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Photons from Heavy-ion Collisions

Charged Hadrons ermal Phofons oversample = 10
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Fitted Tesf from Experiments
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Photon v from Experiment

A. Adare et al. [PHENIX Collaboration] Phys. Rev. Lett. 109, 122302 (2012)
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Photon v from Experiment
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State-of-the-art hydrodynamic modeling
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https://github.com/chunshen1987/iEBE.git
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https://github.com/chunshen1987/iEBE.git

Viscous Photon Emission Rates: General Formalism

Thermal photon emission rates can be calculated by
15 dR / d°p dpo d’ps 1 M2
“d3qg | 2E,(2m)3 2E,(27)3 2E5(27)3 2(2m)3
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Viscous Photon Emission Rates: General Formalism

Thermal photon emission rates can be calculated by
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Viscous Photon Emission Rates

Equilibrium rates
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Viscous Photon Emission Rates

Equilibrium rates off-equilibrium 5 f corrections
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Photon spectra and radial flow
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Slope of Photon Spectrum
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Slope of Photon Spectrum
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Slope of Photon Spectrum
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Slope of Photon Spectrum
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Fitted Teff vS. True Temperature

C. Shen, U. Heinz, J.-F. Paquet and C. Gale, Phys. Rev. C 89, 044910 (2014)
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Slope of Photon Spectrum
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Slope of Photon Spectrum
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Slope of Photon Spectrum
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Fitted Terr VS. Emission Time

C. Shen, U. Heinz, J.-F. Paquet and C. Gale, Phys. Rev. C 89, 044910 (2014)
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® \/iscous corrections to the slope of photon spectra are stronger

during the early part of the evolution
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dN7 /dy

Centrality dependence of photon yield

C. Shen, U. Heinz, J F Paquet andC Gale Phys. Rev. C 89, 044910 (2014)
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 Thermal photons from hydrodynamic medium qualitatively
reproduce the centrality dependence of the direct excess

ohoton yield at the top RHIC energy
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dN7 /dy

Centrality dependence of photon yield
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Centrality dependence of photon yield

dN7 /dy

C. Shen, U. Heinz, J F Paquet andC Gale Phys Rev 089 044910 (2014
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Photon anisotropic flow
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V2

Shear viscous effects on photon elliptic flow

0.1

0.35

—ideal h Id | . | —ideal h'ydro | -
---i/i:iyd);or-c: eq. rates arXiv: 1403.7558 0_3_'_,'_'}[&?1}1%258“2'0' 0f 77/8 o 008
0.08} - - full viscous
0.25f
0.06} 02t e
0.04 018 T
\ 0.1 g '
0.02| | 0os A2 thermal m+
QGP + HG I
% i > 3 s % : > 3 4
q (GeV) p1 (GeV)
e Shear viscous suppression of photon vz is dominated
by the viscous corrections to the photon emission rate
e Photon elliptic flow is sensitive to the larger shear

stress tensor at early times
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Shear viscous effects on photon elliptic flow

V2
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Fluctuation

effects on photon elliptic flow
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Fluctuation

effects on photon elliptic flow
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Fluctuation effects on photon elliptic flow

N 0.15
- = |deal smooth hydro v,
- = Full viscous smooth hydro v, n/s=0.08
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» Initial fluctuations increase photons’ elliptic flow

» The additional photon multiplicity weighting biases
e-b-e vo towards central collisions, resulting In
~10-20% smaller vo compared to smooth hydro 16(25)
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Event-by-Event Full Viscous Photon vi
0-20% @ RHIC  20-40% @ RHIC  0-40% @ LHC
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The sky falls ...

