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* 3D hydro
* 3D viscous hydro
° Fluctuating initial states

OHow are the photon vyields
dependent on the dynamics?

O Status of our interpretation of the
data

OPhotons as a characterization tool



Why study photons and dileptons in relativistic
nuclear collisions?

OPenetrating probesz neqgligible final state effects
(o)

OReal and virtual photons are complementary,
and Ekev supptemam& hadronic observables

OThermal photon emission rate favours hotter
zones of the colliding svs&em

Ofmitted throughout the collision Ms&or:’
OLow emission rates

OProcedure: Calculate thermal emission rakes &
wse kvc&rodvhamits to wmodel bthe evolukion.
Integrate rates over whole his&orv )
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Sources of photons in a relativistic
nuclear collision:

Hard direct photons. pQCD with shadowing
Non-thermal

Fragmentation photons. pQCD with shadowing
Non-thermal

Thermal photons

Jet-plasma photons
Thermal

Thermal

Jet in-medium bremsstrahlung
Thermal

3
’Pre-equilibrium? '
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INFO CARRIED BY THE RADIATION

l. f

X XL, 1)

Thermal ensemble average of the current-current correlator

dR =

Emission rates:

d R A 1
5 ImHR L(,k) o (photons)
d ko 2r) —1
d°R 2¢" 1 1
EE ——= -— L ImHR (o, k) (dileptons)
dpd'p (2r) k Y —1
McLerran, Toimela (85), Weldon (90), Gale, Kapusta (91) 4
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(FOR DILEPTONS:)

VMD
Im<JJ, > =Im<pp > =1ImD = Vector spectral density
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Thermal Photons from hot QCD: HTL program (Klimov
(1981), Weldon (1982), Braaten & Pisarski (1990);
Frenkel & Taylor (1990))

/ o T \ Kapusta, Lichard,
ImI"* ~In Seibert (1991)
Ru " | Baier, Nakk
(m (~ gT)) aier, Nakkagawa,
\ [\ /  Niegawa, Redlich (1992)

Going to two loops: Aurenche, Kobes, Gélis, Petitgirard (1996)
Aurenche, Gélis, Kobes, Zaraket (1998)

\\// % \f// I
/}\ ! C o ~

o-linear singularities:

/\ Y \mth/

1]

I

2001: Results complete at O(OCS)

Arnold, Moore, and Yaffe JHEP 12, 009 (2001); JHEP 11, 057 (2001)
Incorporate LPM; Inclusive treatment of collinear enhancement,

- photon and gluon emission
s YW-TP Charles Gale \'-kk



Going beyond LO AMY rates?

* Approach 1s LO, but
o, ~02-0.3

* Integral equation can be
written 1n terms of a Dyson-
Schwinger type 1teration...

which contains a scattering
kernel:

2
m -
C(qg, )‘ o= gZC ol D Aurenche, Gélis, Zaraket (2002)

q.(q; +mp)

The techniques used to derive this - and all results 1n perturbative,
finite-temperature field theory - rely on the scale separation:

gl <7
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The LO-NLO scattering kernel(s)

Clue that NLO effects might be important: Heavy quark diffusion

C(qj_ )‘ LO — C(qJ_ )‘ NLO Simon Caron-Huot PRD (2009)

 OFTITEX

2.5 18
R 16 |- U . |
. 2= 7 . Next-to-leading order 1 T . Next-to-leading order |
~ ’ ) SR -
\_| \_| \\\
C"-’@ 1.5 7 —] O’D@ 10 L \\\\\ B
X X
— ~ 8 ]
-4 lr - -
= : = 6 .
O Leading order SE
0.5 _ - . -
Leading order
2 - as = 0.3 -
0 0 | | | | |
0 0.5 1 1.5 2 2.5 3 3.5 4 0 1 2 3 4 5 6

q. /T q./T

Possible large effects on photon production!? .
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LO

Photon emission at LO
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dl’
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The LO-NLO scattering kernels

Ghiglieri, Hong, Kurkela, Lu, Moore,
Teaney, JHEP (2013)

The two main contributions:

N ) C(gr)o = Tgmy, _,NLO
EEE )

q: (g +my,)
Simon Caron-Huot PRD (2009)
Enhanced at NLO

W 7\/§ Larger angle bremmstrahlung

g g g g Suppressed at NLO

10

e

HE -
wE YW-TP Charles Gale k‘:- |
"5 s THEORETICAL PHYSICS



(LO + NLO) / LO

N
(6]
T

\V)

—_
(63

—

o
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T

o

The LO-NLO scattering kernels

Ghiglieri, Hong, Kurkela, Lu, Moore,
Teaney, JHEP (2013)

The two main contributions:

o

1984

N

C(qT )LO —

Tg’m,
qr(qr +mp)

= NLO

Simon Caron-Huot PRD (2009)
Enhanced at NLO

ELE

Nf=3
(LO+NLO)/ LO
uncert. est.

2 4 6 8 10 12 14 16 18

k/T

(LO+NLO)/ LO

25

1.5

0.5 -

Larger angle bremmstrahlung

Suppressed at NLO

Nf=3
(LO+NLO)/ LO
uncert. est.

