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Direct photons

. 0-20% Au+Au @ 200 A GeV

/‘,
'/
./
'/
'/
'/
'I

L |

1

lllllll
L]

! Ncoi-scaled pQCD photons
. 4 ® PHENIX data
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e Large excess of direct photons over the prompt
background (Ncoi-scaled pQCD results) in AA collisions



Model-data comp. as of last QM

C. Shen, U. Heinz, J. -F. Paquet, |. Kozlov, and C. Gale, Phys. Rev. C 91, 024908 (2015)
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* Previous hydrodynamical calculation underestimated
the direct photon observables at RHIC
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Model-data comp. as of last QM

R. Chatterjee, H. Holopainen, |. Helenius, T. Renk and K. J. Eskola, Phys. Rev. C 88, 034901 (2013)
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e Similar tension with data observed at LHC energy



Model-data comp. as of last QM

R. Chatter| ), 034901 (2013)
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Data favor more late stage photon emission

C. Shen, U. Heinz, J. -F. Paquet, |. Kozlov, and C. Gale, Phys. Rev. C 91, 024908 (2015) 4



Framework of modelling direct photons

Initial Condition Thermal Photon
Generators Emission Rates

Hydrodynamic Thermal Photon

Evolution Interface




Framework of modelling direct photons

Thermal Photon
Emission Rates

Thermal Photon
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Photon spectrum & vy,



Photon em|SS|on rate
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Photon emission rate

| Hadron Gas |

TRG, Phys. Rev. C 69, 014903 (2004)§
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From photon emission rates to final spectra

M. Heffernan, P. Hohler and R. Rapp, Phys. Rev. C 91, 027902 (2015); arXiv:1506.09205
e P TP — = 102
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 Hydrodynamic radial flow increases hadronic thermal
ohoton yield by a factor of 4

More hadronic photons with large anisotropy



Effect of updating the rates

10* . 0-20% Au+Au @ 200 A GeV
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e The effect of additional emission channels:
e direct photon spectra increased by ~20%
* direct photon vz increased by ~40%

More hadronic photons with large anisotropy



Improving bulk evolution

Initial Condition
Generators

Hydrodynamic
Evolution
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New developments in hydrodynamics

Ryu, Paguet, Shen, Denicol, Schenke, Jeon, and Gale, Phys.Rev.Lett. 115 (2015) 13, 132301

IP-Glasma + MUSIC + UrQMD

Poster: Ryu 0831
Paquet Wed 09:00
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New deve\opments N hydrodynamics

Ryu, Paquet, Shen Denicol, Schenke, Jeon, and Gale, Phys.Rev.Lett. 115 (2015) 13, 132301

IP-Glasma + MUSIC + UrQMD|{ Paquet Wed 09 00 Poster: Ryu 0831
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* Excellent agreement with global hadronic observables
* Bulk viscosity is essential



Bulk viscous effects on space-time evolution

rSpace-lme 1 with bulk viscosity
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* Bulk viscosity reduces radial flow by ~10%
mp> oSS Dlue shift

* Bulk viscosity increases space-time volume by ~50%
In the hadronic phase w» More hadronic photons

More space-time volume In late stage evolution
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VISCOUS Correct|ons to photon em|SS|on

| Hadron Gas
M. Dion, et al, Phys. Rev. C 84, 064901 (2011)
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Towards resolving the direct photon flow puzzle?
With previous hadronic rates ...
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Towards resolving the direct photon flow puzzle?
With full hadronic rates
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e Additional hadronic emission channels increase
the direct photon spectrum by 30% and vz by 40%

Paquet Wed 09:00 1o



Towards resolving the direct photon flow puzz\e’7

With fuII hadromc rates and bulk VISCOSIty
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Paquet, et al., arXiv:1509.06738
e Additional hadronic emission channels increase

the direct photon spectrum by 30% and vz by 40%

e Bulk viscosity makes photon spectrum softer and
increases its elliptic flow
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Towards resolving the direct photon flow puzzle?

