate the nuclear
modification factor R4 of neutral pions in heavy-ion colli-
sions at RHIC for different centralities at midrapidity. Here,
we continue and extend this effort by studying the effect
of jet-medium interaction on the photon production as well
as on correlated back-to-back hard photons and hadrons in
high-energy nuclear collisions. We employ the formalism
developed in Ref. [29] to account consistently for collisional
and radiative energy loss of the leading hard parton while
it traverses the surrounding soft nuclear matter, modeled by
(3 + 1)-dimensional hydrodynamics [20].

This article is organized as follows: the next two sections
describe our approach to jet energy loss and to photon
production. Then, photon-hadron correlations are treated, and
comparisons with experimental results obtained at RHIC by
the PHENIX and STAR Collaborations are performed.

II. JET ENERGY LOSS

In our approach, hard jets (quarks and gluons) evolve in the
soft nuclear medium according to a set of Fokker-Planck-type
rate equations for their momentum distributions P(E,t) =
dN(E,t)/dE. The generic form of these rate equations can
be written as follows [33,43],

dP;(E, 1) f Ty j(E + o, )
ALY do | PE +o.t
di Xb: @| FalEFo.1) dodt

—P;(E, 1)

dT . (E, w>] 0

dwdt

wheredI';_,,(E, w)/dwds is the transition rate for the partonic
process j — a, with E the initial jet energy and w the
energy lost in the process. The w < 0 part of the integration
accounts for the contribution from the energy-gain channels.
The radiative and collisional parts of the transition rates have
been extensively discussed in Ref. [16,29,44].
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The initial jet momentum profiles may be computed from
perturbative QCD calculations [45],

doap—jx
— 5= = K ) [ d%GayaCia, @Gus(xs, Q)
d*prdy abd
» 1 2xaxb' do—ab—)jd7 @)
T 2x, — xye¥ dt
with x; = Zp;/a/sNN, where ./syy is the center-of-mass

energy. In the above equation, G4/4(x,, Q) is the distribution
function of parton a with momentum fraction x, in the nucleus
A at factorization scale Q, taken from CTEQS [46], including
nuclear shadowing effects from EKS98 [47]. The distribution
do /dt is the leading-order QCD differential cross section with
K¢ accounting for next-to-leading order (NLO) corrections.
It is fixed following Ref. [48] by reproducing the experimental
measurement of the inclusive 7° cross section at high-p7 in in
p + pcollisions at ./syy = 200 GeV (see Fig. 1 in Ref. [16]).
The Kje: factor is found to be 2.8 when the renormalization
scale and the factorization scale are taken to be the transverse
momentum of the initial jets, and the fragmentation scale is
taken to be the transverse momentum of produced hadrons.

To obtain the final high-p7; hadron spectra in Au + Au
collisions at RHIC, the energy loss of partonic jets in the
nuclear medium must be taken into account. This is performed
by calculating the medium-modified fragmentation function
Dh/j (z, 7L, @) for a single partonic jet,

- - 7 .
Dpji(z, 71, ¢) = Z/dpj’ZDh/j’(Z/)P(Pj’|Pj7 T, ),
-

3)

where z = p/p; and 2’ = p;/p; are two momentum frac-
tions with p;, the hadron momentum and p;(p;:) the initial
(final) jet momentum; Dj/;(z) is the vacuum fragmentation
function, taken from the KKP parametrization [49]. In the
above equation, the probability function P(p;/|p;, 71, ) is
obtained by solving Eq. (1), representing the probability of
obtaining a jet j* with momentum p ;- from a given jet j with
momentum p;. This depends on the path taken by the parton
and the medium profile along that path, which in turn depends
on the original location of the jet, 7|, and on its propagation
angle ¢ with respect to the reaction plane. Therefore, one must
convolve the above expression over all transverse positions and
directions to obtain the final hadron spectra:

doap—nx _
d*phdy o

dGABa,X
Z/—Dh/f(z R vl

d*FLPap(b,T1)

where P4 (b, 71 ) is the probability distribution of initial hard
jets in the transverse position 7 , which is determined from the
overlap geometry between two nuclei in the transverse plane
of the collision zone. For A + B collisions at impact para-
meter b,

Ta(FL + b/2)Tp(FL — b/2)

Pag(b,71)= Trsb) , )
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where Ta(F1) = [ dzpa(Fy, z) is the nuclear thickness func-
tion and T4p(b) = fderTA(ﬂ)TB(ﬁ + l;) is the nuclear
overlap function. A Woods-Saxon form for the nuclear density
function p(71, z) = po/[1 + exp(’:lR )] is used, and the values
of the parameters R = 6.38 fm and d = 0.535 fm are taken
from Ref. [50].

