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Introduction
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Quark-Gluon Plasma (QGP) at heavy ion collision

Quarks and gluons move freely at high temperature and dense matter.

High energy heavy ion collision experiment

 RHIC at BNL (Au+Au : 200, 62.4, 39 GeV, Cu+Cu : 200 GeV)
 LHC at CERN (Pb+Pb : 2760 GeV, p+Pb : 5020 GeV)
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Lattice-QCD calculation predicts

e =1GeV/fm3 : T=170MeV
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History of collision and photon emission

Collision QGP Hadron Gas (HG)
>
. e ‘e "
‘: - " ‘}“0
» ¢ s ¢ o -
e’
B . * a : *
Hard scattering
. Freeze-out
Thermalization Hydrodynamics

Hadronization

Hadron
Photon

The properties of photon in high energy heavy ion collision
* emitted during all stages of the collisions

* don’tinteract with the medium

We can access the evolution of the collision.
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Identifying direct photon sources

Direct photons are all photons except those originating from hadron decay.
It is challenging to identify photon sources.
by p; distribution? emitting angle?

‘ hard scattering
‘ Jet fragmentation

‘ jet-photon conversion

(thermal) radiation from QGP

time
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: o [ 0-20% |
The excess of direct photon ~, ... .. + [

- ® External conversionH

— @ —

e virtual photon
The excess of direct photon has been : H H
measured in the wide p; range.

P.R.L. 94, 232301
arXiv:1405.3940
P.R.L. 104, 132301

The methods of virtual photon and
external conversion photon are

sensitive to low p; region. 1I9T(G9V/C)
e |

Less than 4 GeV/c, direct photons are 4 [ L +

included by 20 % in inclusive photon. i |

1.2 : F;:' * +
Rfy — Ninc./Ndec. : jﬁ . !

1 o °

o 2

pT(GeV/c)
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Direct photon p; spectra

arXiv:1405. 3940(2014) The p; spectra in Au+Au collision is
oth —— Neor-scaled pp fit | enhanced compared with that in

[ ]

[ - - ppfit _
- 1002_!! 5 AsAu min. bias | ptp collision scaled by the number of
T w0 e 3 PrL104,1323012010) |  binary collisions less than 4 GeV/c.
o ) 5 Y [ PRL 98,012002 (2010) |
N A\, I PRDE,07208(2012) 1  The excess of p, spectra is fitted and
O 10-3 \ ¥  PRL 109, 152302 (2012) 1 . .
&) JOR I pruio4, 13230120100 | effective temperature is extracted.
= 10" ]

(Freeze-out temperature of hadrons
are about 100MeV)

Centrality | Effective temperature

 AR—200GeV .y 0%-20% 239 £ 25+ 7 (MeV)
L 3 20%-40% 260338 (MeV)
pr[GeV/c] 40% - 60% 225 * 28 + 6 (MeV)

d2N
2npr dprdy
S

1

Photons in low p; are mainly radiated from very hot
medium at early time of collisions.
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Azimuthal anisotropy (Elliptic flow)

N(p—VUgrp)xl+ ZZvn cos{n(¢p — Vg p)}

ve = (cos{2(¢ — VR p)})
charged particle d¢ distribution

-1 0

1
do=(¢-¥_ )
* anisotropic pressure gradient in participant zone (Initial state) "

* QGP expansion (hydrodynamic motion, 1/s)
(m is shear viscosity and s is entropy density)
* hadron production mechanism (coalescence)

(1) : Initial geometry is converted into final azimuthal anisotropy
(2) : (expected to be) sensitive to /s
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Photon emitting angle dependence

> i\ A Parton >
/ / Photon >

It is expected that the emitted angle of
\e photons depends on their sources.
—

I
I
1
!
\
1/ 1 \ * Initial hard scattering : v,=0
\

* Medium induced : v,<0
* Jet fragmentation : v,20
Se- * Radiation from expanding medium : v,>0

$

N

The measurement of photon azimuthal anisotropy is a powerful
probe to identify the photon sources.
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Elliptic flow of direct photon

P.R.L. 109, 122302(2012)

0.25 m° v, - 7" v,

= E.PFXN(In|=1.0~2.8)

e E.PP®C(In|=3.1~3.9)

Y.nc _ ,v,bg .
o vy V2 " (Rxv)| |

0.2 R

0.15 — _
* ol ;_
0.055— { } _

| e L

-0.05 |- -

High p; : very small v,
It is consistent with the expectation that photons produced in
the initial hard scattering are dominant plus no interaction of
photon in QGP (R,,=1).

Low p; : Comparable to hadron v, at around 2 GeV/c
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Direct photon puzzle
Thermal radiation photons are dominant in low p; region.

Elliptic flow :
It was expected that photon has small v,, since it includes ones
from early stage having small v,.

-> Photons are dominantly emitted at late stage.

p; spectra:
Emitted from very hot medium (T, = 240MeV).
-> Photons are dominantly emitted at early stage.

There is a discrepancy, and it is called “direct photon puzzle”.
There is no models to explain both observables simultaneously.
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Third order azimuthal anisotropy (v;)

N(¢p—W,)oc 142 wvycos{n(¢p—¥y,)}
Un = {cos{n(¢ — ¥n)})

The higher order flow is originating from the
fluctuation of the shape of participant zone.
It is expected to constrain the initial geometry
calculating model and 1n/s of QGP.
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Why direct photon v, is measured? T=T\1—;
P.R.C 89, 044910 (2014)

0.50

- - baseline
0.45 © © photon spectrum w. equilibrium rates
@ @ photon spectrum w. viscous rates
0.40F — equilibrium emission rates
— PHENIX

Radial flow effect (blue shift effect) :
It makes apparent temperature higher

Effective Temperature

than true temperature. 0.35|
Photons from late state are dominant. 0.30f ]
v,>0 : v,>0 0.25 -
2 3 0.20r¢ 1
0.15¢ (a) 1

m 1 1 . ,//MCGIb., n/s=0.08, AuAu @ RHIC, 0-20%
. 0.10 s : . . . . .
Large agnetIC ﬁeld 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

Direction of magnetic field is strongly True Temperature
related with W,(R.P.) but not with ;.
v,>0 : v;=0

v; measurement could provide additional
constraint on photon production mechanism.
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My activity Poster & Talk : Analysis

‘ 2012 (D1):Data taking shift and Detector expert & TOF calibration

Poster Talk Talk
QM 2012 ATHIC 2012 JPS spring

Identified particle azimuthal anisotropy

‘ 2013 (D2):Data taking shift and Detector expert & TOF calibration

Talk Talk

JPS fall JPS spring
Neutral pion and direct photon azimuthal anisotropy

‘ 2014 (D3):Data taking shift and Detector expert

Talk Talk Talk Talk
QM 2014 HICHIP ATHIC 2014 WPCF 2014
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Analysis
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PHENIX detector Central Magnet
PHENIX Detector

PC3 Central
Magnet

=

aerogel

West Beam View East

Data set : Au+Au Vs, ,,=200GeV collisions
4.4 billion events are analyzed.

Up = <COS {n@_)}> Side View
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Centrality determination

Centrality :

The size of participant zone is < S
classified by multiplicity in BBC.

100 % 0 %

Beam-Beam Counter (BBC) :
Measures charged particles.

Count
[ T 1T

10?