RHIC Paquet, et al., arXiv:1509.06738
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Y Y PHENIX conversions 0-40% Pb+Pb @ 2.76 A TeV
0.15! arXiv:1509.07758 4 | 0.15! * ALICE

e | atest calculations shows much reduced tension
between theory and experiment

Paquet Wed 09:00 1o



Towards resolving the direct photon tflow puzzle”

RHIC Paqguet, et al., arXiv:1509.06738 LHC
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More hadronic emission?
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A closer look at the rates

“*Non-perturbative corrections — Semi QGP

Y. Hidaka, S. Lin, R. D. Pisarski and D. Satow, arXiv:1504.01770 )
D. Satow and W. Weise, arXiv:1505.03869 Poster: Yoshimasa 0707

C. Gale at el, Phys. Rev. Lett. 114, 072301 (2015)

e Near T, QGP photon emission rates are suppressed by
about a factor of 10

Increases the importance of hadronic photons

*An alternative hadronic rate
K. Dusling and |. Zahed, Phys. Rev. C 82, 054909 (2010)

e Hadronic rates computed from spectral function approach
e A factor of ~2 larger than the TAMU/McGill rate

More hadronic photons with large anisotropy

13



A closer look at the rates

Paquet, et al., arXiv:1509.06/38
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e [he band shows the results calculated with combinations

of the three differe

Nt
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(TAMU/McGill, Semi QGP, Dusling/Zahed)

» relatively small variation of direct photon observables
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@ Bremsstrahlung in transport
O. Linnyk, V. Konchakovski, T. Steinert, W. Cassing and E. L. Bratkovskaya, arXiv:1504.05699

Poster: Linnyk 0714
* |ncluding:
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More hadronic emission with large anisotropy
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Transport approach vs hydrodynamics

PHSD
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Transport approach vs hydrodynamics
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 Thermal photons from QGP phase are comparable
between the two approaches
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Transport approach vs hydrodynamics

PHSD IP-Glasma shear + bulk

B—8 |PGlasma shear+bulk =7 brem.
1 PHSD meson-meson brem.
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e [he origin of the difference in hadronic radiation needs

further investigation in the future
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Transport approach vs hydrodynamics
PHSD

0.2

0.15

0.1

0.05

0.2

0.15

0.1

0.05

(b)v, H

:

| ?
- (e)v, PHENIX
@Calorimeter
- ®Conversion 20-40%
: Au+Au @ 200 GeV
5 vea- AN L

1 2 3 4

p. (GeV/c)

IP-Glasma shear + bulk

(b)v, H

0.2

0.15

0.1

0.05

0.2

0.1

0.05

—

llllll

PHENIX

- @Calorimeter
- ®Conversion

0.15¢|

Al A U

arXiv:1509.07758

e Similar level of
agreement with
measured
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Other developments...



Non-thermal contributions

+ A Tsallis tail in the quark distribution

A power law tail In
particle distribution

L. McLerran and B. Schenke, arXiv:1504.07223 [nucl-th].

(0+1)-d Bjorken

expansionl average emission time
delayed by ~ 2 fm/c
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Non-thermal contributions

+ A Tsallis tail in the quark distribution

L. McLerran and B. Schenke, arXiv:1504.07223 [nucl-th].

(0+1)-d Bjorken

A power law tail in expansionl average emission time
particle distribution delayed by ~ 2 fm/c
4+ Late quark chemical equilibration F. Gelis et al., JPG 30, 51031

F. M. Liu and S. X. Liu, Phys. Rev. C 89, 034906 (2014)
A. Monnai, Phys. Rev. C 90, 021901 (2014)

e Reduced photon production because the gluons dominate
early stage

18



Non-thermal contributions

+ A Tsallis tail in the quark distribution

L. McLerran and B. Schenke, arXiv:1504.07223 [nucl-th].

(0+1)-d Bjorken

A power law tail in expansionl average emission time
particle distribution delayed by ~ 2 fm/c
4+ Late quark chemical equilibration F. Gelis et al., JPG 30, 51031