Putting all of the above together, one obtains the total yield
of hadrons produced in relativistic nuclear collisions,

dNZB(b) _ Ncoll(b) dUAB%hX (6)
d*prdy ony  dphdy’

where N.o is the number of binary collisions and oyy is
the inelastic cross section of elementary nucleon-nucleon
collisions. Finally, the nuclear modification factor Rs4 is
defined as the ratio of the hadron yield in A + A collisions
to that in p 4+ p interactions scaled by the number of binary
collisions,

Rh 1 dN%,(b)/d*phdy
A4 Ncoll(b) ngp/dZP}}dy

)

III. PHOTON PRODUCTION

As mentioned, there are several sources of high-pr pho-
tons in relativistic nuclear collisions. The most important
are direct photons, fragmentation photons, and jet-medium
photons (bremsstrahlung photons and conversion photons).
The thermal photon emission arising from the partonic medium
and later hadronic phase makes a negligible contribution in the
high- py regime and thus is excluded from consideration in the
present calculation.

Direct photons are predominantly produced from early hard
collisions between partons from the initial nuclei, via quark-
antiquark annihilation (¢ +4 — g+ y) and quark-gluon
Compton scattering [¢(7) + g — q(g) + y]. The inclusive
direct photon cross section may be calculated from Eq. (2)
by applying the corresponding partonic processes for photon
production,

dogii_{am X

Tk, Y [ d3uGusatias OGiat O
N aYa/A\Aas b/B\Abs
d*prdy abd

1 2xa Xp do‘ab%yd

7 2x, —x%ey dt

, ®)

with xJ =2p}//snny. The factor K, is a function of the
photon’s transverse momentum and is deduced by performing
an NLO calculation of photon production in p + p collisions
[51-53], in which all scales are set to be the photon transverse
momentum. Note that by directly fitting to the photon data in
p + p collisions, one obtains the values for K, close to these
extracted from NLO calculation.

Fragmentation photons are produced by the surviving high-
energy jets after their passing through the hot and dense nuclear
medium. The calculation of fragmentation photon spectra is
similar to that of the high-p; hadron production described
in the last section. We may also define a medium-modified
photon fragmentation function D, ;(z, 71, $) as in Eq. (3).
Then the final expression for the fragmentation photon cross
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section can be written as

doyi.,x 1
d?pldy 2

where the vacuum fragmentation functions of quarks and
gluons into real photons are taken from Ref. [54] with the
fragmentation scale set to be photon transverse momenta and
dop- jx is the initial jet spectra from Eq. (2). The same value
for Kje; is used here and in jet-medium photon calculation; note
this choice is not unique.

Jet-medium photons are produced by jet-medium inter-
actions during the passage of jets through the hot nu-
clear medium. These include induced photon radiation
(bremsstrahlung photons) and direct conversion from the
high-energy jets (conversion photons). It has been shown that
those two processes are important for the understanding of
experimental data for photon production in Au + Au collisions
at RHIC [32-34].

To incorporate the photons directly produced from jet-
medium interaction, we may add to the set of evolution
equations shown in Eq. (1) an additional evolution equation
for photons,