10

o

500 1000 1500 2000
BBC charge sum
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Event plane determination

Event plane is the direction defined by
the number of emitted particles.
It is determined for each harmonic

1
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PHENIX Detector

Photon reconstruction

Pad chamber (PC) : space point of charged
particle track ToF

Electromagnetic calorimeter (EMCal)
Photons are reconstructed

* Energy threshold : E > 0.2GeV

* Shower shape : ¥?< 3

« Charged particle rejection at PC3 : \/(dz)2 + (rr sin (d¢))2 > 6.5

x10°
1500 —

West Beam View East

nt® (->y+y) reconstruction g [ 2080% — Realevent
3 | 2.0<p <2.5(GeV/c) — Mixed event
 Asymmetry cut : | E,-E, | /(E1+E2)<0_8 S [ o4y — Extracted signal

: 1000
* Photons are detected in same sector - 0.10<m,,<0.18

* Invariant mass of y+y

Mass = \/2FE; F5(1 — cos ) /\
17

0 | | | 0.1 0.2 0.3
invariant mass(GeV/c?)
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Inclusive photon v, measurement
Inclusive photon dN/dA¢ distribution

«10° 10-20% 2.0<pT<2.5(GeV/c)

«10° 10-20% 2.0<pT<2.5(GeV/c)

—_ N0[2v3cos(3A¢)]

9000F __ Ny[2v_cos(2A¢) E 7400

3 o 3

8000 +2v,(Vy)cos(4A9)]|  © 7200f

7000} 7000f

5000, 6800

0 05 1 15 0
Al (= (j)-lpz)

The method of extracting v,
1. v =<cos{n(¢p-¥ )}>

2. Ny(1+2v, cos{n(¢p-W)}) fitting to dN/d¢

Systematic uncertainty

* Photon selection

* v, measuring method

* Event plane determination
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Neutral pion vV, measurement
Neutral pion dN/dA¢ distribution

«10° 10-20% 2.0<pT<2.5(GeV/c)

10° 10-20% 2.0<p_<2.5(GeV/c)

- ® — N0[2v3cos(3A¢)]

= i €
3 4000f — No[2vzcos(2Aq)) 3 3400

O ; +2v,(V,)cos(4A¢)]| ©
3500} 3300
3000f 3200;

PR S S S R T S SR S I SR S SR S | 31 00 : i i i i
0 0.5 1.5 0
IAQl (= ¢ lpz)

dN/dA¢ of ni0 is fitted by the equation.
No(1+2v cos{n(¢p-W,)})

Systematic uncertainty
 Photon selection

* ¥ selection

* Event plane determination
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Hadronic decay photon

We can not identify photons come from hadron decay experimentally.

They are simulated by Monte-Carlo simulation.

Particle Data Group

meson invariant mass(MeV/c?) decay mode branching ratio
0 134.98 2y (198.823 £ 0.034 ) %
ete ™y (1.174 £ 0.035 ) %
n 547.86 2y (139.41 +0.20) %
Y e (4.22 £0.08 ) %
ete (69+04) x 1073
02y (27+£0.5) x 1074
w 782.65 70 (8.28 +0.28) %
p 775.26 Ttm Ty (9.9+16)x 1072
n0y (6.0£0.8) x 1074
n 957.78 oy (29.1+05) %
Wy (2.75 +£0.23) %
2y (2.20 + 0.08) %
ptp=y  (1.08 £0.27) x 1074
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Meson p; spectra and v, estimation

The meson p; spectra and v, are estimated from pion.
* p;spectra : m;scaling

PT,meson = \/p%,pion + M?%zeson — M,
v, : the number of constituent quark scaling (NCQ)

2
PT,meson — \/(\/p%,7r + M% — My + Mmeson) — M2

meson p_ spectra 0-20 %

. meson v, spectra 0-20 % meson v, spectra 0-20 %
10 — o )
103 Results Estimation > N _ > N
zls 10 ® °x1.0 —pionx1.0 0.1 ((- 0.1
'U|_ @ ntx 1.0 —nx 0.1 i « L
-5 TPN® M8l <001 [ € gy |  x
N \ w X 0.01 . p % 0-001 i . L 6
-6 [ I
10 | ® Neutral pion i H
e 1
10° Or u) or il
| ® P, i
10-12 i n i
L P IR PR S S R TR S SR S N S S PR SN S S S R R L
0 5 15 20 0 5 10 0 5 10
pT(GeV/c) pT(GeV/c) pT(GeV/c)
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Hadronic decay photon v, measurement
R’L — N,-Ydec.,meson /N,-Ydec.,all

10'°

o 0-20 % — ydec. from 50 e 1k
32, 7 —vy9ec fromn ~
-3;10 decay photon — ydec. from o ) )
-2 v9€S from p 21075
& 10 i _Ydec. fromn' S
= —all dec. - -2
10 3 ! -3 10
102 E g 10°
10-5 E | L L L L '\ 10-4 L | L L L L L
0 5 10 pT(GeV/c)15 5 10 pT(GeV/c)15
o 0.15 Decay photon v, is simulated from
[ decay photon v )
2 meson input.
0.1

Systematic uncertainty
* Propagated from pion p; spectra
pdee Z R; Udec * Propagated from pion v,
* Propagated from meson input
0 5 0 (GeV/c)  Event plane determination
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Direct photon v, measurement

oy o f R, = Nipe. /N
0.1F 2 0.1 e inclusive photon i tne. dec
e decay photon | - u
 § i 14 o
0.05-¢ 0.05 L
e “=s * I I | L
o 1.2
b I 43 | Ile
0 0 I o0 *
[ 0-20 % e inclusive photon [ 0-20 % 1 . - e
" RxN(I+O0) e decay photon " RxN(1+O) L | bﬁ ‘
I N S C 0 2 4
0.050 10 -0.05 5 10 p.(GeV/c)
pT(GeV/c) pT(GeV/c)
inec. dec. |
: — e | 0-20 %
dir. R’Y Un Vn, °
Vn — 3 e Calorimeter +
Rfy — 1 . ® External conversion

Systematic uncertainty

* Propagated from inclusive photon v,
* Propagated from decay photon v,

* Propagated from R,

* Event plane determination
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P.R.L. 94, 232301
arXiv:1405.3940
P.R.L. 104, 132301
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Results & Discussion
Neutral pionv_
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The results of neutral pion v,

0-10 %
O>2 Neutral pion v,
0.15}
0.1} @ o
3 o
0_052_ “ .. : ;
R RS
p_(GeV/c)
- 0-10 %
> L
 SNB0eQ 0 *
0 v
- Neutral pi ?
ool Neutral pionv,
@ EP: RxN(In)+MPC
| @ EP: RxN(Out)
04 .
0 10
p_(GeV/c)
< 0-10 %
> | Neutral pion v
0.3:- 4
0.2 ﬂ
| agts é :
°f....ﬂ§.1..
5

0

10
p_(GeV/c)
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In low p;

Consistent with charged pion v,.
Collective and radial expansion of
QGP.

In high p;

Hadrons are dominantly originated

from jet fragmentation.

* Jet kinematic and jet bias in
event plane as well as jet
property inside QGP

1.0<|n|<1.5 (RxN(Out))
1.0<|n|<3.9 (RxN(In)+MPC)
In|<0.35 (CNT)

L ;
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Integrated v, of neutral pion in high p;

Neutral pion integrated v, Neutral pion integrated v, Neutral pion integrated v,
_;“' 4 Integrated v, _;“’0_4'_ Integrated v, _;" al
9 [ 6<p_<15GeV/c ] 6<p._.<15GeV/c o |
o _ o T o
[ ] i
£02 g o2k g0.2 R
£ | Qg @ g IS I
‘ ' i I‘ i 1] |;|
0 o—m—n . = 0 . = @—
. 2_ @ RxN(In)+MPC:1.5<InI<3.8 . 2_ E . 2_ Integrated v,
| ® RxN(Out):1.0<nl<1.5 < &I “I < p, < 15 GeV/c
PN B N B . ® I B BT B
0 100 200 300 0 100 200 300 0 100 200 300

{ Npart ) ( Npart ) (N

part >

Central : v, is positive.
Path length dependence of energy loss
Peripheral : v, & v, are positive while v, is negative.
Jet bias on determining event plane A

/
It relates with initial geometry? CHS
1

2015/3/7 Defense (M.Sanshiro)




a Multiphase transport model (AMPT)

event generator (HIJING) + parton cascade (ZPC)
+ hadronization (including quark coalescence)
+ hadron cascade (P.R.C 72, 064901)

Au+Au 200 GeV are generated to test jet bias.
6.3 M events including Jet > 20 GeV are analyzed.
AMPT simulation describes v in low p; region.

