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PH-ENIX Introduction ‘\\\\

Photons are “color blind” probe of

QGP as seen by QGP as seen by
Quark Gluon Plasma partons photons
information about the space-time XL
evolution of matter produced 1n SO
relativistic heavy-ion collisions : 885500800 AR o 55,
evidence of thermal radiations from QGP S TP SR
and Hadron Gas ' AR LS
prompt photons ecawhofons a8 . . )
= Direct B Inclusive Hadronic decay
N photons — photons photons
- v,

| * .+ Hadron
e gas
[+ 7> 2phase

80-90% photons are decay photons

Prompt photons estimated using the p+p
thermal radiation baseline

Graphics by Chun Shen
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PH-“ENIX Introduction ‘\\\\

If there 1s a hot and dense medium created in
heavy-ion collisions, it will radiate thermal
radiation in form of photons or low mass
dileptons

Graphics by Chun Shen thermal radiation

Measurement of yield will constrain
initial conditions, sources, emission

. . rates and space-time evolution
The direct photon spectrum and yield are

sensitive to temperature (RatexT4) and -

the space-time evolution of matter
(Doppler shift)
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Thermal photons in Au+Au collisions

W

Direct photon yields for p+p collisions at 200 GeV are consistent with pQCD calculations

(GeV/c)7?]

d’N
2npr dprdy

1

PRC 91,064904 (2015)

pp data )
PRL 104, 132301
PRL 98, 012002 -
PRD 86, 072008 -

— pp fit

Au+Au data |
PRL 104, 132301 -
PRL 109, 152302 -

Present data i
—Ncon-scaled pp fit

V/SNN = 200GeV _
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r“:
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Hard scattering
contribution
Ncoi-scaled p+

(Nco P P)J

Thermal Direct photon

photon yield N yield of Au+Au

The Au+Au yield 1s consistent with Neon-scaled

p+p yield above 4 GeV
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PH"ENIX Thermal photons in Au+Au collisions ‘\\\\

Direct photon yields for p+p collisions at 200 GeV are consistent with pQCD calculations

PRC 91,064904 (2015)

| o o ——s pp data _ . , Hard scattering
1T PRL 104, 132301 - Thermal _ Direct photon contribution
1 II;ELD9886 %1722%%% _: photon yield ~ yield of Au+Au
\ 1 , : (Ncol-scaled p+p)
1 ‘ pp fit L J
107" | =
' Au+Au data

PRL 104, 132301 -

The Au+Au yield is consistent with Neon-scaled p+p
yield above 4 GeV

(GeV/c)7?]

1074 F
=M%
“’w‘-z 1075 | Significant excess of thermal photons below 3 GeV
ME 1076 |

107 | 8 f

10-8 [ : ‘ Exponential fit Aexp(-p1/Tefr) gives x

-~ ) Teff ~ 240 MeV |
10_9 3 | | | ! | | ¥\ 1\ i E| \_
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Wealth of PHENIX data

QO

Calorimeter method

PHENIX Detector

West Beam View East
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o | 50 4D D) i) Y § @ C)
510 |
200 | ¢ VO VYOGS G D
130 @
624 | & & &
39 & &
27 19 collision species ¢
20 |9 collision energies % % %
14.5 )
7.7 @)
Virtual photon method
v — et +e”

we'L

¥ 9T

PHENIX Detector

West Beam View
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External conversion method

v—e+e”

PHENIX Detector
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¥ 9T

West

Beam View
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PHENIX  Universal scaling of low pr direct photons ﬂ\
Using dNc¢h/dn at midrapidity to
compare data from different beam PRL 123, 022301 2019)
. . . - a=125
energies, collisions species, and o[ PE@ANRA) -y 4 X
H. . 1. . &) 10 ; # Pb+Pb, |'s, = 2760 GeV (ALICE)
collision centralities > " | Pb+Pb, {Syy= 17.3 GeV (WA98)
(5 10 ® Au+Au, {5, =200 GeV
d ) o —  ® AutAu, s, = 62.4 GeV f
| . . . . [9) | - @.--"
| Universal scaling behavior in all v TE g’g”‘“’g“’v‘@ .y e 1
— E u+Cu, ysy = e A-
A+A systems Qg1 @ pep. i5=200 Gev L I
o - -
dN.,/dy = A x (dN.,/dn)® = 102k "
&E _ > E Neoi scalc?d prompt photons
'Q &l p+p fit, Vs = 200 GeV
v 107k —pQCD, Vs = 2760 GeV
© - — pQCD, Vs =200 GeV
Ncoll X pQCD and Nco]] X p+p follow 104L __pQCD, s = 62.4 GeV
o o E | | | | 11 11 | | | | | | | | | L1 111 |
same scaling at 0.1 of yield 1 102 103
dN_,/dn |
n=0
[ L. ) >
| Implies similar sources for low-pr | more central collision
photon production | higher beam energy
- 7 - 7 heavier nuclei A
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PH-“ENIX External conversion method
chluswe
Yinclusive  (€f ) g
R. — Yinclusive _ Y0 _ NV
¥ Ydecay Yhadron Yhadron mass distribution of different conversion radius
yno )/TL'O 505 : I O-lom, 342 —— 1.5~2.4cm, 105
45 E_‘:‘ ............... ............... ------------ : 2.4~3.6cm, 572 ~ 4.8~6.2cm, 645
Ninclusive : number Of phOtOIlS that COIlVeI't 40 E_: ......... ............ :_10~15€m'2921 — 15-21cm, 3069
35 iR RORURRPRORE A IOURRORRE: IRV | | | | T ........... b 21-25cm, 675
- . | : 1
to ete- pair within the detector acceptance £30 SRR SOOI S WO (1| SO o i Uiy
- 2 i ™
g 25 :_l ......................... # il \Q,\} X\
NV : number of converted photons that Z ogE i T CDD WA
© - : ' N4 \ i g.
= : Y.
1 R S . ALY
can be tagged as a 10 decay ot \‘>\~1? 2