/‘dZFL’PAB(?L)

dUAB%jX

)
d? JTdy

)//j(z ria )

ngIhiy(E—i—a) )
_ fdeqq(E+w,t)T, (10)

dPM(E, 1)

dt
where de]l\f)y/da)dt dl“sr_e)“}l,/dwdt +dI')%, /dwdt. The
transition rates d Fbrem y/dwdt for photon bremsstrahlung
processes are 51mllar to gluon bremsstrahlung processes and
are extensively discussed in Refs. [13—15]. And the transition
rates dI';20Y /dwdt for binary jet-photon conversion processes
may be inferred from the photon emission rates for those
processes [55],

dTry?l (E, o) Z (ﬁ)Z 2rwao T2
dwdt e 3E

1. ET
X |=In— 4+ Cr2(E/T) | §(w), (11)
|:2 m(zl i|

where m? 7 =85 2T2/6 is the thermal quark mass and C»_,, ~
—0.36149 in the limit of £ > T [15,56,57]. The function §(w)
represents the fact that the produced photon has essentially the
same energy as the incoming quarks (or antiquarks) in the
jet-photon conversion processes.

IV. PHOTON-HADRON CORRELATIONS

In this section, we present the calculation of the corre-
lation between back-to-back hard photons and hadrons. The
associated hadrons are produced from the fragmentation of
surviving jets after their passing through the nuclear medium,
while the trigger photons may come from various sources
as has been discussed in the previous section. Therefore,
the photon—hadron correlation will depend on the jet-photon
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correlation at the production vertex as well as on the energy
loss of the jets during their propagation in the medium.

In correlation studies, one of the commonly exploited
observables is the yield per trigger, which is the momentum
distribution of produced hadrons on the away side, given a
trigger photon of momentum p. in the near side. Following
Ref. [58], one may write

P(p- P7)
P(pr)

where P(p}) = 1/ow [ dy,do, /dy,dp} represents
the single-particle pr distribution and P(p), p?) =
1/at0tfdyydyhdoﬁh/dy],dyhdp;dp}} is the y — h pair pr
distribution.

The trigger photon and the associated hadron are produced
from a pair of back-to-back partons. Assuming no correlation
between the individual evolutions of two partonic jets once
they are produced, we may write down the expressions of
these two distributions as follows

7 (p7) / fszLPAB(U)

xZ/de

r(ph p / /d F1LPap(FL)

<3 [avidp] Bi(v. o) (101 0)

P(p}|p}) = , (12)

I’T|1’T""l ¢)

x P(ph|ph P, + ). (13)

In the above equations, P( p;) and Py ( p’}, pT) are the final-
state distribution functions for single-photon and back-to-back
photon-hadron production, while P;(p7) and P;(py, Pr) are
the initial distributions for a jet or jet pair to be produced in
the medium with the given momenta and species types. The
yield per trigger P(pJ|py, 1, ¢) is the number of produced
photons given an initial jet, which may be decomposed into
different contributions,

ZP(p;,src|p§,7J_,¢), (14)

Src

P(pf|p}. 7. ¢) =

where the sources include direct photons, fragmentation pho-
tons, and jet-medium photons as described in the last section.
For the direct photon contribution, the near-side jet is replaced
by a direct photon, so the yield per trigger is simply given
by P(p},direct|p}, 71, ¢) = 8(p} — py). The fragmenta-
tion photon contribution is related to the medium-modified
photon fragmentation function by P(p7., frag|py, 71, ¢) =
D, ,i(z,71,¢)/py, with z = pJ/pj}. Furthermore, we also
need to include the contribution from jet-medium photons,
which is achieved by solving Eq. (10), the photon evolution
equation, to obtain the yield per trigger P(pJ, IM|py., 71, ¢).
Note that for the case of hadron yield per jet trigger
P( p¥| pJT, 71, @), we only need to include the fragmentation
contribution because we focus on high- p7 hadron production.
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For the study of photon-hadron correlations, it is often
useful to define the photon-triggered fragmentation function
as follows [59,60],

Daa(zr. PY) = Py Paa(Ph|Py), (15)

with z7 = p’} /py. To quantify the effect of the nuclear
medium on the photon-hadron correlations, we may also
introduce the nuclear modification factor 14 4, which is defined
as the ratio between A+ A and p + p collisions of the
photon-triggered fragmentation function,

Daa(zr. pT)

. 16
Dpp(ZT’ p;) (1o

Iaa(zr, p}) =

V. RESULTS AT RHIC

In the previous sections, we have outlined the theoretical
formalism for calculating jet energy loss, the production of
high- p7 hadrons and photons, and photon-hadron correlations.
In this section, we apply this methodology to study Au + Au
collisions at RHIC, using a (3 4 1)-dimensional relativistic
ideal hydrodynamics [20] and compare our results to available
experimental measurements.