RHIC 0-20% LHC 0-40%
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e Current calculations still underestimate the experimental
data by a factor of 3! 32
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The sky falls ...
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data by a factor of 3!

e [hermal yield is also missing in the azimuthally

iIntegrated photon spectra at low
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- Efforts to resolve the photon flow puzzle
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full results

M W ALICE

® [he post freeze-out short-lived resonances give small

but positive contributions

o Pre-equilibrium flow helps the fireball to develop the
flow anisotropy more quickly and improves the

theoretical calculations
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Thermal photon tomography

1 SpT < 4GeV

MC-Glauber n/s = 0.12
0-20% Au+Au 200 A GeV

7 (fm/c)

* By cutting hydro medium both in T and T, we observe a
two-wave thermal photon production

early time production — high rates at high temperatures

near transition region — growing of space-time volume
20(25)



Thermal photon tomography

1 SpT < 4GeV
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* By cutting hydro medium both in T and T, we observe a
two-wave thermal photon production

* Thermal photon vz is mostly coming from the transition
region, T =150~ 200 MeV, T=3 ~8 fm @ RHIC
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Thermal photon tomography
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Thermal photons with ptr = 0.4 ~ 1.0 GeV are mostly
produced around transition region, their vz also reflect
the flow anisotropy in this region.

T =150~ 200 MeV @ RHIC

20(25)



Thermal photon tomography
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ne transition region. T = 150~ 200 MeV @ RHIC
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Thermal photon tomography
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* Thermal photons with pt = 2.0 ~ 3.0 GeV are produced
very early, however their va still probes the transition
region T = 150~ 200 MeV @ RHIC
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Thermal photon tomography
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* By cutting hydro medium both in T and T, we observe a
two-wave thermal photon production

* Thermal photon vz is mostly coming from the transition
region, T =150~ 200 MeV, T=3 ~8 fm @ RHIC
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Thermal photon tomography

1§pT§4GeV lng§4GeV

MC-Glauber n/s = 0.12 Il-62 MC-Glauber n/s = 0.12
0-20% Au+Au 200 A GeV 1.44

= U 0-20% Au+Au 200 A GeV

9
()]
eV*fm

V3

=
o
(o]
G

©
©
o

AN/ (dudTd» (1N

©
Ul
S

2 4 6 8 10 12
7 (fm/c) 7 (fm/c)

* By cutting hydro medium both in T and T, we observe a
two-wave thermal photon production

* Thermal photon vn probes the transition region, T =
150~ 200 MeV, T=3 ~81fm @ RHIC
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* By cutting hydro medium both in T and T, we observe a
two-wave thermal photon production

* Thermal photon vn probes the transition region, T =
150~ 200 MeV, T=3 ~81fm @ RHIC
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Thermal photon tomography
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* By cutting hydro medium both in T and T, we observe a
two-wave thermal photon production

* Thermal photon vn probes the transition region, T =
150~ 200 MeV, T=3 ~81fm @ RHIC
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Photon Emission Rates in the transition region
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Photon Emission Rates in the transition region
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e QGP rates have very different
ot dependence compared to

HG rates
e Estimated transition region for

production rates,
T ~ 184 - 220 MeV

Huovinen & Petreczky, Nucl.Phys. A837 (2010) 26-53 22(25)



Photon Emission Rates in the transition region

10 - 010 —
‘ - — T,,= 180-220 MeV
100 % Th rm | 4+ D -- T..= 170-200 MeV
- Y c d pQC | 0.08 ... 7 — 160-180 MeV
= 10°%} « ] e T — 150-170 MeV
O
- 1071 0.06}
£ :
51077 0.04]
S 193] — T.,= 180-220 MeV __
= - T,,=170-200 MeV f 0.02l
e
104 -+ T.,,= 160-180 MeV
e T = 150-170 MeV
5 , , , , , , , | , , , , , , ,
10 05 1.0 15 2.0 25 3.0 35 4.0 0.00 05 1.0 15 2.0 25 3.0 35 4.0
pr (GeV) pr (GeV)

arxXiv:-1407.8533 pzird)



Bulk viscous corrections to photon emission rates

Thermal photon emission rates can be calculated by
o AR / d’p, d’ps d’ps 1 M2
) 2E1(27)3 2E,5(2m)3 2E5(27)3 2(2m)3

ng

< f1(P)) f2(p5) (1 £ f3(p))(2m)* 6™ (py + p2 — p3 — q)
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Fiw) = filp-w) + filp-w)(1 ::fé(p-U))W( i‘*;;”) x (%)
+ip - w) (L fip - w)TI(BY(T) + DU(T)(p-w) + B'(T)(p - u)?)