F. M. Liu and S. X. Liu, Phys. Rev. C 89, 034906 (2014)
A. Monnai, Phys. Rev. C 90, 021901 (2014)

e Reduced photon production because the gluons dominate
early stage

4+ Jet induced/fragmentation photons Hattori Wed 09:30

G. Y. Qin, J. Ruppert, C. Gale, S. Jeon and G. D. Moore, Phys. Rev. C 80, 054909 (2009)
G. Y. Qin and A. Majumder, Phys. Rev. C 91, 044906 (2015)

® |[arge virtuality jets emit more photons, more isotropically
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Non-thermal contributions

+ A Tsallis tail in the quark distribution

L. McLerran and B. Schenke, arXi\ dg_zS nucl-th].

(0+1)-d Bjorken O@\@
A power law tail in eXpansion r&((\\ge emission time
particle distribution cﬁ clayed by ~ 2 fm/c
x\* .
4+ Late quark chemical egu: \\o 10N F. Gelis etal., JPG 30, $1031

\\ _lu and S. X. Liu, Phys. Rev. C 89, 034906 (2014)
‘be A. Monnai, Phys. Rev. C 90, 021901 (2014)

e Reduced photor-. (\\0 action because the gluons dominate
early stage \O@@)

+ Jetinduto @ﬁgmentation photons Hattori Wed 09:30

S~ N J. Ruppert, C. Gale, S. Jeon and G. D. Moore, Phys. Rev. C 80, 054909 (2009)
$@ G. Y. Qin and A. Majumder, Phys. Rev. C 91, 044906 (2015)

e |[arge virtuality jets emit more photons, more isotropically
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Electromagnetic Probes:
a microscope for the QCD matter




Thermal emission in small systems

C. Shen, J. F. Paquet, G. S. Denicol, S. Jeon and C. Gale, arXiv:1504.07989
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¢ [n 0-1% p+Pb collisions, thermal photon can out-shine
prompt photons

e Sizeable direct photon anisotropy in central p+Pb
collisions!

Gale Mon 17:00 19



Thermal emission in small systems

C. Shen, J. F. Paquet, G. S. Demcol S Jeon and C. Gale arXiv:1504.07989
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* Thermal photon radiation can
leave visible imprint in the
minimum bias 12,

- hot medium |

. a signature of |
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Therma\ emission In small systems

C Shen, J. F. Paqguet, G. S. Demcol S Jeon and C. Gale arXiv:1504.07989
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Di\epto_ns probing early stage dyDamics

R. Ryblewski and M. Strickland, arXiv:1501.03418 [nucl-th]

...............

minbias @ LHC
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e The QGP dilepton mass spectra show large sensitivity
to the initial particle momentum configuration

Poster: Strickland 0720 & 0721 21



Dileptons probing early stage dynamics

R. Ryblewski and M. Strickland, arXiv:1501.03418 [nucl-th]
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e The QGP dilepton mass spectra show large sensitivity
to the initial particle momentum configuration

e Similar observation seen in traditional hydrodynamic
simulations; sensitivity to initial v

21



Dileptons probing early stage dynamics

R. Ryblewski and M. Strickland, arXiv:1501.03418 [nucl-th]
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e The QGP dilepton mass spectra show lar~ Sitivity

to the Initial particle momenti ™ d\]na““ﬁ?'

e Similar ohf"“\,e ro €& traditional hydrodynamic

sir eeNS'cnsitivity to initial v
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Conclusion

e Electromagnetic p
e nitial conditio
® non-equilibriu

'obes are very sensitive to:
ns/pre-equilibrium flow
M properties/transport coefficients

e dynamics in the cross-over region

e Recent theory improvements increase the relative
weight of hadronic photon emission
== theoretical direct photon vzis larger

e New ideas (Tsaills

tail, late quark chemical

equilibration, ...) need to be tested by building on
current state-of-the-art calculations

e Photons are clean

probes of small collision systems
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Outlook

e |mportant input from experiments:

