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Abstract: The azimuthal anisotropy of high p; direct photons is investigated by using the coeffi-
cient of elliptic flow v; in non-central nucleus-nucleus collision at LHC energies. These photons
come from radiation induced by the interaction between jet and hot/dense medium. There is /2
difference between direct photons and hadrons for the azimuthal elliptic flow v,. Such photons are
the main source of the negative part of v, for direct photons. The dependence of the direct photon
v, on the transverse momentum pr at LHC energy is found to be consistent with the experimental
results at RHIC energy. Furthermore, we find that the value of the direct photon v, at LHC ener-
gy is smaller than that at RHIC energy. The value of the transverse momentum at which the direct
photon v, changes from negative value to positive at LHC is higher than that at RHIC. It’s found
the enhanced jet-quenching effect and enhanced contribution for the elliptic flow v, of the direct
photons emitted from surface at LHC energy.
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1 Introduction

Experiments performed at the Relativistic
Heavy Ion Collider (RHIC) and newly started the
Large Hadron Collider (LHC), are providing evi-
dence for the production of quark-gluon plasma
(QGP) in nuclear-nuclear collisions at ultrarelativ-
istic energies'’!. Penetrating probes, such as direct
photons and leptons, provide insight into the early
stage of heavy ion collisions since they are essen-
tially unaffected by the surrounding hadronic mat-
ter. Thus they are able to carry to the detectors in-

formation about the state of the system at the time
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they were created””. Photons and lep-tons thus
constitute a unique class of penetrating probes.
The two most interesting sources of photons are
those where the plasma is directly involved in the
emission. These are the thermal radiation from the
hot QGP™ and the radiation induced by the pas-
sage of high energy jets through the plasmat .
The thermal radiation is emitted predominantly
with low transverse momentum pr and has to com-

78] Photons from jets are an im-

pete with photon
portant source at intermediate pr, where they

compete with photons from primary hard scatte-
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rings between partons of the nuclei"”.

They probe
the thickness of the medium: the longer the path
of the jet, the more photons are emitted.
Obviously, measuring photons from either of
the sources involving the QGP would be an impor-
tant approach toward establishing its existence and
would provide a crucial test of the reaction dynam-
ics. We refer the reader to Ref. [6] for a discus-
sion of the different photon sources. Recently, the

PHENIX collaboration at RHIC published their

first results on direct photons measured in Au+Au

collisions at+/sxn = 200 GeVI,

tioned that direct photons here are defined as the

It should be men-

total inclusive photon yield minus the photons ori-
ginating from the decay of hadrons like n” and 1.
The sources discussed above will contribute to the
direct photon signal. The data involves the inter-
mediate and high-p; range where thermal photons
are not a leading source. This makes it particularly
attractive to look for photons from jet-plasma in-
teractions. nucleus-nucleus collisions at finite im-
pact parameter & > 0 start out in an initial state
which is not azimuthally symmetric around the
beam axis. Instead, the initial overlap zone of the
two nuclei has an “almond” shape. Therefore par-
ticle spectra measured in the final state are not nec-
essarily isotropic around the beam axis. It has been
argued that the translation of the original space-
time asymmetry into a momentum space anisotro-
py can reveal important information about the sys-
tem™?. Two different mechanisms are important
here: hydrodynamic pressure for the bulk of the
matter, at low-to intermediate-p;, and a simple
optical-depth argument for intermediate-to high-p+
particles. The third mechanism is introduced by
Gale''? and this mechanism is expected to exhibit

an inverse optical anisotropy (v,<< 0).

2 Direct Photons Production and El-
liptic Flow

One can define the reaction plane as the plane

spanned by the beam axis and the impact parame-
ter of the colliding nuclei. For the bulk of the
dense matter, the initial space time asymmetry
leads to an anisotropic pressure gradient which is
larger where the material is thinner, i. e. in the
event plane. This translates into a larger {low of
matter in this direction. The anisotropy is analyzed
in terms of Fourier coefficients v, defined from the
particle yield dN/prdprdé as Ref. [13].
dN ~ _dN

prdprdé  Z2mprdpr

[l+22vk(pT)cos(/e¢) ]
k
(1

where the angle ¢ is defined with respect to the
event plane. At midrapidity all odd coefficients
vanish for symmetry reasons, leaving the coeffi-
cient v, to be the most important one. Its size de-
termines the ellipsoidal shape of the anisotropy. It
is clear that the elliptic asymmetry coefficient v, is
always positive for hadrons at low and intermediate
pr due to the hydrodynamic flow. On the other
hand, a direction where the medium is thicker for
jets to pass leads to more energy losing, i. e. out of
the reaction plane. The stronger jet quenching
leads to fewer hadrons at intermediate and high pr
emitted into this direction. This “optical v,” is not
associated with flow but with absorption and im-
plies positive v, for hadrons from jets. Measure-
ments at RHIC for several hadron species confirm
this behavior* '™,