In Fig. 1 we show our earlier study [29] of the neutral pion
R44 in Au 4 Au collisions at RHIC measured at midrapidity
for two different impact parameters, 2.4 and 7.5 fm, compared
with the experimental measurements by PHENIX [2] for the
most central (0—5%) and midcentral (20-30%) collisions. In
the calculation, the strong coupling constant « is adjusted
in such a way that the experimental measurement of R4, in
most central collisions (upper panel) is described. The same
value, oy = 0.27, is used throughout the calculation. (There
is no additional parameter for the later calculation of high-pr
photon production and photon-hadron correlations.) Figure 1
also compares the relative contributions of induced gluon
radiations and elastic collisions to the final R44. One may

1 ' I ' w w w
« PHENIX 0 - 5%, Preliminary |

T T T

0.8+ 2
< 0.6 _ommmmmm d4—— . —
MO'“EEE _______ L e .
k E -—— g
0.2 B IIIIIIE?EETI—IIIEEEEEIH i i 7

0 : } : } : ‘ : } :
0.8k = PHENIX 20 - 30%, Preliminary | ]

:E 0.6} EE ______________ ¥ ____________ _
< oat Mg raaais 'ﬁﬁ_H T -
0.2 E 1

0 5 10 15 20 25

FIG. 1. (Color online) The nuclear modification factor R4, for
neutral pions in central and midcentral collisions (from Ref. [29]).
The dashed curves account for only induced gluon radiation, the
dash-dotted curves for only elastic collisions and the solid curves
incorporate both elastic and inelastic energy losses.
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FIG. 2. (Color online) Photon production in p 4 p collisions
compared with PHENIX data [61,62].

find that while the shape does not show a strong sensitivity,
the overall magnitude of R 44 is sensitive to both radiative and
collisional energy loss.

Next, we present the results for high-p7 photon production
at RHIC. In Fig. 2, the inclusive photon cross sectionin p + p
collisions at ,/syny = 200 GeV as a function of photon pr is
compared with the experimental measurements by PHENIX
[61,62]. The theoretical calculation can nicely describe the ex-
perimental data; this serves as the baseline for calculating pho-
ton production in Au + Au collisions. Photons from early hard
collisions (Compton scatterings and annihilation processes)
dominate at high-py regimes, while fragmentation photons
gain increasing significance as photon pr decreases. Also
shown is a power-law fit to the experimental measurement of
total photon yield in p + p collisions at RHIC: do /d* prdy =
1.027/(1 + p7/0.793 GeV)*3*GeV~>mb. This function is
somewhat closer to the low-pr experimental data, and its
usefulness will become clear shortly.

In Fig. 3, the relative contributions from different channels
to high-p7 photon production in central Au 4+ Au collisions

10 ? T T T T T T T T T T T T T T ?
10k ® PHENIX Prelim. 0-10%]
B\ — — direct
48 - — - fragmentation ]
10 N -+« jet-medium E
s — sum ]

sl ol d vl 1l

L

- L Il Il
10 4 6 8 0 12 14 16
pr (GeVic)

—_
(o]

FIG. 3. (Color online) The contributions from different channels
to the photon production in Au + Au collisions at RHIC for b =
2.4 fm compared with PHENIX data [63].
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o 10°F
£ - e
10°E Tr~ll T
gl ! . ! . ! . 1 .
10 3 4 5 6 7
py (GeVic)

FIG. 4. (Color online) The contributions from different channels
to the photon production in Au + Au collisions at RHIC for b =
4.5 fm compared with date from the PHENIX Collaboration [62,63].