= | ow pT (< 1 GeV) photons in pp collisions

provides baseline for all larger systems

= Reduce systematic uncertainties in the current
direct photon measurements

from qualitative description to quantitive study

= Direct photon Rpa (proton-nucleus) for min. bias
and central collisions

= Direct photon anisotropic flow in small systems

important, complementary diagnostic tool for
small systems

22
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Non-perturbative corrections around T¢

C. Gale at el, Phys. Rev. Lett. 114, 072301 (2015) D. Satow and W. Weise, arXiv:1505.03869
Y. Hidaka, S. Lin, R. D. Pisarski and D. Satow, arXiv:1504.01770

: 1072 T=200 MeV —— 1027 " TZ1g0 Mev ——
HQ : o T=250 MoV — | . a3 T=200 MoV ——
0.4 sSem |'QG P = 103 NN T=300 MeV — g 1077 N\ i

o 10—4 - \\:~\:: ~~~~~~~ N 10-4 N
Poster: 0707 2 .5 oohow |
0.3 o 10 S & 10 RN
- o ~—" '6 N ~\s\ s s ~—r '6 B \\:‘s\
o & 10 X X - & 10 Solid line: ™.
© 10-7 L S ~“~ © 10_7 L QGP LO
0.2 o > = .
o’ © 108 soldline: O 108 ongdashedine
o° & o QGPLO A e
0.1 / cli 10 5 10 Short-dashed line:
~— . o Hadronic (McGill/Texas A&M)
=1 -10 - Dashed line: =1 -10 -
T(MeV) 3 0 11 QGR LO W/‘semi-(‘}GP suppr. =10 n | | | | |
200 300 109 05 1 15 2 25 3 1070 05 1 15 2 25 3
pr (GeV) pt (GeV)

e QGP photon emission rates are suppressed by
factor of 10 near T.

e Mismatch between QGP and HG rates at same
temperature

e A similar suppression is seen by fitting lattice EOS

Wlth q quasi—partide mOdel A.~Monnal, arXiv:1504.00406
Poster: 0715
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Non-perturbative corrections around T¢

Paquet, et al., arXiv:1509.067/38
T W 0.20

j IP-Glasma shear+bulk -=== semi-QGP
10% ! 0-40% Pb+Pb @ 2.76 A Te\( 0-40% Pb+Pb @ 2.76 A TeV
C% \ | 0.15| ®» ALICE
O 10°| N
= | N e o
= @ 0.10
&~ -1 \ ™
=10 S
3
=
(A
= | 0.05}
< 107} — IP-Glasma shear + bulk
ﬁ - semi QGP
. # ® ALICE preliminary data
107 s preiminany | | 0.00
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0

pr (GeV) pr (GeV)

e Semi-QGP suppresses the direct photon spectrum by ~ 30%

e [he direct photon v2 unchanged

e Semi-QGP scenario slightly increase direct photon vz but
worsens the agreement with the direct photon spectrum

14



Alternative In hadronic rates

1/(2ntp7) dN/dpT (GeV 2 fm™)

K. Dusling and |. Zahed, Phys. Rev. C 82, 054909 (2010)

= —

T=200 Mev — @ Dusling/Zahed rate is
systematically larger
compared to TRG rate

- * The relative differences
Solid line: increases from 40% to
~ Dusling-Zahed ) ,
00% as T increases
- Dashed line: from 100 MeV to 180
Mesons gas+baryons+rt brem. VeV
- (Turbide, Rapp, Gale) e
0 05 1 15 2 25 3
pt (GeV)
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Alternative In hadronic rates

10| 0-40% Pb+Pb @ 2.76 A TeV.
% ]
© 10°
&
%
% 10- ,"o
S
& e
AN
< '
% 10°} — IP-Glasma shear + bulk X
----- Dusling/Zahed rate
| @ ® ALICE preliminary data
-3 1 l ) ) |
1090 05 10 15 20 25
pr (GeV)