Roli Esha

<ef> : detector efficiency and acceptance
Cocktail ratio : ratio of photons coming
from all hadrons to those coming only

from n¥ decays

Double ratio tagging method reduces

systematics

”“ ....... ,,,,,,,,,,,,,,

! i I's
% 0.02 0.04 0.06 0.08 08012 014 0.16 0.18 0.2

m
VTX
MC simulation

To be used for p/d/3He/Au+Au
collisions at 200 GeV
\——
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708
/\ Direct photons in small system collisions
1.3 1.3 13
- p+p — v+ X - A+B — vy +X - A+B — vy +X
[ (s =200 GeV [ Snn =200 GeV [ S\ =200 GeV
- [ =] Int. conv. - [ & ] p+p, Int. conv. - [ ] p+p, Int. conv.
121 [ e | Ext.conv. ler [ | p+Au, 0-100 %, Ext. conv. 121" o | p+Au, 0-5%, Ext. conv.
: * - L ] : |
o 1.1+ o 1.1+ + Q o 1.1 +
_ .j** ‘,‘§+ ,;.:¥{++
L + +|.l ..................................................... 1 freenees ... ...................................................... 1 .....’-. .......................................................
I _v_ _\/_ I~ ‘\/_
PH ‘ENIX PH ‘ENIX PH ENIX
i preliminary i preliminary i preliminary
l 1 1 L l 1 ' 'l l L A A l A A A l A s A l 'S 'S 'S
0'90 2 4 6 0'90 2 4 6 0‘90 2 4
P, [GeV/c] P, [GeV/c] P, [GeV/c]
irect — - adron
Vairect = (Ry — 1) * Yhaa
p+p =y +X i p+Au — y+X - p+Au — y+X
/s = 200 GeV 1E VS = 200 GeV: 1§ ! VSan = 200 GeV:
10_2 E Int. conv. : E|0-100 %, Ext. conv. s " T’ 0-5%, Ext. conv.
B [+ ]Ext. conv. o el —fp)=N_ A 1+p—; 1ok ~f(p)=N_ A 1+p—;
o = f(p)=A 1+p—T i i
(&) ]
— \/—— | \/—— | \/——
N 4 PH ENIX 102 PH ENIX 102k PH ENIX
S 10 preliminary : preliminary preliminary
2 B~
"3|'§' 10° F 10°
S
& 10° i i
10 10 F
10° F 10°
10-8 1 1 1 | 1 1 1 I 1 1 1 I | 1 1 I 1 1 1 C 1 1 1 I 1 1 1 I 1 | 1 I 1 1 1 I 1 1 C 1 1 1 I 1 1 1 I 1 | 1 I 1 L L I 1 1 |
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8
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P, [GeV/c]

P, [GeV/c]
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PH.ZENIX Bridging the gap

10%e
= p(dA) +p(A) = v, +X sy o=1.25
- [ Pb+Pb, sy = 2760 GeV PH>>,\<<E NIX
’G 10; l:Au+Au,M=ZOOGeV pre“mlnary ‘
= = 8 AutAu, |5, = 62.4 GeV e |
() 10 Au+Au, (s, =39 GeV ’.,.i’
U 1; ¥ Cu+Cu, {S = 200 GeV ’..,r"
o - [ d+Au, (s, = 200 GeV ’g&;l
™ A1l % p+Au, {5 = 200 GeV -
A 10 15_ P o
g = O p+p, Vs =200 GeV |
Q L ~ > |
S —2 (.
> 107
LS, =
Z - N.. Scaled prompt photons
- 1 0-3 = | p+p fit, Vs = 200 GeV
= —-pQCD, Vs = 2760 GeV
i —pQCD, s = 200 GeV
P —pQCD, Vs = 62 GeV
10 E | /llllll | | lllllll | | lllllll
3
10 dN. /dn | 10° 10
n=0
Onset of QGP (?)
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PH--ENIX Direct photon puzzle 1\\\