(b = 2.4 fm) at RHIC is shown as a function of photon pr
and compared with most central 0-10% PHENIX data [63].
While direct photons dominate the high-py regime (pr >
6 GeV), the presence of jet-medium interaction is a significant
contribution to the total photon yield in Au + Au collisions
at RHIC, especially in the intermediate-p; regime (pr =
3-5 GeV). This can be more easily seen in Fig. 4, where we
compare our calculation of photon production for b = 4.5 fm
in the intermediate- py regime with 0-20% Au + Au collisions
data from PHENIX [62,63]. At very low pr (pr < 2 GeV),
the thermal emissions from partonic and hadronic phases are
expected to dominate [64]. This component is excluded in the
calculation as we are focusing on the high-pr regime. Also
the assumptions essential for jet-energy loss calculation break
down at such low pr.

To further quantify nuclear medium effects on photon
production in Au + Au collisions, we show in Fig. 5 the
calculated photon R4 as a function of photon pr for central
Au + Au collisions (b = 2.4 fm) at RHIC compared with

2w T T T~ T T T T T T T T T
Lo 1
1.8F ® PHENIX Prelim. 0-10% |
L6 r \\ - only direct N

\ - — . direct+frag. J
— — direct+frag.tjet-medium| -

. . P R B U N B
4 6 8 10 12 14 16 18 20
p; (GeV/e)

(=}

FIG. 5. (Color online) The nuclear modification factor Ry,
calculated for photons in Au + Au collisions at RHIC for b = 2.4 fm
compared with PHENIX data with a 0-10% centrality cut [63].
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FIG. 6. (Color online) The photon momentum azimuthal asym-
metry, v;, as a function of the photon transverse momentum. The
different components are explained in the text, and the data are from
Ref. [65].

most 0—-10% PHENIX data. The figure shows that R44 can be
smaller than 1 even if only direct and fragmentation photons
are included in both p 4+ p and Au + Au calculations. As
direct photons dominate the total yield (and thus R4,) in the
high-pr regime, the decrease of R4 4 at high py is consistent
with an isospin effect. If we include the contribution from
fragmentation photons in the calculation, photon R4 gets
suppressed because these photons are produced from the
fragmentation of the surviving jets with less energies due to
the energy loss of jets when they are traversing the thermalized
medium. However, the presence of jet-medium interaction
in Au + Au collisions (but not in p + p collisions) again
enhances R4, if we include them in the total photon yield.
It is telling that the sharp rise of Rs4 at low-pr originates
mainly from the fact that our calculation for p + p collisions
is below the data points (see Fig. 2): a better agreement
with the data is obtained with the power-law fit to the p + p
data used to calculate R4 4. The additional QGP sources then
manifest themselves in the difference between the solid and the
dash-dotted curves in Fig. 5. The sensitivity of R 44 to this level
of details also makes clear the need for a precise, QCD-based,
quantitative understanding of photon data in p + p collisions.

The nucleus-nucleus photon data can also be analyzed
in terms of its anisotropy in momentum space, which is
characterized by the well-known v, coefficient. This data is
show in Fig. 6. It is clear that the high centrality cut will cause
the momentum anisotropy to be small, and this is indeed what
is observed. Moreover, the intrinsically negative v, associated
with jet-medium photons is drastically reduced in absolute
magnitude when combined with the other components whose
momentum anisotropy is either zero or positive. Recall that the
thermal photons, not included in this calculation, will kick in as
the transverse momentum gets lower than py ~ 34 GeV/c,
and that their v, is positive [34,66]. A combination of isolation
and centrality cuts will be needed to clearly isolate the
predicted [67] negative contribution [34].

So far, we have just considered single jets and single
photons. Now, results for the correlation between back-to-back
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FIG. 7. (Color online) The photon-triggered fragmentation func-
tion as a function of momentum fraction z7 in p + p collisions at
RHIC.

high-p7 trigger photons and associated hadrons will be dis-
cussed. In Fig. 7, the photon-triggered fragmentation function
D,,(z7) in p + p collisions at RHIC is plotted as a function
of momentum fraction z7 for three different associated hadron
pr ranges: p’; = 3-5, 5-7, and 7-9 GeV. The experimental
data are taken from PHENIX [68], and we have chosen those
data points with highest transverse momentum for associated
hadrons ( p’} = 3-5 GeV) such that fragmentation might be
dominant for hadron production. We find that the slopes of the
photon-triggered fragmentation function D,,(z7) are slightly
different for the three hadron pr ranges. We may trace this
difference back to the different momentum (fraction) depen-
dence of initial parton distribution functions (PDF) for quarks
and gluons (a steeper slope for gluon PDF than quark PDF as a
function of momentum fraction). As we increase the momenta
of initial partons (and therefore Bjorken x) more quarks appear
in the initial state, so the relative importance of gg — gy
increases compared to gg — qy. As a consequence, the
photon-triggered fragmentation function D,(z7), which is
an average over quark and gluon fragmentation functions
weighted with their fractions, will become steeper, because
the gluon fragmentation function is steeper than that for
quarks.