The number of particle distribution Pion v, RxN(l+0) 1<Inl<2.8 (20-40 %)
£10° in 3.1<In|<3.9 (BBC) > 0.2 _
o - O ]
©10° I el LI )
0.15 *
10° B m?]
10° 0.1F Jm arXiv:1412:1038
10 e Experimental results
10 0.05 * Charged pion v _
- ® ® AMPT simulation
1 I B B R B
0 500 1000 1500 00 1 2 3 4
Number of particles p.(GeV/c)
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. . 1.0<|n|<1.5 (RXN(Out)) [
Pion V, simulated by AMPT 1.0<|n|<3.9 (RxN(In)+MPC)
In|<0.35 (CNT) I];
Pion v, (40-60 %) Pion v, (40-60 %)
o © ¢

> 0.3F o . + I > 0.1; |
0_25_ ';ll= . B E+ +@ ;olgiggl %*o il
i ! om !+ ‘+ # " .E o

0.1 @ -0.1+
-. ® Experimental RxN(In)+MPC -~ ® AMPT RxN(In)+MPC
® Experimental RxN(Out) -0.2- e AMPT RxN(Out)
0 ] ] ] ] I ] ] ] ] I o 1 1 1 1 ] 1 1 1 1 ]
0 0 5

10 10
pT(GeV/c) pT(GeV/c)

Simulation data are analyzed with the same condition analyzed in
experimental measurement.

The trends of v, and v, are similar to the experimental measurement.
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Event plane is defined with p; selected particles

p. distribution
N

¥, resolution

Y. resolution

. Y, resolution

10° e T e T c
= [ RxN(+O)(1<mi<2.8) 2 | ° S | ° K °
> £ — = [ Y ® o O = Y 2 Y
Q10%k 7] p.<2 GeV/c 0 0.8 ° 00.8 0 0.8[
Shl T 2 | o o | P | 2
o] T p.>2 GeV/c < le = | = °
1050 ] T ="0.6f =70.6 ° =70.6}
& — all particles [ ° [ [
10°l 0.4f e p <2 GeV/c 04® © ¢ 0.4f
- % . p,>2 GeV/c [ * o [
: [ o all partlcles [ o [ .
B PR R R, 0 [ Ll 0 [ N 0 I
0 5 10 15 20 25 0 20 40 0 20 40 0 20 40
p,(GeV/c) Centrallty[%] Centrallty[%] Centrallty[%]

Event planes are defined at RxN (1 < |n| < 2.8)
with the particles which are
* |ess than 2 GeV/c : dominantly come from

hydrodinamic expanding medium
* larger than 2 GeV/c : dominantly originated from jet

fragmentation

Defense (M.Sanshiro)
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The An dependence of v, with biased event plane

Plonlmtegrated v, (20-40%) Pion detect

SN @
2015~ @
(14} - 1
Sor 8 ° e
= - : O ¢
0.05 Integrated v, .
- + within 5<pT<10 GeV/c
O i e EPwithp<2GeVic
: . @ EP with p_>2 GeV/c
'0.05 — Ly ) | . . T ) | . .
0 1 2 A

v 'v,>0 (An > 0.5)
Jet energy loss depending on path length
v v, &v,>0 (An < 0.5 : near side jet)
v v, >0 (An > 0.5 : away side jet)
Jet bias on event planes
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The An dependence of v, with biased event plane

2

integrated v
o !

o
=)
a

-
1

o

Pion integrated v, (20-40%)

F @
a

g ¢
o ©

Integrated v _

¢
¢

-0.05}

| within 5<p, <10 GeV/c

1

2A7]

v v, >0 (An > 0.5)

Jet energy loss depending on path length
v v &v, >0 (An <0.5: near side jet)

v v, &v,>0and v, <0 (An > 0.5 : away side jet)
Jet bias on event planes

It relates initial geometry dependence.
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Integrated v_ (5 < p; < 10 GeV/c)

Pion integrated v, (20-40%) Pion integrated v, (20-40%)

>" | . 1 @ EPwithp<2GeVic| > [ 1
© _15'_ i © 15'_ 1
27 + ' EPwithp>2GeVie| = [ | 1
o i | @ v o i I
g 0.1 : g 0.1 :
E ! + + E ! o
0.05F ® 0.05f |
0: : 0 : L : !
-, 0 @ o E
X 1 ’ X |
-0.05 , 5. . . L 005, .4, .,
0 1 2
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Summary (Neutral pion v, )

B In high p; region
O Central collision: v, >0
v’ jet energy loss depending on path length
O Peripheral collision: v, & v, >0 and v; < 0
v’ jet bias on determining event plane

B AMPT study for jet effect
[0 Event plane is defined with the particles mostly emitted from
expanded medium.
v’ jet energy loss depending on path length
0 Event plane is affected by the particles originating from jet.
v' Near side jet : v, large.
v’ Away side jet : v,&v, large and v, small

2015/3/7 Defense (M.Sanshiro)



Results & Discussion
Direct photon v
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The comparison of neutral pion and direct photon v_

v, RxN(I+0) in 0-20 %

>0 e Neutral pion
0_1'_ ® Direct photon
[
0.05} m
gyt
of LII E ) ,
0 5 10

10
pT(GeV/c)

In high p; region

0.05

v; RxN(I+0) in 0-20 %

0.1

¢

|

Direct photon v is close to zero.

In low p; region
Direct photon has non-zero and positive v, and v;.
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Centrality dependence of y9" and nt® in high p;

0.2
>Y [ [@]
©
o
©
5 0.1 -
£ [ |e -
ol ¢ [@]
Vv, (RxN(1+0))
[ 6<p <10 GeV/c
-0.1- e Neutral pion
-+ o Direct photon

0 100

200

300
N

integrated v

Photon v, is close to zero.
There is the difference between photon and neutral pion.

0.2
S v, (RxN(1+0))
3 6<p_<10 GeV/c
5 T
o 0.1
2 L
£
- | e I 0
e
s I
o1
[ |e
0

I SN TR S NN SN TR W SR N SO
100 200 30?\1

part

4

o
—h

o
)

-0.1F

v, (RxN(1+0))
6<pT<1 0 GeV/c

0..

7300
(N

100 200

)

part

It is understood that prompt photons which v _=0 are relatively dominant.

2015/3/7

Defense (M.Sanshiro)

38




Centrality dependence of Y9 and n° v_ in low p;

Centrality : 0-20 % Centrality : 20-40 % Centrality : 40-60 %
>0.2F V,(RxN(I+0)) >0.2F . >0.2F - -
E @ Neutral pion F F E - -
0.1F L 0.1F 0.1F
F ! E E T e e F F
0.05F H 0.05F H E 0.05F +
o 8§ opb—— o———— 118
0 2 4 6 0 2 0 2 4 6
pT(GeV/c) P (GeV/c) pT(GeV/c)
H - N o H - - o, H . - o,
0.15¢ Centrality : 0-20 % 0.15; Centrality : 20-40 % 0.15; Centrality : 40-60 %
= | V3(RxN(I+0)) G S0
0.1F 5 0.1f H - 0.1F
F = @ ol ] O - = | -
0.05F . 0.05F EE E i 0.05F E %
0 e " ﬁ ! 0 1l |I| 0 " = é
- ® Neutral pion - e -
'0-05 - . DireCt phOtonl N N N 1 '0-05 - N N N 1 N N N 1 N N N 1 '0-05 - N N 1 N N N El
0 2 4 6 0 2 4 6 2 4
pT(GeV/c) pT(GeV/c) pT(GeV/c)

Strong dependence for v, : weak dependence for v,

The strength of photon v, in low p; region relates with initial geometry.
It could be suggested that photons from late stage are dominant.
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Blast wave model prediction for photon observables