3.0

Paquet, et al., arXiv

:1509.06738
0.20 w
— |P-Glasma shear+bulk
------ Dusling/Zahed rate
0.15}

e Dusling/Zahed rate increases the direct photon spectrum by

~ 20%

e The direct photon vz is increased due to more hadronic

photon emission near T¢

16



@ Transport approach

O. Linnyk, V. Konchakovski, T. Steinert, W. Cassing and E. L. Bratkovskaya, arXiv:1504.05699

_ Rates of n+n—>n+m+y * |[ncluding:
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B m+11 bremsstrahlung
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@ Transport approach

O. Linnyk, V. Konchakovski, T. Steinert, W. Cassing and E. L. Bratkovskaya, arXiv:1504.05699 [nucl-th]

direct y from Au+Au, s /2200 GeV, [y[<0.35 | ‘\\
o T v T \ [ [
\ ! : , ! @
N o0 e TR NI (Good description
> um |

of the direct photon

|
= QGP ||
- scmme>mnry ' ‘

O @ PHENIX

S spectra from semi-
<+~ 1l central to peripheral
......... pQCD ‘ -
N | centralities
W ‘
S S

| * Majority of the

? thermal photons

| are emitted from
RAS meson-meson and
Mo ] meson-baryon
R bremsstrahlung

d’N/Q2np, dydp,) [GeV'c|
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Thermal emission in small systems

C. Shen, J. F. Paquet, G. S. Denicol, S. Jeon and C. Gale, arXiv:1504.07989

Collective behavior are observed in high multiplicity p+Pb
and d+Au collisions at the RHIC and LHC

I 1 1 I 1 I 1 1 1 | I | 1 | | I ]
CMS pPb \s,,, = 5.02 TeV

0.10F 0-3<p_<3.0GeVic; || <2.4 )

| V. Khachatryan et al.
[CMS Collaboration],
[ arXiv:1502.05382
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Within hydrodynamic framework, we find central p+Pb
collisions can reach high temperature and the estimated

Knudsen number is small
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VISCOUS correction in pA

MCGlb. 0-1% p+Pb @ 5.02 TeV 0.09
1 <pr<1.5 GeV 0.08

10.07
10.06
10.05%=

10.04=

10.03
0.02
0.01
0.0




VISCOUS correction in pA

dN/(2ndyprdpr) (GeV?)

e 0-1% p+Pb @ 5.02 TeV (a) .
1072
1073
_4 |
10 — total RS
— thermal N7 |
10°} .- thermal no §f ™
| prompt |

10°

00 05 1.0 15 20 25 3.0 3.5
pr (GeV)



Calibrate medium

reh

p+Pb @ 5.02 TeV| (Ncon) % |in1<0.5 [{pr)(7T) (GeV) v§{2} v§*{2}
0-1% 15.4 + 0.03| 57.6 £+ 0.3 0.59 + 0.01 |0.056 = 0.001|0.018 + 0.001
0-100% 6.6 + 0.01 | 16.6 &+ 0.3 0.51 + 0.02 |0.034 &+ 0.0010.007 + 0.001
reh .
d+Au @ 200 GeV| (Neon) |5~ |ini<0s [(pr)(n™) (GeV)|  v5*{2} v§* {2}
0-100% 8.05 + 0.01) 8.85 + 0.19 0.46 + 0.02 (0.025 + 0.0010.003 + 0.001
10%, 10"
: [ |
| |
~ 10° 0-100% d+Au @ 200 GeV | ~ 0-20% d+Au @ 200 GeVv
. Lo
w w
G o G
& 101
aS < 10
§1o2 S
= =
) )
g g 10'2 ,
% 107} % ;
; - = = PHENIX
- ® m PHENIX : n
- — charged hadrons - 7
10 * * * * * * 1073 ‘ ‘ ‘ ‘ ‘
0.0 0.5 1.0 1.5 20 25 3.0 3.5 0.0 0.5 1.0 1.5 2.0 2.5
pr (GeV) pr (GeV)

(2+1)-d hydro can give a reasonable description of the

hadronic data




AN/ (2ndyp,dp;) (GeV~?)