Experimental observations
| |
* Large yield of low pr direct photons What is the main source of low pT |
 Large anisotropic emissions photon emissions ?
« Universal scaling with slope of 1.25 L

‘% I (a)lnvariantyield 02: C\’J\ T T T T T T T T T T T T T
¢ 10 —— Fireball, Primordial 1 =t -
S " Fireball, rimordial | <§ PHENIX/ALICE Direct Photons
% % —— Semi-QGP w/o viscous 0.15 - © 1 - e Pb+Pb 2760 200 GeV —
w 1 Initial strong magpnetic field 0.1 i (D E = Au+Au 200 GeV (real 7) E
1 ' : :r_) — O Au+Au 200 GeV (virtual y) g
10 0.05 | A | ¢ Cu+Cu 200 GeV |
i ; r— +  Au+Au 62.4
102 0 g 10 HHAUG —
: (@) v, PHENIX >. [ fitto PHENIX data: -
3 - 0.2 . 2>.|-c C — Kk N® —
107°F - @Calorimeter (o] — ch 7]
; 0.15 :_OCOnversion : ---k N;fs :
1041 S e k N;>' (Paquet
E Au+Au 20-40% 0.1 i 1 0-2 L —
[ \'s,,=200GeV [ = -
10°F 0.05 | - -
: Yieldlis fromIPRC 91,1064904I E _ 1 Lol 1 1 Ll 1 1 Lol |
lllllllllllllllllll 2 3
0 1 2 3(G v‘} ) 0 10 10 1Ochh
P ev/c dl’]

Challenging to explain these by invoking thermal photon emissions
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Towards precision measurement

I

New measurement using 2014 Au+Au dataset having 10X more statistics with external conversions at VT X

3

o

2.5

1.5

1.5

0.5

~ Au+Au — y +X, |[s, =200GeV, 0-20% - Au+Au — y +X, s, =200GeV, 20-40%

~— e 2014 conversion method * - e 2014 conversion method

|+ PRC 91, 064904 (conversion) __ ¢ PRC 91, 064904 (conversion)

~ ¢ PRL 104, 132301 (virtual y) * * - ¢ PRL 104, 132301 (virtual y)

~ ¢ PRL109, 152302 (calorimeter) % * ~ ¢ PRL109, 152302 (calorimeter)

[~ [‘E ¢ ~ o~ *

- PH ENIX ¢ \ - PH ENIX {

- preliminary ; ¢ - preliminary { { %

L @ $ ¢ _ }[ﬂ{ {

- 'y - §

gt " : Tk

[t ﬁ§}j+_ -59"@@@@

B L 1 1 | 1 1 1 | 1 1 1 | 1 1 | — _ 1 1 1 | | | 1 ) -

- Au+Au — y +X, |s, =200GeV, 40-60% - Au+Au — y +X, |s, =200GeV, 60-93%

e 2014 conversion method _® 2014 conversion method

[ ¢ PRC 91, 064904 (conversion) ¢ PRC 91, 064904 (conversion)

~ ¢ PRL109, 152302 (calorimeter) ~ ¢ PRL109, 152302 (calorimeter)

" PHENIX [ PH ENIX

- preliminary } ﬂ% } I - preliminary E’] |

- % : w 1 - }L}J * + l '

BRI L o - }

- Mayamy ¢ R:° ¢ Gty 8 PRPITERER |

" | L | P vy ST

0 2 4 6 8 10 2 4 6 8 10
P, [GeVic] p, [GeVi/c]

Full overlap and consistency with previously published results using different methods
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Towards precision measurement