Based on hydrodynamic model.
Observables in low p; region are well described by the parameters

when kinetic freeze-out.
Out-plane
<p>-p Expandin
6 parameters & xpanding
o 1l-s, direction
* Kinetic freeze-out temperature : T; >
* Average transverse rapidity : <p> In-plane
* Transverse anisotropy : p,, P <p>+ P,
* Spatial density anisotropy : s,, S, 1+s,
\ PIDed Hadron P; spectra PIDed Hadron v,, PIDed Hadron v,
%:_10 Centrality:0-20% s - ,,",' s’ - = Fitting range /,'
§'102 - e *x 10 0.15F l,l,ll... ° 015 - - Extrapolationx,/
% - *K*x5 [ /l, 6° i 44,/
j=3 - i /4 I
g-l— 1 \ .pﬁx-l 0.1F o P 01_ /94“,.. ¢
N L ~ s /'...
8 [ [ A
102} 'b:\Q [ [ 8
2 . 0.05 0.05
104 F T,=1 04.48-0.57[MeV] < s i p,=0.021:0.002 : p,=0.016=0.001
[ ()=0661-0004 3 0-"_, 1 ls2=o;032¢cl).oo4 o ls3=ol.006¢(l).oo1
02773 4 s 0 1 2 3 4 5 0 1 2 3 4 5
pT(GeV/c) pT(GeV/c) pT(GeV/c)
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Direct photon v,

Photon observables predicted by blast wave model

Direct photon p, spectra Direct photon v,
4
%"_10 i Centrality:0-20% > | m
5 102 T=104,p)=0.66 0.151 —BW prediction
NE . ® Calorimeter
=3 . ® Conversio
o 1 0.1f -
I [
=102 1l £
0.05 "; H‘ I +
10—4 | i d !! |;
| 19 O-AAHIH”“_...i |
5 0 2 3 4 5
pT(GeV/c) pT(GeV/c)

—
Q
(=2

pT(GeV/c)
The photon p; spectra and v, are predicted as a massless particle

They are well described.
The temperature (104 MeV) is much less than 240 MeV obtained

by the exponential equation.

It is due to blue shift correction.
41
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Photon observables predicted by blast wave model

Direct photon p, spectra Direct photon v, Direct photon v,
4
%"_10 i Centrality:0-20% > | m I
5 102 T=104,p)=0.66 0.151 —BW prediction
NE . ® Calorimeter
=3 = = . @ i
~ b T,=240,(p)=0 04 Conversio
E _ T,=300,(p)=0 ! —
Q L
T10%f [
- 0.05 +
10 | ;I [ g '| i |;
10-6---..I.... ...I 0.... | I ...._I....
0 1 2 3 4 5 5 0 1 2 3 4 5

pT(GeV/c) pT(GeV/c) pT(GeV/c)

The p; spectra is well described by
* Low temperature (T,=104) with radial flow <p>=0.66
* High temperature (T;=240) with radial flow <p>=0

v, =0 with radial flow <p>=0

Blast wave could suggest that photon puzzle is understood by
the radial flow effect.
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Summary (Direct photon v )

B In high p; region
O Photon v, is close to zero while hadron shows non-zero v,..
v" Prompt photons which are v =0 are relatively dominant.

B In low p; region

O It is found non-zero and positive v, in low p;.

O The centrality dependence of photon v, similar to that of pion v,.
v" Photon v, also depends on the initial geometry.
v Photons from late stage could be dominant.

B Blast wave model

[0 Blast wave model describes photon observables well.
v Photon puzzled could be understood by radial flow effect.
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Conclusion

Neutral pion and direct photon v, are measured in Vsgy= 200GeV
Au+Au collisions at RHIC-PHENIX experiment.

* Neutral pionv,
v" The trends in high p; region are understood with the
superimposition of jet effects.

* Direct photonv,
v" Photons in high p; are dominantly originated from hard scattering.

v Photon from late stage of collisions could be dominant.

v The possible explanation of “photon puzzle” could be strong
radial flow effect.
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Identification photon sources

| 1\0-20% Au-Au, y|<0.35 hadron gas ———
107 I\, QGP —-—
from p; spectra IR primordial ~ -
" s =N XX ota
. & 10!k NN PHENIX
Direct photon p_ spectra (0-20%) = NANN
> 10° I - 107 AN
-:_" ® ® (Conversion) arXiv:1405.3940 2 103+ N \\\i
g 1 _—.0 ® (Calorimeter) P.R.L. 109, 152302 S 104k \;\~ -
~ T——
o — & ® (Calorimeter) P.R.L. 94, 232301 107 N “
a 102 Te 10°° ' ' S
d _ 3:? 0 1 2 3 4 5
T 404 pr [GeV]
107 ?:,.
s ®%0e P.R.C 89, 034908(2014)
106 b “b~ 10° _AutAu,s =200 GeV, MB, |y|<0.35
- o ° @ PHENIX, PRL 104, 1323011
B 10" L PHSD: ]
10-8 — | | 7 P \ \ e— Sum
1 1 1 1 1 1 1 1 1 1 1 1 [ o. + QGP ]
0 5 10 15 10" [ ---- pQCD ]
pT(GeV/C) D hadrons: E
= * = mm->mmy

The photon sources are identified via
the p; spectra.
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d’N/Q2np dydp,) [GeV’c’|

P.R.C 84, 054906(2011)

= = mB-—>mBy 4
= = —>py, Tp —>TY :
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Raa =

(1/NG4)d*Naa/dprdy

Medium effect (R,,)

< Ngoip > /Omel X d2(7pp/dedy

Au+Au - 200 GeV (central collisions):

< = Direct vy, y* [PHENIX]
. * Inclusive h* [STAR]
10 o , 7° [PHENIX]
t e} n [PHENIX]
- GLV energy loss (dN“/dy = 1400)
il § P % - r o
19— --l-.-,.-- _____ Lowsses . I Neon scaling
:k?**‘ = T
- el [ i | ]
| ox i L o [ZA
N S0 ot 7, ,.,‘,4,,& TSR S S S
Npart scaling —]"’T'_"T"‘—‘T“T - Tr_ _T _I E
107 T
C e L
0 2 q 6 8 10 12 14 16 18 20
P, (GeV/c)

photon
R,,=1 : not modified
-> Emitted from initial hard scattering

Raa=1

not modified
Raa#l

medium effect

Hadron
less than unity
-> medium effect

R,a>>1 : There are other photon sources which are not in p+p collisions.
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Charged hadron v,

P.R.L. 107, 252301 (2011)

0-10% (a)|| 10-20% (b)| 20-30% (c)|; 30-40% @) 40-50% (e)[| 50-60% ()

0.251 == Alveretal. || [ S [
Au+An '+ Schenke et.al|f r S - / ¢ ®
\/S\\=200GeV [ i

b o V2{\l’2}

;A Vs{‘l’:,}
O V4{W4}

0.2

0.1}

0.05}

Non-zero positive v, are observed.
The trend of centrality dependence of v is similar to that of eccentricity.
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Event Plane correlation between different harmonics

P.R.L. 107, 252301 (2011)

25F * 6(@2-09) (x20)  (d)._
- o 3(D3- DY) (x20) :
s 3(0;-0°) (x20)

<COoS j(D,-D,) > [%]

80 60 40
centrality [%]

100

W, and W, are uncorrelated.
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Identified charged particle v,

0.25 centrality 0-50% @l (b)] 0.12
- V2 1 vax1.5 1
0.2 -
0.15 0.08
0.1} 0.06
F 0.04
0.05 . 0.02
c -0.05G -0.02 £,
> 025 X 1af
0.2 0.1f
015} 0.08 |
o1} 0.06
: 0.04 |
0.05 | 002t
of I _ of
'005 :_I I 1 1 I_::_I 1 1 1 T: -0_02
0 1 2 3 40 1 2 3 4
p. [GeV/c]

It is observed that
e all harmonics have mass ordering

* there are meson and baryon splitting
All particles are scaled by modified NCQ scaling.