In this paper, we discuss v, of direct photons.
The intermediate and high py and the v, from all
the relevant processes will be concentrated on. We
define a mechanism that works by absorption of
particles or jets going through the medium as opti-
cal. It turns out that in some cases a new inverse-
optical mechanism is in place for photons: there
are more of them emitted into the direction where
the nuclear overlap zone is thicker, thus leading to
a situation where the anisotropy is shifted by a
phase n/2. Correspondingly v, is negative in this

case.
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There are different contributions to the direct Fo(as pro d y)[Zln 4isz _c 1)

photon spectrum. Direct photons from primary
hard Compton and annihilation processes (a+b—>7Y
+c¢) produced symmetrically with
dNYN
prdprdg

G.in-yic 18 the cross section between partons, f,a s

= TABfa/A ® Oatb>vte ® fb/B ’ 2

fup are parton distribution functions in the nuclei
A and B and T, is the overlap factor of the nuclei.
The primary hard direct photons do not suffer any
final state effect and do not exhibit any elliptic
asymmetry.

Jets from processes (a+ b—>7y+ c) are also
produced symmetrically, however they are
quenched once they start to propagate through the
plasma. This is the optical mechanism that leads to
positive v, for hadrons fragmentation from jets.
We expect photons from such jets in the vacuum (c
—>c+ 7, after ¢ propagated through the medium)
to exhibit the same anisotropy. Their yield at mid-

rapidity is given by

dNectes D dN'(¢$)

Doy (2o pr) s
prdprdy 4 dg © Dy Czep

a=py/=

(3)
where dN'($)/dq is the distribution of jet partons f
with momentum q traveling into the direction given
by the angle ¢ , and D is the photon fragmentation
function.

The interaction of jets with the medium can
also produce photons in different ways: (i) scatter-
ing off plasma components can induce photon
bremsstrahlung; (ii) hard leading partons may an-
nihilate with thermal ones ((q+q—>7+g)), or
they can participate in Compton scattering (q(q) +
g—>q(q)+7). The latter case is also called jet-pho-
ton conversion, because the cross section is domi-
nated by transfer of the entire jet momentum to the
photon, p,= p,,. The jet-photon conversion yield

at midrapidity is given by"*!

d]\]jemh 7[ . aaSTZ é 2
prdprdgdy 14T g E() ~

with C = 2.332 and m®* =4na.T?/3 . The distribu-
tion of jet partons f,(x; prs ¢, ) at a space-time
point x is determined from the time dependent
spectrum of jet partons propagating in the plasma,
dN¢/dq(r) . as discussed in Refs. [4, 6]. The
time dependence is governed by the energy loss
through induced gluon radiation, obtained with the
complete leading order description by Arnold,
Moore and Yaffe(AMY, Arnold-Moore-Yaffe for-
malism)"'*), Tt is clear that an anisotropy in ¢ is in-
troduced by the different path lengths for jets trav-
eling in and out of the event plane, leading to an
increased probability for a jet-photon conversion in
the direction where the medium is thicker. Such an
inverse optical effect has not been observed before.

Medium induced bremsstrahlung (q—>y+q) is
implemented directly in the AMY formalism
through splitting function dI"”"/dkds. The pho-

ton yield from this process is obtained by

d Nj(‘t—h')’
dprdé

AN dI"""(q, k)
dq dkdt '

(5)
there p (7, ) is the spatial distribution of hard

d
:sz Y. p(ry )J dedk

processes creating jets in the transverse plane and d
=d(y,, ¢) is the distance the jet has to travel
from 7, into the direction of the angle ¢ to leave
the fireball. Again it is obvious that the probability
for induced bremsstrahlung to occur increases with
the path length d of the jet. Hence these photons
are preferentially emitted into the direction where
the medium is thicker, leading to negative v,.

As mentioned above, two processes which are
expected to exhibit an inverse optical anisotropy
(v, << 0), are induced bremsstrahlung from jets
and jet-photon conversion; Photons from fragmen-
tation show the regular optical anisotropy (v, >
0), while primary hard and thermal photons do not
contribute to v, at intermediate and high pr. In the
followed chapter, we will use the introduced meth-

od to calculate direct photon v, at LHC energy and
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compare them to the corresponding results based

on the RHIC experiment data.

3 Calculation and Results

Firstly, we show the result by S. Turbide for

Au-+ Au collisions at RHIC( /sxy =200 GeV)H,
Photon spectra at midrapidity with their depend-
ence on the azimuthal angle ¢ are calculated as de-
scribed above for three different centrality classes.
The modeling of the nucleus-nucleus collision is in-
troduced in Ref. [6]. With fixed initial time 7; =
0. 26 fm/c, the initial temperatures are T; =370,
360 and 310 MeV for centrality classes 0—20%,
20% —40% and 40%—60%, respectively. Com-
paring with measured photon spectra, a good
agreement is obtained, for all centrality classes.