N
Al
PH-<ENIX
g 10°[
’;G Au+Au — y +X, \'s,, =200GeV, 0-20%
8 r . e 2014 conversion method
z> 10 . ¢ PRC 91, 064904 (conversion)
Elor | » ¢ PRL 104, 132301 (virtual y)
o | % ¢ PRL109, 152302 (calorimeter)
A ];“'10_ ] f p2 n
N E!é Nooy Scaled pp fit: A 14"
\ 0‘
B \ g
10° ts _
.
- $
. _
10° - ‘e
B ¢+
i L MR
107 |
. PH-“ENIX
- preliminary
10—9 1 1 1 I 1 1 l 1 1 1 I 1 1 I 1 1 1
0 2 4 6 8 10
P, [GeV/c]
& 10°[
) Au + Au — v + X, \s, = 200GeV, 40-60%
> —
é'J.i 10 . 2014 conversion method
% %"_ I ’ ¢ PRC 91, 064904 (conversion)
o kb
© t ¢ PRL 109, 152302 (calorimeter
Al D-1 0_1 - ! ‘ 2 \n
& - oh N led pp fit: A 147 |
‘BF o1 Scaled pp fit: | +p0.
10°F 8§
10° -
¢ L)
L * * .
107”7 ' *$e
[ v [ 3 *
. PH j{"E.le
preliminary
10—91\1l||1|||||||||
0 2 4 6 8 10
P [GeV/c]
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 10°
) Au +Au — y +X, |'s, =200GeV, 20-40%
>
8 e 2014 conversion method
z> 10 ¥ + PRC 91, 064904 (conversion)
Z| T .
B %f- - ¢ PRL 104, 132301 (virtual y)
o 9' + PRL 109, 152302 (calorimeter)
Al }21 0_1 Iy ¢ p2. n
N &‘E Noqy Scaled pp fit: A 1+p
| 0
103 N .
fe A ,
107° "
‘.‘
| ¢
- X - * *
J -
*
107 e
| PHENIX
- preliminary
1 0—9 1 11 j 1 1 1 I 1 L1 1 1 1 l 1 L1 l
0 2 4 6 8 10
P, [GeV/c]
10° -

d°N -
a0y [(GeV/c)?
>

= -
oF B A PRL 109, 152302 (calorimeter)
g0 P20
o T Nooy Scaled pp fit: A 145"
; ffi °
10° - §
10°- Y . i
- »
L
"
107 Pes
Y = ‘e
 PHENIX 2
preliminary e
10—9 RTINS SN ST [ TR
0 2 4 6 8 10
P, [GeV/c]

| Au+Au — y +X, |8y, = 200GeV, 60-93%

b 2014 conversion method

\ PRC 91, 064904 (conversion)

At high pr, Au+Au data consistent with
Ncoll scaled p+p implying the dominant
photon source 1s hard scattering

At low p, Au+Au data shows a clear

enhancement with respect to the prompt
contribution below 3GeV
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Summary and outlook

New Au+Au result are consistent
with the observed scaling behavior
in A+A systems

Roli Esha

102 [ P(AA)+PA) v, +X a=1.25
—_ = [#] Pb+Pb, ys\ = 2760 GeV (ALICE)
§ = ¥ Pb+Pb, {5 = 17.3 GeV (WA98) .
© 105 = Au+Ay, VSyy = 200 GeV PH>>X</E NIX
Q) - ® Au+Au, \sy, = 62.4 GeV preliminary
o i Au+Au, \s, = 39 GeV | 4
Lo = ¥ Cu+Cu, \s = 200 GeV y KA’ Pt
Vl_ [ A d+Au, sy, =200 GeV A !
o 107 = O p+p, Vs =200 GeV I'E
\Y — [e]Au+Au, Vs = 200 GeV ﬁf
Lo 102 | (2014 conversion method)___,-"'Y
A = Rrid
> N N, scaled prompt photons
o 107° = p+p fit, Vs = 200 GeV
v = __pQCD, Vs = 2760 GeV
O 04 - —_pQCD, Vs = 200 GeV
3 —pQCD, Vs = 62.4 GeV
| | | | | | | | | 1 1 1 11 | | | | 1 1 111 I
1 10 0 10°
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PHTENIX Summary and outlook ‘\\\‘

New Au+Au result are consistent 102 ’P(d’A)’fP(A)V:Ydi, +X o=1.25
: : : — = [#] Pb+Pb, s, = 2760 GeV (ALICE)
with the observed scaling behavior §> - v Pb+Pb, \/s_::= 17.3 GeV (WA98) -
in A+A systems © 105 = AutAu, sy =200 GeV PH -ENIX
Q) — @ Au+Au, \Sy = 62.4 GeV preliminary
o ’ ;_ | Au+Au, \s,, = 39 GeV .4
Lo =V Cu+Cu, \s, = 200 GeV &
o VI— [ A d+Au, \s, =200 GeV éﬂ
Filling the gaps: Q107" © p+p, Vs =200 GeV ‘3 ol
V = [#]Au+Au, Ysy, = 200 GeV Ef
e More peripheral Au+Au 10 jo-2L (2014 conversion method) _.
. = = o
COHlSlOnS : E du I-f[ N, scaled prompt photons
: T 103 p+p fit, Vs = 200 GeV
~~ — ’
e QOther systems are being > F ) _ bQCD. 15 = 2760 GeV
1 O .4l __pQCD, Vs =200 GeV
analyzed/finalized 1074 3He® T HQCD, Vo = 62.4 GoV
| | | | | | | | | | | | | | | | 1111 I
1 102 10°
dN,/dn |
'rlas

%M /
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