0.1f

llllllll

arXiv:1412:1038

— Centrality 0-50% (@ b (b) 3
C vz{lliz}{n:j2 JF vs{llla}/n:’zxz.s B
F e 'R a ]
-2 KK aF 7
X pwﬁ.’ e ‘ﬁ‘”: e ]
¥ P -
¥ |7 E

‘KE¢/n, correlated sys. of n* _ _ _
3 T '('c') |_: :_ """""""" ('d') l__
F v ¥ 4}/n::'zx4.0 + 4F v4{1112}/n:’2x15 B

0 0.5 1 1.5 2 .
KE /n, [GeV]

(a) : v,(KE;)/n,
(b) : v, /" scaling
(a)+(b) : v,(KE;)/n "/
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Photon emitting angle dependence

Photon Property p; range

Prompt Initial of collision high p; v,=0

Jet fragmentation Jet quenching intermediate (v,>0
Fragmentation

Jet energy loss Path length intermediate | v,<0

Thermal radiation (QGP) | Medium expanding | low v,20

Thermal radiation (HG) Medium expanding | low v,>0
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Jet quenching

High p; hadrons are originated from jet fragmentation.
Away side jet deposits its energy inside QGP.

P.R.L. 91, 072304 (2003)

(b) _

— p+p min. bias
*  Au+Au central

0.2

0.1

1 1 T I 1 T 1 ] T

-_y -

energy deposit ™ Ao (radians)
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v, measurement in high p; at LHC

Single hadron v,, v; and v, are measured up to 40-60 GeV/c at CMS.
Jet v, is measured up to p;=200 GeV/c at ATLAS.

They are used to study jet energy loss depending on path length inside of QGP.

arXiv:1306.6469
b LI AL LA AL AL BRI | r— 1T 1
B 5-10% anti-k, R=0.2 10-20 % ATLAS
0.06F 1F ]
\
CMS PAS HIN-12-010 " EEw
. . . , ‘ . 0.02H" h ) t
[ E o CMS Prelimi -10°. 1 [ CMS Preli -10°. 1
02} PbPb\sy, =276 Tev - PbPb s, = 2.76 TeV ] Pbpbm 2.76 TeV ] YUY NI N ) Y P S
i 1 b 1 o] | B A I L L N L A A |
[ et 0.10 ° h]]<1 _: 0.10:— ° hf]|<1 — < 20 - 30 % det=0.14nb'1 30-40 %
o [ ® hi< ) ] < b ] 0.06H 1k
> 0.1 O 1<h<2 1= 0.05 \& o 1<h]|<2 __ > o.osf ) 1<h]|<2 1 * ‘. Pb+PbFNN=2.76TeV H 0
] ] 8 0.04F 1F
1 OQJ _______ k2
R&'-‘-Q----?-. { ool —=Rde _%_] 0.00¢ Bt _$ ‘%'A 0.02} ' } | 1t +
oof—— — — — — — ] :
30-40% 0.15 30-40% ] 0.5 3040/ 0-| AP B B |- _1 N B B 1-
D L L 1 T T
o2 B 40 - 50 % 50 - 60 %
Q 0.10 1 0.10F 1 0.06F J .1{
o ™ 8 <
> 0.1 %ﬁ% 1= 0.05 a i1 0.05 ] 0.04-* L) + * 1r W {
N .. %
!‘8"\@ _______ 0.00 uﬁ%'—"i‘-—- — 0.0 %ﬁ_-%“ PEEELEEE EEE 0.02r 1r ‘+‘
0.0 ————é—— ok L
20 4‘0 60 0 20 40 0 I 4‘0 ] R W e L e
b, (GeVic) p. (GeVic) pT (Gev,c) 50 100 15(;) [Ge\zla)o 50 100 15(;) [Ge\2/(])0
T T
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. . SO = TenFo+ (1 -Te)A,
Meson p; spectra estimation s 1
TP = 14 e (Gor — /w0
P = ¢ :
PT,meson = \/p%’m(m + Mg@eson — Mgion ° {ZXP(—apT—bp%)+pT/po}"
Fl = ﬁ:
Q_1—104 c
2z 10° 0-20 % PHENIX results 2 T
S, ® °x1.0 § 2~ eopf
N o x 0.01 © - oM
N Estimated spectra o ®
100 L — pionx 1.0 1.5 — w
- —nx0.1 - I
: o 8% : Ly '
B —px0. 1
10 | ff x 0.0001 - ? ! ﬂ H
— 1 = tH I
10° | I +
1012 :: 0.5 _—
— PR [ T S ST S NN TR SR SR T NN SR T T PR SR TR T NN TR TR SR SR N T SRR TR N NN SR S N
0 5 10 15 20 0 5 10 15 20
pT(GeV/c) pT(GeV/c)
Since it is difficult to measure mesons except for pion, P.R.C 69,034909
the other mesons p; spectra are estimated by m; scaling P.R.L.101,232301
. . P.R.C 82,011902
from pion experimental data. P.R.C 84044902

2015/3/7 Defense (M.Sanshiro) 54



Meson v, estimation

The number of constituent scaling

0.12F Central-tyoéo% " (a) JrarXiv:1412:1038 (b) ]
0_13_ VZ{T;IJ%}/n : V(W H/n} x2.5
It has been known that hadron v as a QB AKK  asege, , I oo o,
. C 6F4pp u|d ‘/,‘ A 4y,
function of KE; are scaled by the number >, E
of constituent quark. 002 /f ;;x’
Meson v, is estimated from pion v,. o ng "'k‘E‘;}n"2&&4[4@;9;";{ """ r
05 1 15 20 05 1 s
2 KE;/n, [GeV]
PT meson = (\/p’%ﬂr + Mg — M7r + Mmeson) M%eson
« [ mesonv, -~ [ mesonv, ~ [ mesonv,
0.1} 0.1+ ] 0.1}
¥ Pl - & ye e e
0.05-%° epion ew 0.05 qo . o 0.05— (o #
w® 1 p' :((: ?& . w oplon (0
o " . 2 i
0-20 % 0-20 % L1l 0-20 % -n'
RxN(I-|I-0) | RxN(I-|I-0) | | RxN(I-|I-0) |
0 5 1opT(GeWC)15 0 5 1opT(GewC)15 0 5 10 Gevic)
2015/3/7 Defense (M.Sanshiro) 55




AMPT simulation for pion v_

Pion v, 20-40 %

RxN(I+0) 1<Ini<2.8

0.2
| ﬁﬂ %
0.15:- J
0.1F "
[ ® Experimental results
0.05 _ ® Charged pion v_
e @ AMPT simulation
P B B B I
00 1

3 4
pT(GeV/c)

0.2

0.15

é,.ﬁﬂ%ﬂ

o®
1 2

0.1

0.05

Pion Vv, 20-40 %

RxN(1+0) 1<inl<2.8

|
3 4
pT(GeV/c)

arXiv:1412:1038

Pion v, 20-40 %

- RxN(I+0) 1<Ini<2.8

Pion v, from AMPT simulation agrees well with charged pionv,.
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Jet bias on determining event plane

Pion v, 40-60 % Pion v, 40-60 % Pion v, 40-60 %
> 0.4/ RXN(I+0) 1<hi<2.8 ='0.4 i

T et

! ¥

0.2 @w@q@ @é&f | + _ ‘ ®
’ L
o -0.2r +@ 0.1F éi v +§
:‘ | @ EP (p <2 GeV/c) i ..‘. l ®
0 e EP (p]>2 GeV/c) 0ktoe®
e -0.4(?T.h':°“".‘"?'y.s"°?.. F'..!...l...q......
0 5 10 0 5 10 0 5 10
pT(GeV/c) pT(GeV/c) pT(GeV/c)

In low p;:
v, (EP : p;<2) > v, (EP :p;>2)

In high p;:
V,(EP : p;<2) < v,(EP :p;>2)
V3(EP : p;<2) > v5(EP :p;>2)
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Jet bias on determining event plane

Near side jet: v, >0

vn = (cos {n(d—[¥.)})