In Fig. 8, we show our results for the photon-triggered
fragmentation function Das(z7) in midcentral Au + Au
collisions (b = 4.5 fm) as a function of momentum fraction
zr, compared with 0-20% data from PHENIX [68]. The
dependence of D 44(z7) on associated hadron pr is similar to
D,,(z7) in the low-z7 regime because the associated hadrons
are mostly produced from those jets triggered by direct photons
(see Fig. 13). However, this difference tends to decrease at high
zr due to the presence of jet-medium interaction in Au + Au
collisions. Because jet-plasma photons and fragmentation
photons assume more significance to photon production at
lower pr (see Fig. 4), a larger enhancement is obtained for
smaller associated hadron pr.

To further quantify the nuclear medium effect on the
photon-triggered hadron production, we may take the ratio of
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FIG. 8. (Color online) The photon-triggered fragmentation func-
tion as a function of momentum fraction z7 in Au + Au collisions at
RHIC, with b = 4.5 fm.

Dy4 to Dy, and calculate the nuclear modification factor /44
for photon-triggered hadron production. The result is shown
in Fig. 9 and compared with experimental measurement by
PHENIX. At low z7, I44 falls with increasing z7 due to the
dominance of direct photons, but it flattens out at higher z7 due
to the effect of jet-medium photons and fragmentation photons
(see Fig. 13).

Also, we compare our calculation with STAR measure-
ments [69]. In Fig. 10, we show the photon-triggered frag-
mentation function D44(z7) as a function of momentum
fraction z7 in central Au + Au collisions (b = 2.4 GeV) at
RHIC. The trigger photon momenta have been chosen to be
Py =8-16 GeV. The theoretical curve of photon-triggered
fragmentation function D44 (z7) in central Au 4 Au collisions
agrees with experimental data quite well. The data for
peripheral (40-80%) Au + Au collisions are also shown in the
figure for the interest of comparing with the p + p calculation.

PHENIX Prelim., p;., =3-5 GeV, |y, yy\ <0.35

T T T T T T T T T T T T T T T

1.4 .
1.2; — Ppp ™ 3-5GeV| ]
1; - pT’h=5—7GeV 1

L . 7-9 GeV

-0.4 n
Y I RS IS R B

02 03 04 05 06 07 08 09 1

FIG. 9. (Color online) Photon-triggered /44 as a function of
momentum fraction zy in Au + Au collisions at RHIC, with
b =4.5fm.
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FIG. 10. (Color online) The photon-triggered fragmentation
functions as a function of momentum fraction z7 in central Au + Au
collisions and p + p collisions (peripheral Au 4+ Au collisions) at
RHIC.

For completeness, the nuclear modification factor 744 for
photon-triggered hadron production is plotted in Fig. 11 as
a function of momentum fraction z7 and hadron momentum
p?. While 744 as a function of z7 is similar to Fig. 9, I44 is a
rather flat function of p}T' because fixing p? with a wide range
of pJ is actually an average over a variety of z7.