0.=0.15

2 4 6 8 10 12 14 16 18 20
k/T

* Net correction to photon production
rate 1s modest up to high k/T
* Techniques developed here have

many more applications in FTFT
10
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ELECTROMAGNETIC RADIATION FROM HADRONS

Chiral, Massive Yang-Mills:
O. Kaymakcalan, S. Rajeev, J. Schechter, PRD 30, 594 (1984)

L :%pﬁ Tr D, UD*U" +%F,3 TrM(U+U")

= % Tr(Fy F™ + F F™ Y+ mTr (4; A™ + A5 4™ )

+ non-minimal terms

Parameters and form factors are constrained by

hadronic phenomenology:

*‘Masses & strong decay widths

*Electromagnetic decay widths

*Other hadronic observables:

*eg. a1 — TP D/S (See also, Lichard and Vojik, Nucl. Phys. (2010);
Lichard and Juran, PRD (2008)) 1

- YiTP EM e.missiviti.es computed: Turbide, Rapp, Gale, PRC(;la](f%Qgﬁg; FRJ
Turbide, McGill PhD (2006) Nk /7



COMPARING RATES

107 \ in-med HG [RW99]
....... N -———- mpa, + ot—ch + KK*
- N —-—-- QGP 1-loop [AMY02]
w; .
® 10
Q) E
£ 10 Integrate rates with
O 1
s - hydro evolution
S T=200MeV
o :
10° o7
0 o 0.5 o 1 o 1.5 o 2 o 2.5 o 3

Turbide, Rapp, and Gale, PRC (2011)
12
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APPLYING THIS TO INTERPRET PHOTONS MEASURED @ RHIC:
RATES ARE INTEGRATED USING RELATIVISTIC HYDRODYNAMIC

MODELLING
100§ ' | ' I ' |
‘s Au+Au at RHIC :

107 0 - 20 % Central

> ENY — SUM i

8 10-2; ':\\ . — - jet-QGP )

= S At low pr, spectrum

S0 B gﬁeéﬁl&%?‘ dominated by thermal

~ - = PHENIX .

z 10% “ ] components (HG, QGP)
10°F \T\; RN At high pr, spectrum
107 . 31: . V];‘ > dominated by pQCD

e ° .
B Window for jet-QPG
- Au+Au at RHIC 5

010 % Contral — S ? contributions at mid-pr?
- o Central —__ >Um E

- — - prompt-direct ]
— - - jet-QGP (non-coll)
« =« jet-QGP (coll) 3
- — - prompt-frag.

— = Thermal QGP
=  PHENIX

e N

10 : \\ J Ly, .. ;

107 . Te... ] Turbide, Gale, Frodermann, Heinz, PRC (2008);
s, . N . ., . 7%= Higher pr: G. Qin et al., PRC (200 13
1074 6 8 T PR TR TR PT Q , PRC ( %)

= P.. [GeV
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ONE OF THE USES OF PHOTONS: CHARACTERIZING THE HOT
MATTER CREATED AT RHIC
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ONE OF THE USES OF PHOTONS: CHARACTERIZING THE HOT
MATTER CREATED AT RHIC

AuAu Min. Bias x10* T — 221 i 19 i 19 MGV

eXcess
© ®  AuAu 0-20% x10?

0 = AuAu20-40% x10
& v pHp Flow effects will be important
L e Turbide et al. PRC69

*van Hees, Gale Rapp,PRC (2011)
* Shen, Heinz, Paquet, Gale, arXiv:1308.2440
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ONE OF THE USES OF PHOTONS: CHARACTERIZING THE HOT
MATTER CREATED AT RHIC
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BEYOND SIMPLE SPECTRA: FLOW AND CORRELATIONS

“ooap el |

* Soft photons will go with the flow /\*‘"{ ._.j_._.___._.____.__l.___.,__. (2008)
* Jet-plasma photons: a negative vs oot | __

+ Details will matter: flow, T(t). . . ST e R

Turbide, Gale, Fries PRL (2006) >N0'25§ m . EPY,‘,I:O -

Low p;: Chatterjee et al., PRL (2006) VA . e (narag)

All py: Turbide er al., PRC (2008) W %%
5 } 5 &

I Y| B 8

(2 01 1) -0.055— @ - (b)
....................................................
1|Y:TP o 2 4 6 8 10 12 0 2 4 6 8 10 12 0 2 4 6 8 10 12
TR s p_ [GeV/c]



PROGRESS IN CHARACTERIZATION TOOL: -
3D Viscous RELATIVISTIC HYDRODYNAMIC m

10000 ; '
| PHENIX &= —©—
1000} PHENIX K/2 +~B-
& _ PHENIX p/10 2
Iy 100 | v _
R N -
= 10 prmmme '
= _
© 1
Q =
= 01l oo N o
[ A, T
| ST Y e
0.01 . . e '
0 0.5 1 1.5 2
pt [GeV]

MUSIC: 3D relativistic hydro
Ideal: Schenke, Jeon, and Gale, PRC

(2010)