Z

Away side jet : depending on harmonics
v, & v, positive and v, negative

Y -~ -
. . o\ 7N (
It appears in peripheral event due to ‘;'Mj/ . |
the low multiplicity. ] ] 1 y
I -———/ \-_—'
N
\._/
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Integrated v with biased event plane

o
o
o

Pion integrated v, (20-40%)
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Pion integrated v, (20-40%)
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Pion integrated v, (20-40%)
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Pion integrated v, (20-40%)
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Model comparison of photon v,

PRC 84,054906
PRC 89,034908
o 0-20 % o 20-40 % o 40-60 %
0.3l Direct photon v, "3l arXiv1403.7558 (a) o3l
. o 8alorimqter 1 arXiv1403.7558 (b) ~l
° onversion R : I
_ Honversio a; _ arXiv1404.3714
+ —— Hess etal. (b - L "
0.2} Linnyk et al. 0.2 @ 0.2 i
I PrivEte communication [ EEB E|$E| H I &_‘ + H _
0.1f HHH 4] 0.1f HH i I [
T . §Nn
: A — ==L
—m [ ) oo aris ST SSro oI Srer——— —————" [0 ) corrara s Srwsras—r | e Srer—————— - n
0 1 2 4 5 0 1 2 3 4 5 0 1 2 3 4 5
pT(GeV/c) pT(GeV/c) pT(GeV/c)

(Orange) Transport model considering photons from hadron phase
(Blue, red) Fireball model

Hydrodynamic calculations (cyan, pink, and violet) including photons
from late state, are much underestimated.
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Model comparison of v, and v,

Direct photon v . (20-40 %)

N
[ ® Calorimeter
- ® Conversion
0.2 H ﬂ
I o
| BEE ﬂt :
0.1 —2Q [ .- e e
"uo ~,‘~: — E
0 ‘/\ -~
L L L L I L L L L I L L L L I L L L L
0 1 2 3

]
4 5
pT(GeV/c)

| --- Hessetal. (@) — P.R.D 89,026013
| --- Hess et al. (b) arXiv1403.7558 (a)
0.2 : :
o Linnykeetal g X ORTRSRE
i — arXiv:1404.3714
| Private communication
0.1 - ol |@ +
: Ik Voo
0 R ®
PR R T NN T TR T N M ] PR B TR L-—
0 1 2 3 4 5
pT(GeV/c)

PRC 84,054906
PRC 89,034908

P.R.D 89,026013
arXiv:1404.3714

Direct photon v, (20-40 %)

Dark violet is based on magnetic field effect, upper limit is shown.
Model calculations of photon v; are much smaller than experimental
data.

The data of v; may help to constrain parameters in model calculations.
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External photon conversion method

M,;zp: Real track
M,,, : Measured track

> | v,(RxN(I+0)) inclusive photon >" [ v4(RxN(1+0)) inclusive photon
0.15 |-0-20(%) e Calorimeter 0.15 [-0-20(%)
i e Conversion i
: " :
0.1_— & @ III+I| 0.1_— $
I K3 @ I T3 E+II ]
0.05:— . &S 0.05:— a%*tﬁ'[' re
| } n
o Y T !
° 1 2 3 ?)T(Gewc? 0 ! 2 3 ?)T(Gewc?: HBD
air
Real photons from external photon  __ oo B
conversion at the Hadron Blind Som"
Detector (HBD) readout plane $ oo o
are detected. 20 [
 Extend low p; limit 2 oot i
0.005 100

Consistent inclusive photon v well
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External photon conversion method ~ Realtrack
estimated track

1) real photon converts to e*e” in HBD backplane

2) default assumption: track come from the vertex

3) momentum of the conversion tracks will be
mis-measured (see black tracks)

4) apparent pair-mass (about 12MeV) will be measured
for phtons

5) assume the same tracks originate in the HBD backplane

6) re-calculate momentum and pair mass with this
“alternate tracking model”

7) for true converted photons M_, ., will be around zero
0.03 ;

V]

()
O 0.025
(@]
o]
I

0.02
=

0.015

Illlllllllllll

0.01

1 iy

0.005

=
-—

PRI N S N T 0
0.025 0.03
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The ratio of v, to v, in p; region

0-20 %
- =+ MCKLN+/s(0.20) y*"
6 —— MCGIb+/s(0.08) v
" =.=. MCKLN+/s(0.20) =*
—— MCGIb+1/s(0.08) =*
ab >o e direct photon
i e charged pion
2t iy
| . | | | L W L
00 1 3 4

V2/V3

20-40 %

theory arXiv:1403.7558

| V. charged pion arXiv:1412.1038

'~,~
! o,

VIV,

7t : arXiv:1412:1038
Model : arXiv:1403.7558
Private communication

40-60 %

3
pT(GeV/c)

* Photons don’t have strong centrality dependence at around

2-3 GeV/c

* Pions increase from central to peripheral

Photon and pion show different centrality dependence.
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The event plane dependence of direct photon v,

0-20 %
~ [ Direct photonv
s | 2
0.2
O—E—Q—O—' ¢
- @ RxN(In)+MPC:1.5<In|<3.8
. @ RxN(Out):1.0<lmi<1.5
B T, R—
p.(GeV/c)
- o,
0.2 0-20 %
>¢‘> -
o‘ﬂﬂ_‘_‘_t_* é
-0.2[ Direct photon v,
- ® RxN(In)+MPC:1.5<hI<3.8
-0.4; e RxN(Out):1.0<hi<1.5
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20-40 %
0.2f
i,
§
0 Bgg o @
02~ 510 15
p,(GeV/c)
20-40 %
o'—laig“—gB g
: $
0.2}
0.4}
0 5 |
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n° and y9" v, measurement by STAR Ahmed M. Hamed

shown at QM
v BEMC: |n|<10 FTPC: 2.5<|n|< 4.0

~ 03 LA LA B LY.

: v¥'{EP} FTPC -
=025 Aut+Au (10-40%) . .
: v, {EP FTPC 3
&~ 02 Au+Au @ 200 GeV )

TTYT]TT[TTTTTTIII III[]I T
e
_'._
!

.IlIlll.lll 1 llllllllllll.lll

0.05
o l.... 8..... + ...................................................................
msf_+ + + |
431:— STAR Preliminary_:
E; [GeV]

v9"" v, in high E; region are consistent with 0 within systematic
uncertainty, while nt? has positive v,.

2015/3/7 Defense (M.Sanshiro) 66



photon v, measurement by ALICE

arXiv:1212.3995v2

VvV I SR | ]
2 [ 040%, Pb-Pb, Vs, =2.76 TeV :
0.2~ VZERO Event plane % ]
015k [ ALICE
N | PRELIMINARY -
A _+
0.1_ + ‘ +++ 7
0.05 | + .
: - L

0 A SR AR N S AN RPN I PR SRS -
0.05| -

i L 1 oo a1 |

0 1 2 3

4 5
p, (GeVic)

Vs

0.10

0.05

0.00 ———

Fried

erike shown at QM
e

LI B B Y T

| ALICE preliminary

0-40% Pb-Pb, |s,, = 2.76 TeV

L VO event plane

dec.
Y V3
inc.
Y V3

'l l 1 il 1 l L il 1 1 l il

5 6
p. (GeV/c)

It is also observed that y9" v, is positive in low p; at LHC-ALICE.
V; measurement is ongoing.
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Photon p,; spectra and v, with blue shift effect

Assumption of photon source

* temperature decreases with the time : T(t)

* acceleration increases with the time : a(t)
 azimuthal anisotropy increases with the time v_(p;, t)
* thermal photon momentum distribution :

B pT
Mot = S or T ) — 1

p; spectra and v, at final state are calculated as :

n. _ n. _ fdtn(pT7t)vn(pT7t>
W r) = [dmiprt) o r) = LR

Effective temperature is taken via fitting by exponential equation to p; spectra.
The difference with experimental measurement is estimated as :

(Vobs. — Vcal.)/E(Stat. P Sys.) Vous. - €Xperimental measurement
E:errorof V

\"

obs.