We can expand photon emission rates around the
thermal equilibrium:
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Peek of bulk viscous effects on thermal photon observables
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* Bulk viscosity steepens thermal photon spectrum
e |t increases thermal photon pT differential elliptic flow

reduces hydrodynamic radial flow
24(25)



Conclusion

* \We study photon spectra and their anisotropic tlows v,
from event-by-event viscous hydrodynamic medium

* Thermal photon spectra are strongly blue shifted by
hydrodynamic radial flow

e Shear viscosity suppresses photon v,. Dominant
suppression comes not from flow, but from the viscous
correction to the production rates.

e Uncertainty of the photon emission rates in the transition
region plays a crucial role in the theoretical calculations

* The interplay between bulk and VISCOUS effects
need to be carefully studied

arXiv: 1308.2111, 1308.2440 https:/github.com/chunshen1987/iEBE.qit 25(25)
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Photon Rates (QGP 2 to 2 processes only)

Equilibrium rates:
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¢ For small g, results from diagrammatic approach
agree well with kinetic approach and AMY

¢ For g = 2.0, diagrammatic approach gives 25% larger
results compared to kinetic approach; difference
are due to cut-off dependence.



Photon Rates (QGP 2 to 2 processes only)

Viscous corrections:

0 ‘ 0 ‘ ‘ ‘ ‘ ‘ ‘
~ 10" | 1 =10 GP 2 to 2 scattering viscous
€10_2 - QGP 2 to 2 scattering viscous - gg 107 N < 50 N 3 J
-4 -4 p— . _—
=107 g. = 0.1, Np = 3 S0, S
> 10 . = 10 .
O 10'10 & 10_10
510_12 | §1O_12_
~ - B | ~— - L b
S 10" (a) S 10 "1 (b)
c. 10 + c. 10
% 16 = 410716
<10 Diagrammatic Approach s10 ¢ Diagrammatic Approach
S 10_18_---Kinetic Approach - S 10‘18_---Kinetic Approach
- Dus]ing - - Dusling
: | | | | | | | 1.5 | | | | | | |
O1'2_‘ \,\-I-I-I-|-|-|-|-|-|-|-|-.-|-|-.-\-u-\-.-\-.-\-.-.-.-.-.-.-.: o 1%‘.’.— N R =
'_;‘ 1 3 — _ _ _; \ '™ ]
< 20.5 ¢ 1
0.8 | | | ‘ ‘ ‘ | ] ol ‘ ‘ ‘ ‘ ‘ ‘
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
k/T k/T

¢ For small g, diagrammatic approach agrees with
kinetic approach

¢ For g = 2, the deviations at small k/T may originate
from different higher order O(¢°T) contributions



Thermal Photon Spectra
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-» With all available thermal emission sources, our current
calculations still underestimate measured direct photon
spectra at low prat both RHIC and LHC energies

-2 Additional emission sources need to be included to

improve the agreement between theory and data
7(23)



Thermal photon tomography
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* By cutting hydro medium both in T and tau, we observe
a two-wave thermal photon production

* Thermal photon vz is mostly coming from the transition
region, T =150~ 200 MeV, T=3 ~8 fm @ RHIC
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* By cutting hydro medium both in T and tau, we observe
a two-wave thermal photon production

* Thermal photon vz is mostly coming from the transition
region, T =150~ 200 MeV, T=3 ~8 fm @ RHIC



Thermal photon tomography
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* By cutting hydro medium both in T and tau, we observe
a two-wave thermal photon production

* Thermal photon vz is mostly coming from the transition
region, T =150~ 200 MeV, T=3 ~8 fm @ RHIC
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-®- High pt photons are mostly emitted from high
temperature region

+®- Peak photon production around T = 165-200 MeV
due to large hydrodynamic space-time volume
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