FIC and Viscous: Schenke, Jeon, Gale,

PRL (2011)
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dN/dn

PHENIX ©_ 0-5%
PHENIX /5 10-15%
PHENIX m_/25 15-20%
PHENIX 7 /150 20-30 %
. b=2.4 fm
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/25 b=

nt /150 b

~
~~~~~

,,,,,
el
L

~/
~
=8

1.5 2 2.5

600 r

400 ¢

200 r

GeV]

PHOBOS 0-6%
PHOBOS 6-15%
PHOBOS 15-25%
PHOBOS 25-35%
AuAu-3 (EOS-L)

AuAu-1 (EOS-Q)  =eeeeeeeeees
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Viscosity & FIC effects on EM observables?
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THE EFFECTS OF SHEAR VISCOSITY ON BULK DYNAMICS

T =(e+ Pu"u” — Pg"

THY — THY | v Israél & Stewart, Ann. Phys. (1979), Baier et al.,
7 ideal JHEP (2008), Luzum and Romatschke, PRC (2008)
d,(su) e

I T
ideal hydro
viscous hydro --—------

| * Viscous evolution starts
with a lower T

1 T drop 1s slower than 1deal
case

T (MeV)

0.1 ] ] ] ] ] ] 17
0 2 4 6 8 10 12 14

. I gl:lal
- \(l. l) T - 7, (fm)
--
=" YUKAWA INSTITUTE FOR
"5 s THEORETICAL PHYSICS
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THE EFFECTS OF SHEAR VISCOSITY ON BULK DYNAMICS

uv U, v uv
THY — THY | v Israél & Stewart, Ann. Phys. (1979), Baier et al.,

ideal JHEP (2008), Luzum and Romatschke, PRC (2008)
H CcC
d,(su") e
idegl hydra
0.5 viscous hydro -------- 1
" Ty 0,08, (ideal)
V.(n/s=0.08)/v(ideal) rm~ .
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g 1 + 0.45
;C 0.8 + + °
= 2
4 -
§ 0.6 i = 0
> 04
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0.2 | Cl
0 .
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n 0.3 ' | I l | | | 17
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THE EFFECTS OF SHEAR VISCOSITY ON THE PHOTON
DISTRIBUTION

In-medium hadrons:

1 1
Jow"p,)=

(2m)” expl(u”p, — )/ T1£1

1
T
Po(e+P)T?

R _ & d’ d’p, . . E)f(E,)|1+ f(E,
q 227) E, 227) E, 227) E 2(21)

f=f+8f, 6f=f0x2nr) £)p*p”

4

One considers all the reaction and radiative decay channels of external
state combinations of:

{775 K p,K ' ,dl} With hadronic form factors

+ QGP Photons 18
< P
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THE EFFECTS OF SHEAR VISCOSITY ON THE BULK
DYNAMICS

1.5 ; . . ' 1.5

. (a) | .
0.5 - 05 F

) |

/é 0 e s TR e e T A s raRsarases /é O oo o e st
o= e =
: _0.5 __ """"" : _0-5 P e
N i . NI I »
£ —— 1 &
2 ! V5 A =3 i
(4 '15 ': TCZZ R _15 -: XX
ii ii T T : ii T -
2 i Y e T -2 1| !_i qyY e .
v XZ e . v ZZ e
25 7 n ) . 2.5 T _
ny nXX+nyy+nZZI e e

_3 1 1 1 1 _3 | | |
0 2 4 6 8 10 0 2 4 6 8 10

-7, (fm/c) -1, (fm/c)

* Large at early times
* Small at later times: viscosity corrections to the
distribution functions will also vanish

19
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THE EFFECTS OF SHEAR VISCOSITY ON THE PHOTON

DISTRIBUTION

0
10 . . 1
ideal hydro 10
viscous hydro without corrections -------- ] [
| viscous hydro + viscous correction ='===- 100 3

E dN/d"p (GeV )
=)

S
Q-
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NG
~:
~,
~

‘N,
~,
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~.
~,
~.
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~,
~,
~,
~,
~,
~,
~,
~.
~,
~,
~,
~,
~,
~,
~

E d*N/d’p (GeV?)
=

HG Photons

! !

ideal hydro
viscous hydro without corrections
viscous hydro with corrections

4 |
107"
10 S

N 10 F
10-5 E_ ~~~~‘~~~:,~ 6 r
[ o 1 - L

. QGP Photons 0
10—6 | | | | | | | 10-7 I

0.5 1 1.5 2 2.5 3 35 4 05 1
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Viscous effects harden
the photon spectrum

1.5 2 2.5 3 35 4
pr (GeV)

K. Dusling NPA (2010)
Chaudhuri & Sinha, PRC (2011)

M. Dion et al., PRC (2011)
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THE NET THERMAL PHOTON YIELD

Viscous corrections make
the spectrum harder,

0 ~100% at pt = 4 GeV.

100 | viscous hydro with corrections -~ | ©Increase in the slope of
T o | =15% at pt = 2 GeV.
S 102 | Extracting the viscosity
W 107 from the photon spectra
L ol will be challenging
= o Once pQCD photons are

included: a few % effect

05 1 15 2 25 3 35 4 from viscosity
pt (GeV)

More work is still needed
to properly include all
photon sources in a

consistent way n‘;
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SHEAR VISCOSITY AND PHOTON V32

