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Electromagnetic Radiation in A+A Collisions:

final detected

110 MeV
Kinetic

Hubble expansion: T=300-160 160-110 freeze-out

Hadronization

Initial energy
density

collision
gg-Compton
N (deconfinement) ), G
Initial qg-Compton | high T spectrum np Scattering ) " /

* little radial flow

 powerlaw spectrum ) o _ * Low T spectrum Hadron DeééVs
* & Ncou vieldoc Noj @ <2, Large flow/ blue shift « yield o N_,
* no collective motion  vyieldot Ngj @ >1 « spectra derived from

parent particles



Photon Measurements with PHENIX
PHENIX Detector Photons,

e*te" identification
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Direct Photons p+p and Au+Au at Vs,,= 200 GeV

PHENIX: Phys. Rev. C 91 064904 (2015) PhD - B. Bannier, R. Petti
10! b T T T PhD - T.Dahms
T, ~240MeV  ppdata ]
ol s o PRL 104, 132301 - -
104 o PRL 98, 012002 1 9 D|rect_ photon yield well
[ 1 i v PRD 86, 072008 | established
10_|_|.y—)ee — pp fit - : i
Y P 5 2 pp consistent with pQCD
=— 102k Au+Audata - » AuAu follows N, scaled
T Y *(M—0) & PRL 104, 132301 ] above 4 GeV
S oL AV ! (M=0) bR 109, 152302 | PP
> g * Presentdata = - » Significant excess below
| —N,on-scaled pp fit .
ST coll SEEEPPIE 3 GeV in AuAu
=5 | N VNN = 200GeV » Excess has nearly
Sls 107F ; exponential shape with
|5 : ‘f T ~ 240 MeV
S 1070k ;

-7 .'_
10 i i% il First thermal photon measurement:
10-8 | “pQCDq;?;”‘i ' T;,; > 240 MeV > T,
i -11 -~
e (Need to consider exploding

0 2 4 6 8 10 12 ' source!)
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Anisotropic Emission of Direct Photons

PHENIX: Phys. Rev. C 91 064904 (2015)

 (a) 0-20%  (b) 20-40% [ (c) 40-50%»
0.3} Direct photon v . PHENIX 2007 and 2010 -
. gulnw_ersi:m mef:(}: Au+Au 200 GeV H
= oaf m Calorimeter metho g E s * g
: ; | EE@ g 1 | %ﬂ i ;
o Lo - § @ b Iﬂ
E, HHE,HEﬁ. @ |E| :| ﬂﬂﬂ L l I-I-El E lm --'h | —
0.15 :‘{d) 0-20% :‘{e) 20-40% :_(f) 40-60%
Hﬁ] Rl PR
) i 1 [ﬂ iLihatd,

P, GeVic

Anisotropic emission of direct photon

with large v, and v,
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Comparison of Different System Sizes

PHENIX: PRL 123 (2019) 022301

ALICE: Phys. Lett. B 754 (2016) 235

® Au+Au, Y5, = 62.4 GeV, 0-86%

¢ Au+Au, 5., = 39 GeV, 0-86%
O p+p, s = 62.4 GeV

O P+p, s =63 GeV
— pQCD, s = 62.4 GeV
.... PQCD, ¥s = 39 GeV

syny = 200 GeV:

I * B Au+Au, 0-20%
= ® Au+Au, 20-40%

A Au+Au, 40-60%

n O P+p, ¥s = 200 GeV

= p+p fit, ¥s = 200 GeV
.... PQCD, Vs=200GeV |

¢ Pb+Pb, ySyy = 2760 GeV, 0-20%]
B Au+Au, |5y, =200 GeV, 0-20%
® Au+Au, {5y, = 62.4 GeV, 0-20%

+ Cu+Cu, Y5y = 200 GeV, 0-40%
— PQCD, ¥s = 2760 GeV

.... pPQCD, Vs = 200 GeV

PHENIX

Similar thermal photon yield when scaled with

N, 125
d

independent of energy, centrality, or system size

q\\\‘ Stony Brook University
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Integrated “Thermal” Photon Yield