The coeffi-

Details will appear elsewhere!'” '8,

cients v, can then be calculated by using

Jd¢cos(2¢)dN/de d¢
dN/dp~

In order to analyze the mechanism of direct pho-

\Jz(PT): (6)

ton’s v, » we will compare the direct photon’s v, at

RHIC and LHC energies. We take the direct pho-
ton v, results at RHIC from Ref. [12] (seen in Fig.
1. Fig. 1 shows the coefficient v, as a function of
pr for Au+ Au collisions at RHIC and for the cen-
trality classes 0—20%, 20%—40% and 40%—
60%. The dotted lines give the results for primary
hard direct photons and photon fragmentation. As
expected photons from fragmentation lead to a pos-
itive v, which is diluted by adding primary hard
photons. Solid lines are the results when brems-
strahlung, jet-photon conversion and thermal pho-
tons are included. They meet our expectations for
v, of the direct photons including all source dis-
cussed above. The v, for induced bremsstrahlung
and jet-photon conversion is indeed negative. To-
gether they are able to overcome the positive v,
from fragmentation, leading to an overall negative
elliptic asymmetry for the direct photons at moder-
ate pr. Only above 8 GeV/c the direct photon’s v,
is again positive, because the yield of photons from
fragmentation is dominating over medium induced
bremsstrahlung™™ in this range. The dashed lines

in Fig. 1 show the v, for the direct photons with no
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Fig. 1 Elliptic flow v, of photon as a function of py in different centralities for Au-+ Au collisions at RHIC. The

dotted lines show v, for primary hard photons and jet fragmentation only, and the solid lines show v, for all

direct photons. Energy loss is included in both cases. The dashed lines are the same as the solid line but

without energy loss of jets taken into account.
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jet energy loss included. In this case, the photons
from fragmentation do not exhibit an anisotropy
and the elliptic asymmetry is only due to jet-photon
conversion. Measurements of v, with sufficient ac-
curacy could therefore constrain models for jet en-
ergy loss. The absolute size of v, is not large,
about 2% —3% for the 20%—40% centrality bin
around p+ =4 GeV/c and up to 5% for the more
peripheral bin. The reason is that the signal is di-
luted by isotropic photons(primary hard and ther-
mal) and partially cancelled between the optical
and inverse optical mechanisms.

Then we carry out the same numerical calcula-
tion at LHC energy. The parton distribution func-
tion is extended to Pb + Pb collisions at LHC

(/sxn =5.5 TeV). Photon spectra at midrapidity
with their dependence on the azimuthal angle ¢ are

caculated for three centrality classes measured

above (0—20%., 20%—40% and 40%—60%).
For such higher LHC energy, we fixed initial time
;= 0. 12 fm/c.

malization temperature at LHC is estimated be-

Theoretically the average ther-

tween 500—800 MeV, so we respectively fix sys-
tem temperature at 740, 720 and 600 MeV for
three centrality. Fig. 2 shows the coefficient v, as a
function of py for Pb+Pb collision in three central-
ity classes at LHC energy. The doted line are the
results when bremsstrahlung, jet-photon conver-
sion and thermal photon are included.

For checking and comparision, we recalculate
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Fig. 2 Elliptic flow v, of direct photons as a function of transverse momentum pr in different centralities. The solid

and dotted lines show the v; for inclusive and direct photons in Au-+ Au collisions at RHIC. The dot-dashed

lines show the v, for direct photons in Pb+Pb collisions at LHC energy in the same centralities.

the S. Turbide’s results in Fig. 1. The solid and
dashed line are the S. Turbide’s results at RHIC
in Fig. 1 respectively corresponding to the inclusive
direct photon v, and v, for direct photon with no jet
energy loss included.  One can find that the func-
tion behavior of inclusive photon v, as a function of
pr(doted line) at LHC energy is similar to that at
RHIC energy(solid line), but LHC inclusive pho-
ton’s v, is smaller than RHIC inclusive photon’s v,
at the same pr. Furthermore, compare solid and
dashed lines one can see negative to positive inver-
ting value of direct photon’s v, at the LHC energy
is higher than that at RHIC energy. The conceiva-
ble reason is that at LHC energy much more har-

der jets lead to the pr range dominated by photons

exhibiting an inverse optical anisotropy shifts high-
er. Fig. 2 also shows v, value of the direct photons
at LHC energy is closed to the v, value of the direct
photons with no energy loss at RHIC energy. It’s
because of that at LHC energy. the direct photon
from whether bremsstrahlung or jet photon con-
version is produced by jet emitting at the edge of
bulk of the matter. Such more edge emitting jets is
due to the LHC’ s hotter and denser bulk of mat-
ter. The jets born innerly in the matter is more
It present that
LHC

possibly absorbed by the matter.
surface emitting effect is prominent at

energy.
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