-
Kd

____________
‘‘‘‘‘‘
-
-
-t
-
Rd
R
R
R
R
Kd
R
Kd
-’

ideal hydro
viscous hydro without corrections
viscous hydro with corrections

1 1.5 2 2.5 3
pt (GeV)

3.5

0.16 r
0.14
0.12
0.1 r
0.08 |
0.06 |
0.04 r

0.02 |

s ideal hydro
““viscous hydro without corrections
viscous hydro with corrections

| | | |
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1 1.5 2 2.5 3
pt (GeV)

3.5

0.035

0.03

0.025

0.02

0.015

T

T

T

T

ideal hydro
viscous hydro with corrections ------

1

M. Dion et al., PRC 2011

1.5 2 2.5 3 3.5 4
pt (GeV)
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0.035

SHEAR VISCOSITY AND PHOTON V32

0.03 |

0.025 r

0.02 |

0.015 |

U
Y
0.01 /
. ,,
"\' )

ideal hydro
viscous hydro with corrections ------

0.005 =
0.5

N | -
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L THEORETICAL PHYSICS

1 1.5 2 2.5 3 3.5
pt (GeV)

The net elliptic flow 1s a
weighted average. A larger QGP
yield will yield a smaller vo.
Same story - mutatis mutandis -

for the HG

The turnover at pr= 2 GeV
could be QGP-driven and/or

pQCD-driven

The net effect of viscous
corrections makes the photon
elliptic flow smaller, as 1t does
for hadrons

22
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INITIAL STATE FLUCTUATIONS: A PARADIGM SHIFT

IN HEAVY ION ANALYSES
Lu,mpj )

- 10 L —&— STAR 0-5% central o5
MUSIL —H&— PHENIX ideal, e-b-e 0-5% central
8 20 | s 11/5=0.08, e-b-e

15 || oo 1/s=0.16, e-b-e

A O

N

o

----- ideal, avg 10-20% central 10-20% central
ideal, e-b-e

20 [ ' 1/s=0.08, e-b-e

sennnns 1/s=0.16, e-b-e

h*" vy [%]
o
+/- o
h*" vy [%]

40 | 30-40% central _ | —e— prenx 30-40% central

1=0.4 fm/c
600 12
500 10
400 8
— < — < —
£ 300 E £ 6 E £
> Py > o >
200 4
100 2
0 0
-10 -5 0 5 10 -10 5 0 5 10 -10 -5 0 5 10
x [fm] x [fm] x [fm]

Schenke, Jeon, Grale, PRL (2011) 23
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INITIAL STATE FLUCTUATIONS: A PARADIGM SHIFT

IN HEAVY ION ANALYSES
Lu,mpj )

- 10 L —&— STAR 0-5% central o5
MUSIL —H&— PHENIX ideal, e-b-e 0-5% central
8 20 | s 11/5=0.08, e-b-e

15 || oo 1/s=0.16, e-b-e

A O

N

o

----- ideal, avg 10-20% central 10-20% central
ideal, e-b-e

20 [ ' 1/s=0.08, e-b-e

sennnns 1/s=0.16, e-b-e

h*" vy [%]
o
+/- o
h*" vy [%]

40 | 30-40% central _ | —e— prenx 30-40% central

1=0.4 fm/c
600 12
500 10
400 8
— < — < —
£ 300 E £ 6 E £
> Py > o >
200 4
100 2
0 0
-10 -5 0 5 10 -10 5 0 5 10 -10 -5 0 5 10
x [fm] x [fm] x [fm]

Schenke, Jeon, Grale, PRL (2011) 23
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MOVING INTO THE 'CHARACTERIZATION” PHASE...

,///ﬂ\\\ k,/’ D
{ |
\Q// l\; — — ‘
n =2 n=3 n=4
0.3 : . . ' 0.3
V5 20-30% —
| |v3 20-30% — _
0.25 V. 20-30% n/s=0 0.25
Vg 20-30% - -
0.2 F|PHENIX v, o o 0.2
PHENIX vy~ ° >
== 0.15 [ |PHENIX v, ~=- - 0.15
~ o .
P
0.1 T ; : 0.1
L T
0.05 o 8- 1 005
O = 1 1 1 O
0 0.5 1 1.5 2 2.5 3
pT [GeV]
0.3 I T T T
v, 20-30% —
| |v320-30% — _ |
0.25 Vo 20-30% n/s=0.16
Vg 20-30% - - -
0.2 F|PHENIX v, re- .
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0.15 | |PHENIX v, re-
0.1 ¢
005t . . 4 s @ ——TT 7
'OP 0 1 12 2| 3
- w. Y T 5 .5 5
|
Fivs e pr [GeV]

Schenke, Jeon, and Gale, PRC (2012) n
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0
0 0.5 1 1.5 2 2.5 3
14 Pt [GeV] | | |
v,(n/s=0.08)/v(ideal) ~m~ o
_ 1.2 |y (n/s=0.16)/v,(ideal) 20-30%
< g
> 0.8 1 + +
@
8 0.6 *
N
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>C
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THE EFFECT OF FIC ON THE THERMAL PHOTON
SPECTRUM
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FICI

| OFIC produces higher
1 1itial T (hot spots),
{ and higher initial
oradients

I OFIC conditions are

1 demanded by

I hadronic data (vodq)

These lead to a
harder spectrum, as

e

' for hadrons

Dion et al., PRC (2011)
Chatterjee et al., PRC (2011)
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ALL TOGETHER: FICS + VISCOSITY

Combined with viscous
corrections, FIC yield an
enhancement by =5 @ 4 GeV,
and =2 @ 2 GeV

Temperature estimated by
slopes can vary considerably

A combination of hot spots
and blue shift hardens
spectra

Once pQCD photons are
included: only modest
changes from viscous