10°¢
- A+Alp+p -y, +X o=1.25
- [® Pb+Pb, |s,,, = 2760 GeV PHENIX Universal _scallng
— 10 = u Au+Au, s, = 200 GeV behavior!
; - @ AusAu, |, = 62.4 GeV S
D - [0 Au+Au, s, = 39 GeV L
G TE v CusCu, sy, = 200 Gev ._‘_} Source of thermal
o C O p+p, IS =200 GeV photons must be
~ .1 similar!
Q
102k
> 107E
O -
‘“2~; _ N, scaled prompt photons
5 10°E p+p fit, /s, = 200 GeV
- —pQCD, |'s,, = 2760 GeV
B —pQCD, s, = 200 GeV
1 0—4 | —pQCD, \s,, = 62.4 GeV
E | | | L1 11 I| | 1 | L 11 I| | l 1 L1l II|

10 10°

10°
PRL 123, 022301 (2019) ANc/dn|

Ncoll x pQCD and Ncoll x p+p follow
same scaling at 0.1 of yield

q\\\‘ Stony Brook University 7 Axel Drees




Direct Photon Puzzle

® Qualitative agreement with thermal source
* Large yield of low p direct photons
+ Large anisotropy in emission (Doppler effect)
dNcp a -
an ) with a ~ 5/4

® Quantitative tension with current model predictions

. . dN
e Faster than liner increase: d—yy =k (

t;"‘ lﬂ:l Invariant }'iEld {h] \F p— T T T 11T T T T T 11T T T T T TTr]
3 1“ El % = Fireball, Primordial 1 02 Nu -
S TUE\lg  — [irebal. Primordial g PHENIX/ALICE Direct Photons
Gl f\| — Sem-ooewovicon u.15 | © 1L * Po+Pb2760200GeV _
w 1 ; Initial strong magnetic field 0 1 o E = Au+Au 200 GeV (real ']'} E
SN ' F : -0 Au+Au 200 GeV (virtual y) :
10 Er 0.05} ..f A | 4 Cu+Cu 200 GeV i
C J = ) 4
102k ol a 10 Au+Au B2. _
: 02 F(e) v, PHENIX Z‘h| >. [ fitto PHENIX data: =
'"]1_3 3 . _ @Calorimeter o] © E —k N;rlh25 E
E 0.15 :_.Cnnvemlnn i --- k N i
104L S N k Ngf‘ (Paquet)
E Au+Au 20-40% 102 |
[ \s,,=200GeV s -
10°F N . -
o YInIdJIsfmrnIPRBBI,lﬂE-lBMJ el 1“ 1 T | | 1 1 T |
0 1 2 3 4 10 10° 1'[3'3ch,1
P, (GeV/c) W
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PHENIX Run 14 Analysis

Ph.D. Thesis Wenging Fan, SBU 2020 — 2020 RHIC/AGS Thesis Award

® Direct photon analysis with photon conversions
* Nearly 10x previous integrated luminosity

* More conversions at silicon vertex detector (VTX X/X,~14%)

Heavy ion runs - time evolution of Au+Au

100

LT o

s T

Ty |

T o

500

400

Integrated nucleon-pair lnminosity L., [pb']

W1 AwtAn | 2000 AutAn

2007 Au+Au

2004 Aut+Au

]

(2]
.
-

Results shown here are for thesis, with publication in preparation
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Thermal Photon Measurements

PhD — W.Fan

q\\\w Stony Brook University 10 Axel Drees



Thermal Photon Measurements

Conversions
from n® tagged

1 03 Runi14 Au+Au @ 200GeV, 0-20%
% 100~ 0.8l< p? < 1.0Gev
o [ del%ult cut |
o

# of sig = 2.200e+06
sig (err) = 1.528e+03
BG/FG = 5.745e-02

| |
| |
| |
| |
501 } I — frg pairs
} I — evt mixing bkg
\ | subtracted (sig)
| |
| |
0 L 1 RSN I T T S T N S
0 0.1 0.2 0.3

