
Refraction of light in the quark-gluon plasma
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Electromagnetic probes in high-energy heavy-ion
collisions provide us with important information on the
quark-gluon plasma (QGP) because experimental data
indicate that the hot medium is color opaque but elec-
tromagnetically transparent. An important discovery
regarding such probes is the excessive yield of direct
photon elliptic (v2) and triangular flow (v3).1) Direct
photons consist of prompt photons created in the ini-
tial hard processes and thermal photons emitted from
the medium. Flow harmonics is defined as a Fourier ex-
pansion coefficient of particle spectra in the azimuthal
angle and is induced by geometrical anisotropy in the
system via medium interaction. Since hadronic flow
harmonics follows hydrodynamic description and is
considered as an evidence for the existence of a strongly
coupled medium, quantitative understanding of the di-
rect photon flow harmonics is an important issue in
heavy-ion phenomenology.

I have investigated the effect of refraction on prompt
photons by the QGP medium in the transverse plane
(Fig. 1).2) The emission rate for prompt photons is
derived from p-p collision data.3) The path of a ray
in a medium with the refractive index n is given as
d2x/dτ2 = (1/2)dn2/dx according to Fermat’s prin-
ciple. The dynamical evolution of an inhomogeneous
medium should be considered, because the typical life-
time and size of the system are comparable. Here,
I use a (2+1)-dimensional ideal hydrodynamic model
with Monte-Carlo Glauber initial conditions and a lat-
tice QCD equation of state. The initial time is 0.4 fm/c
and the freeze-out temperature is 0.15 GeV. The tem-
perature and frequency dependence of the refractive in-
dex is parametrized as n2(T, ω) = 1−ω2

p/ω2, where the
plasma frequency is parametrized as ω2

p = a2T 2. In the
high-temperature limit, ω2

p ∼ m2
D ∼ e2T 2 is obtained

using the Debye mass mD. This implies a2 ∼ 10−1

since e2 = 4παEM. The frequency ω is Doppler-shifted
from the original frequency as ω = ω0/γ(1+β cos∆φ),
where ∆φ is the angle between the flow and the direc-
tion of a ray. It should be noted that the phase velocity
in the QGP medium, vph = 1/n, exceeds the speed of
light, but causality is not violated because the group
velocity remains smaller than unity. When n2 < 0, the
medium does not bend a ray but partially absorbs it.

The elliptic flow of prompt photons is shown in
Fig. 2. When there is no refraction, the quantity van-
ishes. For non-unity refractive indices, on the other
hand, positive v2 is observed above plasma frequen-
cies. The magnitude, however, is not large enough
to account for the large photon v2 found in collider
experiments. Below the plasma frequency, the high-
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Fig. 1. Schematic of medium refraction for (a) elliptic flow

and (b) triangular flow.
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Fig. 2. Differential elliptic flow of prompt photons for dif-

ferent refraction parameters.

temperature region near the center of the medium be-
comes semitransparent and suppresses photons trav-
eling horizontally, leading to negative v2. Once the
entire system becomes translucent at low momentum,
v2 again becomes positive because photons have better
chance of moving out of the medium in the direction
of the minor axis. This implies that the QGP plasma
frequency can be constrained from measurements. The
absorptive behavior has not been found in photon pT

spectra above 0.5 GeV at RHIC and 1 GeV at LHC.4)

Here, the former condition is more stringent and the
maximum refraction parameter allowed is a2 ∼ 1-2.
Higher-order harmonics, v3-v5, are found to be posi-
tive but small. Note that the above argument depends
on the choice of refractive index. Numerical analyses
with different indices and introduction of thermal pho-
tons will be performed in the future.
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Transverse single-spin asymmetries in proton-proton collisions and
the role of twist-3 fragmentation†

D. Pitonyak,∗1 K. Kanazawa,∗2 Y. Koike,∗3 and A. Metz∗2

The field of transverse single-spin asymmetries
(SSAs) in hard semi-inclusive processes began close to
40 years ago at FermiLab. People noticed early on
that the collinear parton model cannot generate the
large effects that were found. It was then pointed out
that SSAs for single-particle production in hadronic
collisions are genuine twist-3 observables for which,
in particular, collinear 3-parton correlations have to
be taken into account. This formalism later on was
worked out in more detail and applied to SSAs in pro-
cesses like light hadron production in proton-proton
collisions, p↑p → hX. Here we focus on SSAs in such
reactions, which have been complemented by many ex-
periments, including those at RHIC.

For quite some time it was believed that effects
inside the transversely polarized proton dominate
the transverse SSA in p↑p → hX (typically de-
noted by AN )1–4). In particular, the so-called Qiu-
Sterman function TF was thought to be the main non-
perturbative object that generates this observable. TF

can be related to the transverse-momentum dependent
(TMD) Sivers parton density f⊥

1T . Because of this re-
lation, one can extract TF from data on either AN or
on the Sivers transverse SSA in semi-inclusive deep-
inelastic scattering (SIDIS) ASiv

SIDIS . It therefore came
as a major surprise when an attempt failed to simul-
taneously explain both AN and ASiv

SIDIS — the two
extractions for TF actually differ in sign5), a puzzle
that has become known as the “sign mismatch”.

At this point one may start to question the domi-
nance of TF . In fact, data on the neutron target trans-
verse SSA in inclusive DIS6) seem to support this point
of view7). Therefore, we study here the potential role
of fragmentation effects, whose analytical result in the
twist-3 formalism was first worked out in 8). It involves
the non-perturbative functions Ĥ, Ĥ�

FU , and H, where
the first is related to the TMD Collins function and the
third can be written in terms of the other two.

In Fig. 1 we show our results from fitting
the collinear 3-parton fragmentation correlator Ĥ�

FU

to data for Aπ0

N from STAR9–11) and Aπ±

N from
BRAHMS12). Our fit describes the data very well;
moreover, one can see without Ĥ�

FU , one cannot ob-
tain the rise in AN at large xF that is characteris-
tic of the data. Therefore, we have demonstrated for
the first time that twist-3 factorization actually can
describe high-energy RHIC data for Aπ

N if one takes
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Fig. 1. Fit results for Aπ0

N and Aπ±
N . The dashed line (dot-

ted line in the case of π−) means Ĥ�
FU switched off.

the fragmentation contribution into account. This
work also allows us to potentially resolve the sign-
mismatch crisis since one does not need TF to describe
the data. Since in the twist-3 approach part of AN

can be fixed by spin/azimuthal asymmetries in SIDIS
and in e+e− → h1h2X, we have shown that at present
a simultaneous description of all those observables is
possible.
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