corrections + FICs

26
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E d°N/d’p (GeV™?)

N | -
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Net spectrum

AIC,

AIC, /s =0 ——
n/s = 1/4n

1.5

2 2.5

pt (GeV)

ALL TOGETHER: FICS + VISCOSITY

Combined with viscous
corrections, FIC yield an
enhancement by =5 @ 4 GeV,
and =2 @ 2 GeV

Temperature estimated by
slopes can vary considerably

A combination of hot spots
and blue shift hardens
spectra

Once pQCD photons are
included: only modest
changes from viscous
corrections + FICs
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FICS AND THERMAL PHOTON V>

0.0045

0.004 | FICs enhance v21n this

0.0035 ¢ .

0003 | centrality class (0-20%), as for
0.0025 1 hadrons

S 0.002

0.0015 |/ For hadrons measured 1n

0.001 /-~ . .

0.0005 AIC, /s =0 —— - events belongmg to large

op QGP AW =ET T 0 centrality, FICs will decrease
-0.0005 - ' ' ' ' ' '
0.5 1 1.5 2 2.5 3 3.5 4 V2
pt (GeV)

HG elliptic flow 1s much larger
i) . than QGP elliptic flow, but
0.14 | “] remember net vz 1s a weighted
average

0.12
0.1
0.08 |
0.06 r

0.04 + AIC. /s =0 —— 1
’ AIC, 1/s = 1/4 ===

05 1 15 2 25 3 35 4
pr (GeV) 27
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0.035

FICS AND THERMAL PHOTON V>

0.03 r

0.025 r

0.02

0.015 r

(b)

S 4
R K4
0.01 -/
. o * '’
3 ’
LAl S

Net vo AIC, n/s = 1/4mw -===== i

0.005

N | -
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0.5

1 1.5 2 2.5 3 3.5
pt (GeV)

4

FICs enhance v21n this
centrality class (0-20%), as for
hadrons

For hadrons measured in
events belonging to large
centrality, F1Cs will decrease
\&

HG elliptic flow 1s much larger
than QGP elliptic flow, but
remember net vz 1s a weighted
average

Net v21s comparable 1n size to
that with 1deal medium.
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0.2

0.18

0.16

0.14

0.12

0.1

0.08

0.06

0.04

0.02

PHOTON V2 DATA?

| | | | | | |
PHENIX data —@— Lo
B v, for QGP, ideal hydro, IC — .~ |
v, for HG, ideal hydro, FIC -=--e-ee 7
i thermal sum, ideal hydro, FIC ====- .~ |
®
{ ®
_‘d=— I I I I I I
0.5 1 1.5 2 2.5 3 35

Dion et al. (2011)

Data 1s higher than calculation, even with e-b-e initial
state fluctuations, and 1deal hydro

S1ze comparable with HG v
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PHOTON V2 DATA?

0-25IIII|III1I‘AIIIIIIII|IIII|IIII|IIIIIIII|IIII|IIII|IIII
v, of thermal ph(Ltons 200A GeV Au+Au@RHIC .
i e PHENIX (BBC) h

0.20 — } — smooth (MC) ]

: o -o Vv, (RP) :

B E —eo VZ(PP) |

- 0.15— ¢ —
s | ) ]

(g\|

o B |
0.10 — I ® —

- 20-40% Centrality bin N

| 6=0.4fm, 1,=0.17 fm/c - "

005— ==
OO IIII|IIII|IIII|IIII|IWHH!:' .""_

' %.5 10 15 20 25 30 35 40 45 50 55 60

Pr (GeV/e)
Chatterjee et al. (2013)

Data 1s higher than calculation, even with e-b-e initial
state fluctuations, and 1deal hydro

28
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PHOTON V2 DATA?

0-25IIII|III1I‘AIIIIIIII|IIII|IIII|IIIIIIII|IIII|IIII|IIII
v, of thermal ph(Ltons 200A GeV Au+Au@RHIC .
i e PHENIX (BBC) h

0.20 — } — smooth (MC) ]

: o -o Vv, (RP) :

B E —eo VZ(PP) |

- 0.15— ¢ —
s | ) ]

(g\|

o B |
0.10 — I ® —

- 20-40% Centrality bin N

| 6=0.4fm, 1,=0.17 fm/c - "

005— ==
OO IIII|IIII|IIII|IIII|IWHH!:' .""_

' %.5 10 15 20 25 30 35 40 45 50 55 60

Pr (GeV/e)
Chatterjee et al. (2013)

Data 1s higher than calculation, even with e-b-e initial
state fluctuations, and 1deal hydro
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SOME FACTS AND SOME LEADS

FICs are here to stay. The meaning of “initial temperature” 1s
altered.

(Some?) Room to explore systematically hydro initialization and
parameters. This requires consistency with the hadronic data.

Making the QGP signal larger will decrease the vo. The T=0
photons, decrease vas.

Early-times magnetic field effects? (Basar, Kharzeev, Skokov,
PRL (2012))

Is the large photon elliptic flow telling us about the dynamics?
Baryons?

Non-zero 1nitial shear tensor? Primordial flow? Can we improve
on the hydro 1nitial states?

Can we improve on the hydrodynamic evolution?

29
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EFFECTS OF BARYONS ON PHOTON V27

in-med HG [RW99]

10 .