“radial position” m_, [GeV]

measured
raw yields

Data

Conversions from
inclusive photons

q\\\‘ Stony Brook University
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PhD — W.Fan

Closure test with full
high multiplicity
MC simulation

«10° Runi4 Au+Au @ 200GeV, 0-20%

0.8 <p] <1.0GeV —FG
L BG,
default cut L1BG o0
L [IBGyy
60 ] FGrBGmI

dN/dm,, [1/GeV]

‘

20:_ T ta \\
i Y

Ll I R
4,  BGuq!(FGBG,, )= 1286404/ 1.73e+05
=7.4%

uuuuu

o o o
ar)

S, st
0 02 04 06 08 1

Mg, [GeV]

wio BG,.,
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Thermal Photon Measurements

Full MC simulation

0.5

<ef>

0.4

0.3

0.2

0.1

conditional
tagging efficiency

Run14 Au+Au embedding, dzed cut

o

q\\\w Stony Brook University

Conversions
from n®tagged

L s

r [ ]

F .

I [ ]

- . [ ]

i :

i . ;]

; ® 0 @

- oo’ ® 0-20%

C o’ * 20-40%

L .!!:' © 40-60%

L 8

i ® 60-93%

L L . . L N R
2 4 6 8 10

p, [GeV]

Conversions from
inclusive photons

x10°

Runi4 Au+Au @ 200GeV, 0-20%

100~ 0.8l< p? < 1.0Gev

I default cut

# of sig = 2.200e+06
sig (err) = 1.528e+03
BG/FG = 5.745e-02

PhD — W.Fan

Closure test with full
high multiplicity
MC simulation

x10°

Runi4 Au+Au @ 200GeV, 0-20%

dN/dm,,, [1/GeV]

20

| |
| |
| |
| |
50+ } I — frg pairs
} I —— evt mixing bkg
} I subtracted (sig)
Key contributions |\ Ny
* Energy cut 05— P R
* Acceptance M, [GeV]
« Detector material
measured
raw yields
Data

12

0.8 <p] <1.0GeV
[ default cut

—FG
[1BGincor
H8G,,,
MFGBG,,

N

- mtag
g N,

N

(=~ I =]
) T

L L L L
BGyy, | (FG-BG, __ ) =1.28e+04 /1.73e+05
=7.4%

)
S,

nnnnn

P

wio BG,.,

0

0.2

0.4

06

0.8

1

Mg, [GeV]
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Thermal Photon Measurements

— A0 Run14 Au+Au @ 200GeV, 0-20% PhD — W.Fan
Condltlonal _,‘-’é 100—0_3;p:<1.0kie\f Closure tESt Wlth fUII
. . . .. = [ default cut
Full MC simulation ing efficien 8 | : T
tagging efticiency O | | ot 2m00as high multiplicity
Y Run14 Au+Au embedding, dzed cut } I ;'g;(,f(r;r):;;i::?;: ° MC simulation
H(._\L/) C 50 } I — frg pairs 5 o
: ‘ | " evtmbing brg ; «10 Runi4 Au+Au @ZUUG::, 0-20%
0.4+ ‘ | 0.8 < pT* < 1.0GeV —
r E \ | subtracted (sig) 5 | default cut E ggﬁ.ﬁ“
r ] ‘ | :P_ 60+ [FG-BG,,
03 . - Key contributions |\ Ny £ | /\
|- : P_ -
i o * Energy cut % o1 0z 03 B 4
0.2[- Bk -~ « Acceptance M, [GeV] - \
™ 3 o 20.40% + Detector material 20 . \
L r mia
0.1 "!!:' o 4060% measured . N 9 \\
L ® 60-93% - ok 14
i raw yields
0‘ | T B “g? 2F | BGu/(FGBG,,, )j;jman.m«us
0 2 4 6 8 10 g 1t B
Pr [GeV] : Dn: ":Az 02 w:s 08 1
Conversions Data M., [GeV]
from n?tagged N
Conversions from . <51: > < 707 /
direct photons N incl N 7-1ag
Conversions R = 4 = L 1]/71'0 ratio
from other 4 N hadr MC| i i i
rom o y N hadr main contribution
decays /4 0
N * Photons from
4 hadron decays
Conversions from

inclusive photons
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Universal n/m’Ratio

Master Thesis Yuanjie Ren, SBU 2020 — arXiv:2102.05220 — accepted for publication by PRC

0.9

1l °

0.8

0.7

0.6

0.5

0.4

0.3

*

0.2

o*
.
o*
.