Thermal emission in small systems

C. Shen, J. F. Paquet, G. S. Denicol, S. Je

101 | 0-100% p+Pb @ 5.02 TeV  (a) |
107 }
| ——
103} Sy &
'''''' ——
_4: — total ™ =
1070 —-. thermal ™. LT
| T>180 MeV ™. %,
10 P 165 <T'<180 MeV ""a,.
65 ++ prompt "“'m
10600 05 10 15 20 25 30 3.5
pr (GeV)

on and C. Gale, arXiv:1504.07989

0.08

0.06f

0.02¢

T

—— U3 0-100% p+Pb @ 5.02 TeV  (b)

Ug

P

05 1.0 15 20 25 3.0 3.5
pr (GeV)

e [n minimum bias p+Pb collisions, thermal photons are
small compare to prompt photons

* There Is sizeable direct photon anisotropic in p+Pb
collisions
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AN/ (2ndyp,dp;) (GeV~?)

Thermal emission in small systems

C. Shen, J. F. Paquet, G. S. Denicol, S. Je
107 | 0-20% p+Pb @ 5.02 TeV  (a)
107 }
| —~
103} 7
i ', -
.| — total ) . B
10 - thermal l””&,, .......
: | T>180 MeV e e
107 165<T<180 MeV ™ = Ta,
6 =+ prompt Q’."m.z
1000 05 10 15 20 25 30 35
pr (GeV)

on and C. Gale, arXiv:1504.07989

0.08 x : : x
— Uy 0-20% p+Pb @ 5.02 TeV (b)
— (V)

0.06/ 3

0.04}

0.02}

0.00

¢ [n 0-20% p+Pb collisions, thermal photons become
comparable to prompt photons

* There Is sizeable direct photon anisotropic in central
o+Pb collisions
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AN/ (2ndyp,dp;) (GeV~?)

Direct photons

4 0.08
10 0-1% p+Pb @ 5.02 TeV (a) | ™ 0-1% p+Pb @ 5.02 TeV (b)
e 0.06!
3 o
107 2 0.04
» .l —— total 5
10 - thermal N ;
i T>180 MeV 0.02
107 105 <T'<180 MeV T
] -« prompt
108505 10 15 20 25 30 35 200

pr (GeV)

e [n 0-1% p+Pb collisions, thermal photons can shine
over prompt photons

* There Is sizeable direct photon anisotropic in central
o+Pb collisions



Thermal photon tomography

1 < DT < 1GeV C. Shen, U. Heinz, J. F. Paquet, |. Kozlov, and

MCGlIb. n/s=0.08
0-20% Au+Au @ 200 A GeV
1 <pp <4 GeV

7 (fm/c)

* By cutting hydro medium both |

C. Gale, Phys. Rev. C 91, 024908 (2015)

n T and T, we observe a

two-wave structure in thermal photon emission

early time production — high

rates at high temperatures

near transition region — grow

h of space-time volume



Thermal photon tomography

C. Shen, U. Heinz, J. F. Paguet, |I. Kozlov, and
1 < pr <4GeV C. Gale, Phys. Rev. C 91, 024908 (2015)

0.40
MCGIDb. 7/s=0.08

0-20% Au+Au @ 200 A GeV
1 <pp <4 GeV 0.35

7 (fm/c) 7 (fm/c)

* By cutting hydro medium both in T and 1, we observe a
two-wave structure in thermal photon emission

* Thermal photon vz is mostly coming from the transition
region, T = 150~200 MeV, 1=3 ~8 fm @ RHIC



Towards resolving the direct photon flow puzzle

ideal hydro
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Photon em|SS|on rate
—

LO: AMY JHEP 0112, 009, (2001)"
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Vector/axial-vector meson melting

Prial8)/s

Pria\8)/s

P. M. Hohler and R. Rapp, Phys. Lett. B 731, 103 (2014); arXiv:1509.05466 [hep-ph]
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® [he temperature progression of vector + axial vector
spectral funotlons shows that chiral mass-splitting
“burns off” as mechanism for chiral restoration