....... NS ———- mpa, + o t—-ch + KK* -
- A —-—-- QGP 1-loop [AMY02]
‘}‘> . ]
O 10 E
O E
IE . ]
=10 E
o z
co_o 1
107 5
S T=200MeV
o :
107° =

0‘H‘0.5”"1””1.5””2‘“‘2.5”“3 h
q, [GeV]
Turbide, Rapp, Gale, PRC (2004)

J.-F. Paquet et al., (2013)

Adds to meson elliptic flow (~2)
Promising. Still needs a proper, consistent calculation .
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ELLIPTIC FLOW AND SPACE-TIME DYNAMICS

* In a thermal fireball picture, the net photon yield is sensitive to the value of the
acceleration parameter, and to details of the 1nitial state. The photons do report
on the details of the dynamics.

* How uniquely determined are these? How unique is the entire evolution?

3 o4 ——m—m———— - ———
0 — 4 —— _
B : PHENIX 7' (av. 0-20%) —*— " PHENIX 1t + K~ (0-20%)—*—
2 10% E PHENIX p (av 0-20%) —&— | - PHENIX p (0-20%) —F—
<} ' rell. fireball (0-20%) ; 03 | PHEI\PX gt 11(0(525)(;/‘07) —a—
> 10\ L p ell. fireball (0-20%) ———" | - mell. fireball (0-20%)  ——
< - ; | p ell. fireball (0-20%) ;
S g0 b sasg | 02
£ i ]
= o™ 0.1
o ]
5 107 -3 | "’
@ : NN
= [ Sy |
10—3 LTS O ="
0 1 2 3 4 0 1 2 3 4 5
5 pr (GeV) 025 pr (GeV)
10 """"""""""""" . L ST TN~ AP L L |
\.0-20% Au-Au. lvl<0.35 hadron gas ———- | - PHENIX dir v (BBC) —— ]
10" AN % Av-Au, lyi<0. Q%}P — ), | PHENIX diry (RXN) —a
& 100 F NN primordial - - - - -2 [ model (a)
> NN total - model (b)
2 10" TSNS PHENIX + | 015 |
2 NSRS : _
Z107 RN s ' I
o - RS ] I 3
o 104 L Do i i
o 10 \\.“-§_ 005 | L I
SO T e . _ L 1
10_5 Se~. .
6 SN i
0 - — o —>— = 31
0 1 2 3 4 5 0 1 2 3 4 5
|
pr (GeV) pr (GeV) TN
XW:NS:!:EE T van HeeS, Gale, Rapp (2011) T Charles Gale \t-‘:. ‘

TTTTTTTTTTTTTTTTTT



Distributions of vy at LHC

P(v3/(va)), P(es/(es)) P(vo/{vy)), P(ex/(ey))

P(v4/{vy)), P(es/(es))

|
N |
- |
|
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BEYOND GLAUBER: IP-GLASMA + MUSIC

EFFECT ON HADRONIC OBSERVABLES
Flow harmonics reproduced up to vs at RHIC and LHC

100 ¢

10 |

0.01 L

100

10

0.1

0.01

100 ¢

0.01 |

0.1}

10 |

0.1 kel

- 20- 25%

€5 IP Glasma
v, IP-Glasma+MUSIC
v, ATLAS

" pr>0.5GeV
Inl <2.5

1 n °
0 0.5 1 1.5 2
Vol{(Vo), €5/(€s)

2.5 3

g3 IP-Glasma
V5 IP-Glasma+MUSIC
v3 ATLAS

20-25%

pt>0.5 GeV
Inl <2.5

0 0.5 1 1.5 2
Va/(V3), €5/(€3)

g4 IP-Glasma
v, IP-Glasma+MUSIC
v, ATLAS

- 20-25%

pt>0.5 GeV
Inl <2.5

0 0.5 1 1.5 2
V4 (Vy), €41(€4)

IP-Glasma + MUSIC provides
consistent flow systematics at

RHIC & LHC

Contains an initial flow:

Investigating the effects on
EM variables

Gale, Jeon, Schenke, Tribedy, Venugopalan
PRL (2013)

Charles Gale
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Is the hydrodynamic modelling complete?

In the last ~5-8 years, relativistic hydrodynamics has
undergone a revolution

3D
3D - Shear viscosity
3D - Shear viscosity - Fluctuating initial conditions

3D - Shear viscosity - Fluctuating initial conditions alsoin y

What's left?

T" =—-Pg" +wuu’ + AT*

The dissipative terms:

2
AT =n( A" +A'u )+ (5’7 — C)H“V d,u’ — y(H"u’ + H"u")Q,
No simulation incorporates all of these 3
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BULK VISCOSITY?
2

1
C =~ 15M 5 — CS2 S. Weinberg, Ap. J (1971)

1
C z 27] 5 — CS2 A. Buchel, Phys. Lett. (2008)

Bulk viscosity vanishes in conformal fluids. QCD is
only very approximately conformal:

T ;‘_ """""""" 0.4
(e-3p)/T
8 A, p4, N.=6 - o | 0.35 'deal Gas }
_ L p4, N.=8 e | PR e
< X —
61 S asqtad, N,=8 —=— 03 eme=mTT
L "”
Cg 0.25 [}
4 ¢ Lattice
| 0.2 M ]
N |
B \ I
° 015 - S<_I( ~ 0.257
_ O.‘I | | | | | | |
oLl () 250 400 550 700 100 150 200 250 300 350 400 450 500
Ay T T [MeV]

Huovinen & Petreczky K. Dusling



BULK VISCOSITY?

Quantifies deviations from equilibrium, when the
fluids expands or contracts more quickly than the
time needed to relax back to equilibrium

AT =AU + Avu“)+(%n—§jH“V 0,u” — y(H"u" +H"u")Q,

——~pr| =—¢C Dusling & Schafer (2012)

1o 3

5f Modified M '
u 2 odifie oment Expansion
~ (au U )|:OC T IB u-k+ 4 (l/t ' k) :I Noronha-Hostler, Denicol, et al., (2013)

Jo

5 f , 1 , 2 y Relaxation Time Approximation,
;| (@,u")
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10 (a)

> F

()

S 10¢

> -

© B

=

NQ- 15_

s

G J ideal hydro

=10

B = -