0.1

|

—&4— ALICE p+p 2.76 TeV (2017)
—£ ALICE p+p 7 TeV (2012)
2. PHENIX p+p 200 GeV (2010)
PHENIX p+p 200 GeV (2006)
—m— ALICE p+Pb 5.02 TeV (2018)
—&— CERES p+Au 29.1 GeV (1998)
—=— CERES p+Be 29.1 GeV (1998)
—e— ALICE p+p 8 TeV (2018)

guuammmE

== GPR

lIIIJIII |

==-- Empirical fit A
— — Empirical fit B

H

== ailfl Lol

q\\\‘ Stony Brook University

1

10
P, [GeV/c]

14

® Universal n/n®
* For p+p and p+A collisions

» Covering factor ~ 300 in +/s
from 29 GeV to 8 TeV

® Significant deviation from my
scaling below 2-3 GeV p+

@® High p; value:

b _ 0.487 £ 0.024

19

@ Use empirical description for
all collision systems:
d Nﬂ n universal (] N_o data
dpr N (F) < dpr )

Axel Drees




Test of Universality of n/m%Ratio

® Fit all available data (with empirical fit B)
» Independent of /s , particle multiplicity, and centrality

o r n/1(e0)=0.487+0.024, empirical fit B F W (0)=0.487+0.024, empirical fit B
Il 0.6 L 0.6
o T a
[e»] o
ke - o B - {}:- ,
B ' - o 0
= 051 . .;%ﬁ_q&' . y o5 4w ' %@’1 ? 7
: + + o | = ’ B 4 7
0.4 [E 0.4/
T O Cu+Au, 200 GeV, M.B., PRC 98, 054903, 2018 - o Cu+Au, 200 GeV, P_RC 98, 054903, 2018
T o U+U, 192 GeV, M.B., arXiv:2005.14686, 2020 - o U+U, 192 GeV, arXiv:2005.14686, 2020
0.3 ©  Au+Au, 200 GeV, M.B., PRC 87, 034911, 2013 0.3~ © dAU;AUéSS%G\'?VbEE%SW(’)gfgg; 1é§8;3
B | ob +Au, ev, , ,
- Au, 2 V, M.B., PRC 75, 024909, 2007
[ o7 dvAu,200Ge - A Au+Au, 200 GeV, PRC 75, 024909, 2007
0ol A Au+Au, 200 GeV, M.B., PRC 75, 024909, 2007 02l | Pb+Pb 2.76 TeV. PRC 98, 044901, 2018
- ¢ p+Pb,5027TeV,EPJC 78, 624, 2018 "+ p+Pb,5.02 TeV, EPJ C 78, 624, 2018
- |C)+AU1 29.1 GBV, EPJC 4, 249, 1998 i p+AU, 291 GeV, EPJ C 4, 249, 1998
04— ¢ p+Be 20.1GeV, EPJC 4,249, 1998 0.1~ ¢ p+Be, 29.1 GeV, EPJ C 4, 249, 1998
T ®m  p+p,23GeVto8TeV . m  p+p,23GeVto8TeV
B R(e<) of empirical fit B B R(e) of empirical fit B
0_ 1 1 ||[|||| 1 1 ||||[[| 1 1 ||[|||| 1 0I\| l I\\Illl 1 | III\Hl | 1 III\I\| 1

3

10 102 0
dN_, /dy

—

10 102 10° 10*
\Sn [GeV]

Universality of n/m®
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What about Radial Flow at Low p+?