«al. - Calculation result
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Basic assumption for yield, velocity, and anisotropy

2 o04f Temperature:T(t) 2 r The normalized yield:N(t)
3 °
® - T(t)=T -D t > [
3 0.3f ° g N®=N,[ n(p.. tdp,
5 | S
Fo0.2F E 4
F e
0.1 — True temperature 2 -
- — Apparent temperature = [
0 [ ] ] 0 [ ]
0 0.5 tin?e 0 0.5 tin11e
_cf: Acceleration:a(t) %‘ 0 6- Velocity:f(t) § 0.1 Anisotropy:v(pT,t)
® o VoI = i
g 1 a(t)=A(1-t) © p(t)= f a(t')dt' o Va(Pst)=V t
[7] i 2
3 0.4 8 |
< 05k [ S0.05F
i 0.2 E
[ <
0 05 ife 0 05 ude 0 05 trke

The temperature is decreased from 300 MeV to 100 MeV.
The time is defined by temperature.
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Calculation with basic assumption

spectra

P,

I T =239+25+7(MeV)

Thermal photon P; spectra

® Experimental measurement
Calculation w/ blue shift
Calculation w/o blue shift

- Centrality:0-20%

| T =235(MeV) (o T ,=0.14)
F T =291(MeV) (o T_,=-1.99)
1 1 1 I 1 1 1 I

0 2 4

pT(GeV/c)

0.15

0.

0.05

Thermal photon v,

—
T

- o Vv,is averaged less than 3 GeV/c
[ o v,=4.30
| ov,=3.45

R

0 2 4

pT(GeV/c)

Thermal photon v,

0.15F 5 v,=1.80
> : o v,=1.36
0.1 [ ]
0.05} H ¢ || +
[ Ldl
1 1 | 1 1 —
00 2 4
pT(GeV/c)

The effective temperature and v, with blue shift is higher than those
without correction.
The photons from late stage relatively increase in high p; region due to
blue shift correction.
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Additional assumption

= 3l Yield b=0 /
i b=1/10

i _ b - b=2
- N@©)=N, [ n(p,)t’dt E_}g b=5

* Yield dependence T:V

Since photon source expands,
the yield is assumed to get large V:iA

with time.

Probability density

T:V

. b .§ Acceleration o=1/10
N(t) — /det n(pTvt) e R
< C a= a=10
1.5 a=1
< C

* Anisotropy (velocity) dependence

a(t) = A(1 — %)

0 0.5 tirale
. . 2:15__ Anisotropy c¢=1/10
* Azimuthal anisotropy dependence - O
E 00" =1/2  c=10
_20_1__ g=1
20

vn(pr,t) = Vpr) - t°

. i f s s 1
0 0.5 -1
time
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p; spectra and v with relative yield dependence
N(t) = / dprttn(pr. t)

~ ) c 4
> 3

£.0° b=0 : 200.78[MeV] = ] b=0 > | _
S b=1/10 : 290.29[MeV] | N(t)=|t'n(p_,t)dt b=1/10 _ ° I 8 o0 V
a 10 b=1/5 : 289.71[MeV] i g:]g i 3k e 2
o ENN\D=12 : 267.47[MeV] o1k H b=1 o1 : moV,
107 : H N |;| : o} °
- i w - I—' |; i [
-3 - L
107 f H It - L &
- 0.05¢ /| 0.05} ; -
1071 b=2 : 272.67[MeV] | 0;
-9.-,,,,|,,,,|,,,,|,,,,|,,,,| - ||||
102325 N % 4 L R S R R
pT(GeV/c) pT(GeV/c) pT(GeV/c) oT,

Photons from late stage : low temperature & large v,

The both of effective temperature and v, are affected.
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p; spectra and v, with acceleration dependence

S [ o=1/10:306.13[MeV]
810°F  4=1/5 : 303.66[MeV]
2 102 \\ a=1/2 : 297.64[MeV]
o+ [\ o=1:200.78[MeV]

| =5 : 274.44[MeV]

4
pT(GeV/c)

Effective temperature significantly decreases with increasing

0.1

0.05F

L a(t)=A(1-t )

The v, is a slightly affected.

2015/3/7

a=1/10
a=1/5

a=1/2

a=1

OL—5

pT(GeV/c)

0.05F

a(t)

0.1f
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p; spectra and v, with anisotropy dependence
vn(pr,t) = C(pr) - t°

© s

8. T =290.78[MeV]

8. 10

@ 0.1
[

(o} L
10" _
102 0.05f
107
10™

=1/10
V(P )=C T i)

c=1/2
H c=1
4‘ c=5

4
pT(GeV/c)

= | /

pT(GeV/c)

0.05F

0.1

TN
: P~ I ¥ i
1 2 3 4 5
pT(GeV/c)

c
>
©

6

)
s o0V,
g |:|GV3
[ ]
-
O
PEEPEET T I BTSN SR SN BT ST N N SR
-2 1 0 1
oT

Since p; spectra is not affected, effective temperature is not varied.

The v, increases with “c” decreasing.
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Comparison with experimental measurement
(Vobs. - ‘/;al.)/E(Stat. S> Sys.)

> | . a=1,b=0,c=1
] 1110 <o < 10 V... : €xperimental measurement
o > E:errorofV
4~ 110 10 0<b<10 V_,, : calculation result
_ A \0 1/10<c <10
b
- N (t) = / dprttn(pr. t)
2_
- o
_ a(t) = A(1 —t%)
C
o o valpr.t) = Clpr) -
2 -1 00 T

eff

The differences (0T and ov,) are varies uniquely with the
parameters “a”, “b”, and “c”.

They are selected so that T_; and v, are comparable to the
experimental measurement.
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The “b” and “c” are constrained

0T, vsb oV, VS c(v) o V3 Vs c(v,)

20
5

Initial temp.=300MeV

i ~ - a=0 : b=7.65 [ a=0 : b=7.65
-2r =0 a=c« o=c : b=2.53 of o= : b=2.53
- N(t)=N of n(p_t)t°dp_ v,(H)=V £ Vy(B)=V £
_3'....|....|....|....|. NI B I | S B .
0 5 10 15 20 . 0.4 0 0.5 1 1 5
b c(v) &(v,)

The parameters “b” and “c” are limited so that the calculations agree
with experimental measurements within 1 o.
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The limitation of time evolution

g Temperature % - Normalized yield a: b :c
= 0.4 S, 6F . 0:7.65:0.2523
o 3 [ N(t)=N0 n(pT,t)t de True temp.=130.17(MeV)
g— 0.3 N . Apparent temp.=245.10(MeV)
Ia_> E Effective temp.=238.80(MeV)
0.2 5 Average emission time = 0.87
c — 0 :2.53:0.1127
0.1F Initial temp.=300MeV é True temp.=164.41(MeV)
- True temperature Apparent temp=24581 (MeV)
0 R T . Effective temp.=238.79(MeV)
0 0.5 tirr.lle 0 0.5 tirr1|e Average emission time = 0.69
c - > : > - -
O 3 Acceleration = 0.6} Velocity 8' L Azimuthal anisotropy
® =A(1-t* o I S 0.1F vy )=Vt
5 a(=A(-1) 3 p=[at)at 5 [ vel®)
3 > £
S 0.4 =
< T
i £ 0.05
0.2 g
B =
<
- 0 . 0 .
0 05 e 0 05 ide O 05 tnfe

The development of photon yield and azimuthal anisotropy are constrained.
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The p; spectra and v, with selected parameters

p. spectra

T

Initial temperature=300MeV | e Direct photon v, in 0-20% | e Direct photon v, in 0-20%
10\ Effective temp.=238.80MeV | = | Ky
Effecti .=238.79MeV ]

1 ective temp.=238.79Me 0.1 0.1k B
102
10 0.05 0.05

n oc:b:c(vz):c(vs) [ [

6|

10°F o :7.65:0.2523:1.0159

[ 00:2.53:0.1127:0.4509

g ] BT BErErEr i BT BT S
100 1 2 3 4 5 00
pT(GeV/c)