I B
ol T o=

10 E...I...I...I...I...I...I...I...I...\I...
0 02040608 1 1.2141618 2

p, (GeV)

Monnai and Hirano (2009)
3+1D Hydro

T T

" Pions - a
Protons - - - - 7

— —
o o
o —

—_—
ol
N

dN/(2  p7 dpy dy) [GeV?]
s 3 3
2 0

104 |

RHIC

104 ——
[ 0-5% x20
1000
&
<= 100-
Z | = | .
© & 10, — ebe ideal
N 1--£ — - +df
0.17““““““H‘wwww\\\”\‘
00 05 1.0 1.5 20 25

pr [GeV]

Noronha-Hostler, Denicol, Andrade,
Grassi (2013), 2+1D Hydro

Dusling and Schéfer, (2012) — 1/s=0.16

2+1D Hydro

__n/s=0.16,{ / s=0.005

* Spectra are systematically softer

* Details depend on the scheme to implement the
viscoslity correction(s)

* Some cancellation between shear and bulk effécts

Charles Gale k‘:&



BULK VISCOSITY EFFECTS ON PHOTONS?

Ideal photon vy (qr) Viscous photon vo(qr)
0.25 —_———————— 0.25 ——
_-7QGP oo Ideal
-7 HRG --- {/s=0.02 -+----e:

0.2 | Rt Total 0.2 {/s=0.04 ——— A
0157 /i’/ 1 AL
< .’ <
T oot * ? T T ot

0.05 | 0.05 | <.

K. Dusling
* Bulk viscosity enhances the elliptic flow
* Effects are however large enough: a consistent inclusion
of bulk 1s warranted.

. g(T) etc.. (Gabriel Denicol’s talk)
S
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MORE ON THE HYDRO MODELLING AND PHOTON
PRODUCTION

, 4
t 7 + g = 2no* ——1 "0
3

Can the relaxation time be changed? Does
this affect anything?

0.1 ¢

0.08 |

0.06 |
0.04 |

0.02 |

Paquet, Vujanovic, Denicol et al. (2013) 38
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THERMAL PHOTONS AS A VISCOMETER

1%

7
U r v
2(e+P) *

(p,T)

Shen, Heinz, Paquet, Kozlov, Gale, arXiv 1308.2111

0.15F
0.13f
0.11f
0.09f
> 0.07f
0.05F
0.03f
0.01f

MCGIb. n/s=0.08
0-20%@RHIC

0-40%@LHC

-0.01F
0.15f

0.13f
0.11f
0.091
~ 0.07f
0.05f
0.03f
0.01f
-0.01

0.0

N | -
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1.0 2.0 3.0

pr (GeV)

— Viscous

0.0

Charles Gale
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Uy /US

7.5

6.0r

4.5¢

3.0t

1.5

0.0

MCGlb. /s =0.08 0-40% @ LHC

thermal photons QGP + HG
QGP photons

hadronic photons

thermal =

thermal p

O

U2{2}/U3{2}

S S

0.5

25 3.0 3.5 4.0

o (GeV)

.

-~ =
1
-0~ il

MCGIb. n/s=0.08 thermal photon
MCGIb. n/s=0.08 thermal =

MCKLN 7n/s=0.20 thermal photon
MCKLN 7/s=0.20 thermal =+

25 30 35 40

centrality (%)

MAXIMIZING THE EFFECT

7.5— | | | |
1 — thermal photons QGP + HG
< - - QGP photons
- - hadronic photons
°-0 — thermal =
thermal p
4.5¢
éo ______
5\] = = —
3.0¢
1.5
MCKLN /s =0.20 0-40% @ LHC
0.0

05 1.0 15 2.0 2.5 3.0 35 4.0

pr (GeV)

* Slope of ratio vs centrality grows with
vist‘;‘os&v

* The ratio has stronger centrality
dependence than for hadrons: photons
access earlier times with larger viscous
tensor

40
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PHOTONS AS A THERMOMETER

Su,ppo-se a stakic source at &empera&ure T:

Side view

Read off the temperature from the exponent

41
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Suppose an expanding source at local temperature T:

Side view

o}
i
~

The effective temperature (deduced from the slope)
is not the true temperature

ll Y . I I
"am @ YUKAWAINSTITUTEFOR
S e s THEORETICAL PHYSICS
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Suppose an expanding source at local temperature T:

Side view

o}
i
~

Gopper s
Vi-v .

The effective temperature (deduced from the slope)
is not the true temperature
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>
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o

o

w
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0.50
0.45

0.40f
0.35¢
0.30f
0.25}
0.20f
0.15¢

0-3100.175 0.20 0.25 0.30 0.35 0.40 0.45 0.50

USING A HYDRO SIMULATION

- - baseline
L O O photon spectrum w. equilibrium rates
@ ® photon spectrum w. viscous rates
— equilibrium emission rates
— PHENIX

/// (a) i
" "MCGIb., /s =0.08, AuAu @ RHIC, 0-20%

T (GeV)

—

>
(&
O

()
o

L)
wn
S~
—i

0.50
0.45

0.40¢
0.35}
0.30f
0.25¢
0.20¢
0.15¢

0.

. O O photon spectrum w. equilibrium rates ™
® @ photon spectrum w. viscous rates
— equilibrium emission rates

/“"MCGIb., 1/s =0.08, PbPb @ LHC, 0-40% |

10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

T (GeV)

Shen, Heinz, Paquet, Gale, arXiv 1308.2440