We also study the medium-size dependence of photon-
hadron correlations by calculating the photon-triggered hadron
production in noncentral collisions. By integrating over the
transverse momenta of both trigger photons and associated
hadrons, we study the centrality dependence of the per-trigger
yield of photon-triggered hadrons in Au + Au collisions at
RHIC. This result is plotted in Fig. 12, where the experimental
measurements are from STAR [69]. In the calculation, we
have chosen four different impact parameters, 2.4, 4.5,
6.3, and 7.5 fm, which correspond to four points in each

Pry (GeV)
5 6 7 8 9 10 11 12 13 14 15 16

09 p, =816 Gev — = L vspy,
0.8_— — I, vsz;
0.7-

o
W
=
N
=)
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<
o
=
2
=
(o)
=
o
—_

FIG. 11. (Color online) Photon-triggered /44 for hadrons as a
function of hadron momentum pr or momentum fraction z7 in
Au + Au collisions at RHIC, with b = 2.4 fm.
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FIG. 12. (Color online) The per-trigger yield for photon-tagged
hadrons in Au + Au collisions at RHIC as a function of centrality.
The four points in each theoretical curve correspond to four impact
parameters, 2.4, 4.5, 6.3, and 7.5 fm.

theoretical curve. We do not perform the calculation for very
peripheral collisions because the assumption of a thermalized
medium essential for a hydrodynamical treatment is no longer
fulfilled. Again, the trigger photon pr has been chosen to be
pl = 8-16 GeV, and two different hadron pr ranges (p =
4-6 GeV and 6-8 GeV) are studied. We find that the centrality
dependence of per-trigger yield from the calculation is also
consistent with current experimental measurements.

In the above results, we have taken into account all possible
sources of high- p7 photon production. It would be interesting
to study how different sources of photons contribute the final
photon-triggered hadron production. To address this issue, we
may decompose the per-trigger yield of hadrons into different
parts, each associated with a specific photon source,

P(pt|p7) =D P(p}.ste|py), (17)

Src

STAR Prelim., p_ = 8-16 GeV, |y, v,/ <1

— — direct -
- — - fragmentation| 3
-+« jet-medium

-

REVAR/

T --/m

D, (z, src) or Dpp(zT, SIC)
—_
S
T

® AUtAUO-10% |  TNeo.
Au + Au 40-80% ST

—_
(=)
o v
w

P R U R T S
04 0.5 0.6 0.7 0.8 0.9 1

FIG. 13. (Color online) The contributions from different photon
channels to the photon-triggered fragmentation function in p + p
collisions and Au + Au collisions at RHIC.
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where P(pl, stc|p)) = P(ph, p), stc)/P(pY). A similar de-
composition may be performed for photon-triggered fragmen-
tation functions. In Fig. 13, we show the relative contribu-
tions from different photon sources to the photon-triggered
fragmentation function D(zr, p}) in both p + p collisions
and central Au + Au collisions (b = 2.4 fm) if we trigger
on a photon on the near side. We find that about half of
the away-side hadrons at relatively small z7 are produced
from those jets tagged by direct photons, while at higher z7,
a large amount of away-side hadrons come from those jets
tagged by jet-medium photons and fragmentation photons.
Especially, close to z7 = 1, where the associated hadrons
have almost the same amount of transverse momentum as the
trigger photon, the away-side hadron production is dominated
by those jets tagged by fragmentation photons. Therefore, it
would be interesting to extend the experimental data to higher
zr (and to high p}Tl such that fragmentation dominates hadron
production), where jet-medium interaction and fragmentation
make a significant contribution to photon-hadron correlations.

VI. CONCLUSIONS

In this work, we have studied jet energy loss and photon
production at high pr together in the same framework, with ad-
ditional information provided by photon-hadron correlations.
The energy loss of hard jets traversing the hot and dense
medium is computed by a consistent incorporation of both
induced gluon radiation and elastic collisions. The production

PHYSICAL REVIEW C 80, 054909 (2009)

of high-py photons is obtained by taking into account
a complete set of photon-production channels. Numerical
results have been presented and compared with experimen-
tal measurements by employing a fully (3 4 1)-dimensional
hydrodynamical evolution model for the description of the
thermalized medium created at RHIC.

Our results illustrate that the magnitude of jet quenching
in relativistic nuclear collisions is sensitive to the inclusion
of both radiative and collisional energy loss. It is also found
that the interaction between jets and the thermalized medium
makes a significant contribution to the total photon production
at RHIC. Therefore, it is important to incorporate all sources
of hard photons for a full understanding of the correlations
between back-to-back hard photons and hadrons. In summary,
our study provides the groundwork to experimentally test our
understanding of the jet-medium interaction and further extract
detailed information about the hot and dense medium created
at RHIC.
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