4 5
pT(GeV/c)

Parameter “b” is selected so that effective temperature is
comparable to experimental measurement.
The “c” is chosen to be comparable to v,.
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The summary of calculations

The summary of calculations
Initial temperature| Effective temperature True temperature Average emission time
300 (MeV) 238.79 - 238.80 (MeV) | 130.17 - 164.41 (MeV) 0.69 - 0.87
400 (MeV) 237.29 - 240.38 (MeV) | 128.61 - 146.09 (MeV) 0.86 - 0.92
500 (MeV) 237.97 - 238.08 (MeV) | 128.52 - 138.59 (MeV) 0.91 - 0.94
600 (MeV) 236.27 - 236.72 (MeV) | 128.15 - 135.28 (MeV) 0.94 - 0.95

Table 5.3: The summary of true temperature and average emission time. The time of freeze-out

is defined as 1.
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Thermal photon contribution

‘% ?(a) o P, spectra in Au+Au ‘g (b) . N,,-scaled pQCD ‘% ?(c) o P, spectra in Au+Au 8 | (d) —— The ratio
> 10%F (thermal + pQCD) S 102 S 10%F after subtraction of & Fo=F/(F +F,)
& 8 02 $ A ?+p cont)ribution 2 1 !
= = F.=F +F = — = thermal = I
2" ik 2" FeA+g) | 25 10 FCoxpip/m| E
'c_g.'_ 1k 'c_g.i_ 'U_g-'_ 1k — F=0expi-p, _E’
o 3 o ] e F =
PPl Q4 -1 Rl 5 .
10°F 1 10°F e
107k 102 102F 2 0'5_'
10°F 10° 10°F 2
F ©
10*F 10 10*F e« _
105....|....|....|....|ﬁ.. 105 10—5' el Nl 1] IS I PPN
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
p.(GeV/c) pT(GeV/c) pT(GeV/c)

Thermal photon contribution to all photons are estimated.

It is found that thermal photons significantly drop down at around 2 GeV/c.
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Nthermal,l):lhermal e NqQCD ’UEQCD

dir. __
(Thermal + pQCD) photon v, v = Aol T A pQCD
th 1,,th 1
/Ud“n B N erma ,Un erma ,UpQCD B O
no N thermal + NPQCD n T
0.15 e Direct photonyv 0.15 _
B — Thermapl photonnv - I:o(pT)_NthermaI/(NthermaI+NPQCD)
~ | o |
> [ e (Thermal + pQCD)nphoton v > [ vn(Thermal+pQCD) = FO(pT)*vn(ThermaI photon)
0.1 0.1 ]
0.05 0.05( +
0 6 0 6
pT(GeV/c) pT(GeV/c)

(Thermal + pQCD) photon v, is smaller than experimental results.
The other photon contribution such as jet could be dominant in the region
of 2 < p; <5 GeV/c.
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Comparison of neutral pion v, with previous results

04 ¢ 0-10% - <04 10-20%
- Neutral pion v, o Present analysis
031 03F 4 PR.C88,064910 (2013)
0.2 0.2 |
: i L _ooe8
o
01fF 01F @& O gom
(890000 oo 0 D8 L ; © s §o §
0 P T S o .............
0 ° 10 pT(GeV/c) > 0 pT(GeV/c)
_0.4 —30-40% <04 40-50%
0.3 - 0.3 : I
0.2 02 _aBOg.
- B8 %% - % i Eﬂ %%D@% ';' @‘%
; o i .
0.1F % ¥ éé 0.1}
00 " " " " 5I ........ 0 " " " " é ........

10
pT(GeV/c)

10
pT(GeV/c)

They are consistent within systematic uncertainty.
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Comparison of neutral pion v, with previous results

0-20% 20-40% 40-60%

> 0.3 - Neutral pion v, > 03F Present analysis >N0_3 -
. . L« P.R.L. 109, 122302 (2012) C
0.2F E.P. : RxN(1+O) 0.2F '. 0.2f éé: H

0.1F W 0.1F 0.1F
of of of
o i i i i 5I i i i i 1I0 i i i o' i i i i é i i i i 1I0 i i i o i i i i é ........
p_(GeV/c) p_(GeV/c) p_.(GeV/c)
0-20% 20-40% 40-60%
> 0.3F > 0.3F
0.2 _ E.P. : BBC 0.2 _
0.1f %\ / 0.1f
of 2 N of
L 1. . S T
0 > p.(GeV/c) 0 > p_(GeV/c)

They are consistent within systematic uncertainty.
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Comparison of inclusive photon v,
with previous results

0-20% 20-40% 40-60%
> 0.3F Inclusive photon v, > 0.3F e Presentanalysis > 0.3F
! ; [ < P.R.L.109, 122302 (2012) !
0.2F E.P. : RxN(1+0) 02k
0.1} gwuiy | o -
0f Of
0 i i i i é i i i i 1Io i i i 0'
p.(GeV/c)
0-20%
> 03} > 03}
0.2} EP:BBC o2l
0.1} 0.1}
Of 0f
0 0

They are consistent within systematic uncertainty.
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Comparison of neutral pion v, with charged pion v,

0.25 r
> ¥

.25
> C
0.15 F

0.05 |

0-10%

.25
>

Neutral pion v,

0.2
0.15
0.1

0.05

02F

0.1F

.25
>
0.2
m By
L ”) F
) 0.15
(-]
w4 0.1
o
0.05
1 M 1 Lo oy 0 o
1 2 4 5
pT(GeV/c)

They are consistent within systematic uncertainty.
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e Present analysis
+ arXiv:1412.1038 (2014)
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Comparison of neutral pion v, with charged pion v,

0.15
>

0.1}

0.05

0.15
> L
0.1}

0.05 |

0-10%

Neutral pion v,

hs .5
pT(GeV/c)

0.15
>

0.1

0.05 |

0.15
>

0.1

0.05

10-20%

Present analysis

L arXIV 1412.1038 |§£(|)1 4)

- n1
@
=a
* 1 1 PR PR R
1 2 3 4
pT(GeV/c)
40-50%

They are consistent within systematic uncertainty.
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Comparison of neutral pion v; with charged pion v,

- 0, - O, - o,
<02 0-10% <02 10-20% <02 20-30%
- Neutral pion v, e Present analysis X
0151 0.15 & arXiv:1412.1038 (2014) 015
01fF 0.1 01F
: ; ]
0.05 F 0.05 0.05 [ ?
0 [ i 0 0 [ i i PRI Y
0 0 0 1 2 3 4 5
pT(GeV/c)
0.2 0.2 0.2
> >0 >0
015 0.15 F 0.15 F
01f 01} 0.1F
- F % - -
0.05 | E 0.05 | | 0.05 |-
[ o) N |
- EJ‘“’ - -
0. PR TS S NS S S S NN S S S R S T 0.. PR IR R Rt 0....I....I...I PR IR R Rt
0 1 2 3 4 5 0 4 5 0 1 2 3 4 5
pT(GeV/c) pT(GeV/c) pT(GeV/c)

They are consistent within systematic uncertainty.
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Comparison of direct photon v, with previous results

0-20 % 20-40 % 40-60 %
> : Direct photon v > : e Present analysis [
0.2 E.P. : RxN(I+O) 2 02| % & P.R.L. 109, 122302 (2012)

_0'1 [ M M M M 1 M M M M 1 M M M

° ° 0 pT(GeV/c)15
0-20 % 20-40 % 40-60 %
> f Direct photon v > = f
“F ? 0.2 'ﬁ 02f
1F Ay 0.1}% 0.1:—§
F 7\ R 5 N& E
: — 0 I 2 of
_0.10 i i i i 5 i i i i 0 i i i _0-10 i i i é i i i i 1|0 2 2 _0.10 5 0

15 15 ' 35
pT(GeV/c) pT(GeV/c) pT(GeV/c)

They are consistent within systematic uncertainty.
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