van Hees, Gale, Rapp, PRC (2011)

* The apparent temperature deviates from the true

temperature: flow contamination

* The system does go through regions with T>>T,

=== m  YUKAWAINSTITUTE FOR
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but a model is needed ko exkract T
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WHAT ABOUT DILEPTONS?
Additional deqree of freedom: M and pT may be
varied trdependently
Same approach as for photons: integrate rates with
h:}ci‘ro-

£ L B —3
© ]
S ¢ n°n Dalitz-decays E
kR 4
= :
S E E
3 .

3 .

3 .

3 1

3 .

: ? ]

. Drell-Yan 3

L Low- @ Intermediate- : High-Mass Region .

- >10fm >1fm <0.1fm 3
EI Iél 1 1 1 1 | 1 1 Iél | 1 1 1 1 | 1 1 1 IE

0 1 2 3 4 5
mass [GeV/c?]

Figure: A. Drees 14
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THERMAL DILEPTON SOURCES, QGP

HTL at zero momentum: Braaten, Pisarski and Yuan, PRL (1990)
2-loop, p=0, E>>T: Majumder and Gale, PRC (2002)
HTL, M~gT, E>T: Aurenche, Gélis, Moore, Zaraket, JHEP (2008)

HTL at finite momentum:

1e-05 :

Non-perturbative calculation:

T I T I T I T T T
— ' 3
p=4 GeV - 1-loop, no HTL - - dN|+|'/d(D d”p
T=0.3 GeV  — — pole-pole, +q =y 1e-06 ¢ p=0
— - cut-pole ! _
_____ . . — . pole-pole, 1+q —>Y 1e-07 + BW-+continuum: 0y/T=0, A/T=0 ——
3 . — sum * E | 0y/T=1.5, A,/T=0.5 ——
K .,\< ''''' - — » Thoma-Traxler 1e-08 - HTL ——
_ \\ / \\ | Born ——
= T~ 1e-09 |
I S :
N 1e-10
I \ -
! : N 1e-11}
,_ \\ N e- :
N S o2 . . . . o/T
04 08 1.2 1.6 2 24 28 32 36 4 0 5 4 5 5 10
M (GeV)

Turbide, Gale, Srivastava, Fries PRC (2006)

Ding et al., PRD (2011)

No single calculation covers the entire dilepton kinematical phase space

N | -
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M. Laine, arXiv:1310.0164

M? 2 (nT), p#0

Charles Gale
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THERMAL DILEPTON SOURCES, HG

HG contribution: calculate the in-medium vector
spectral density

Many-Body approach with hadronic effective Lagrangians
Rapp and Wambach, ANP (2000)

Empirical evaluation of the vector mesons forward-
scattering amplitudes

d’k Js

S
any O

,,(E.p)=—4x |

E. Shuryak, NPA (1991)
Eletsky, Ioffe, Kapusta (1999)
Vujanovic, Gale (2009)

Jar (5)

Chiral Reduction formulae

Yamagishi, Zahed (1996) gzx;%
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10

dN/dm,, (c?GeV) IN PHENIX ACCEPTANCE
)

2YETP

THEORETICAL PHYSICS

L L L L L N A B B
- (b) min. bias Au+Au \/s,, = 200 GeV

0 0.2 0.4 0.6 0.8

DILEPTONS, THE STORY AS OF A YEAR AGO

- DATA --.CC — ee (PYTH'A)

----- cC — ee (rndm corr)

lyl <0.35
p_er > 0.2 GeV/c

R.Rapp & H.vanHees
— cocktail

---sum w/ p vacuum
—sum w/ p broadening]
— partonic yield (PY) |
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1 1.
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van Hees, Rapp (2010)

2
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10

HSD:

-3
10 S o
e d ] 9

10

LN, dN/M [14GeVic))]

1] )
@ PHENIX

1 1 1 1 1 1 1

1 min. bias Aut+Au. s =200 GeV

10’ Y —— free spectral functions
' collisional broadening
& —— dropp. mass + coll. broad.

lgg,“ﬁw‘ Ly T Mg 3o L .
. o *H—“-*as ‘1.\‘ '“T.
1, |

=

Minimum Bias Au-Au

Cocktail |
+ Yield ]

Data —e—

0.0 0.2 0.4 0.6 0.8
2
M [GeV/ic]

Lo

1.2

02 04 OI.G Ol.8 1 12 14
M [GeV]
Dusling, Zahed (2009)

Bratkovskaya, Cassing, Linnyk
(2012)
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DILEPTON V2? [R. CHATTERJEE ET AL., PRC (2007)]
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Dileptons, some recent results

!
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CONCLUSIONS

The status of EM rates and their integration in
dynamical models is still in flux

Photon v is sensitive to the EOS, and to various
hydro parameters such as viscosity, and initial
conditions (time and FICs). Current v, data: new
physics? Measuring photon vs, vn at RHIC and LHC
will help complete this picture

FICs and viscosity(ies) make a difference in photon
(and dilepton) characterization of the HICs: one
must be consistent with hadronic data

Jet-plasma photons need to be included: MARTINI
Known unknowns: pre-equilibrium radiation

More work to be done
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