T - - —
—o— pseuwdo data for 0-10%

— T
s GPR (p=eudo data) farlcrwp

@ Approximate n with K meson at low | op = === 4 ob caaape i
» Similar mass oot IQ% ik
» More complete low p; data 3 P oy ;

+ n ) [ (a) - U:U, 192 GeV, 0-20%, PRC 102, 064905
n K RK | ! | -+ —_—t +]
70 /) P C ‘AA C E —o— pseudo data for 60-92% E -« GPR(pseudo data) for low p . 3
Rflow = R L= L O'SE_ < GPR result of pseudo data _ 0'8:_ %47 maximal cover for highp, _E
7 K= T* 0.7 === maximal cover of /=" in p+p collisions 0.7F —a— Au+hu. 200 GeV, 60-93%, =
0 , s E 5 PRC 87, 034911 ]
T/ p+p T AA)C; s 3 s U+U, 182 GeV, 60-80%, 3
p4p 0.6F E 0.6F PRC 102, 064905 E
3 2 p+Pb, 5.02 TeV ol
F % O9F T epuc7e 624 gho
o - o il
- rg 4 $ ; " h/>.-
- - A
E 3 ’ %
: : 0 : . 3
® Apply correction to universal n/x 3 b ;
- 0,15~ CusAu, 200 GeV, 60-90%, PRC 98, 054903

(b) t%—lj—o—Au 200 Ge‘u‘ D 20% PFIC E? 034911
! . — el

F (b) 3
_:::::l t -+ :: ; ~ ' -
osf —o— pseudodata E osk 88 GPHipseudo da1a} for Iuwp E
F 3 F //A maximal cover for hlghp ]

I <==* GPR result of pseudo data ] C E
0'?;_ = maximal cover of n/n” in p+p collisions 0.7 2 I E

osf- V,[fv
: Bk
%% A TR
50_4 - i T fﬁ[jj%
. _. ] 2 S
. 3 & 3 03F i €
RHIC: small correction £ & . N ;
LLHC: more substantial correction 1 I YT T—
0 pT[GeWc] L 1 ODT[GEVFC]
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Improved Photon Contribution from n Meson

0.25

0.05

0.25

Yy (M) /y(n°)

0.05

q\\\‘ Stony Brook University

T
I {n},r ¥ {1r ), from mT scalmg on p+p 200 GeV

normalized by 1/n(5GeV)=0.46+0.06

:3& ¥ () /¥ (x°), maximal cover
i R
— - R \Q\&\\\ﬁ)&\}\@&%
B - “&J%x%\\:ﬁ\«\\«\\\;}\\w\\w\w\_
| /-" C\\'\ O e e
. - A, N ¢. 65
B e pranaee
A X
- at =
F i
oy i
L -
- 0-10% (a) ]
B Il 1l I Il 1 ] Il Il -] I ]
B T T I T T T T T T I
- ¥ (M) ¥ (x°), from m_ scaling on p+p 200 GeV
- normalized by 1/n(5GeV)=0.46+0.06 ]

'x'

3‘.& ¥ () / ¥ (x"), maximal cover ]
T — AR R
i T ‘-sb‘v\-;bbb\-cr\\\-&\\%\_\;_“
o ~ ;.-\3%\« \\\.¢\\\.¢\\\¢\\¢\
| ,-"'H B o \\\\\\J\\\ - \A\\\A\\A\
- o - S e — T e

/,. - P et
B PR ]
7 / ~ i \x‘é‘\b}\
7[’ ,/,J\\?.x\.\\. ]
™
[ 60-92% (b)
ﬂ- Lol 1 1 1 Loaoua ol ]
1 10 .
P, [GeVic]

® Significant improvement of
uncertainties on n/m°Ratio at RHIC

9

Smaller contribution below 10 GeV
compared to my scaling assumption

Partially compensated in central collisions
be flow effect

Consistent with previous estimate within
guoted systematic uncertainty

@ Use new empirical /m®Ratio moving

forward:

9
9
9

B (n )universal d Nno data
~ \q0 dpr

Applicable to all collision systems
Does not require n data at low p+
Requires K meson data at low p+

® m scaling based on n meson for
heavier mesons

17
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Run 14 Systematic Uncertainties

Data
N
: . : 04 v
® Yield Extraction N;*!/N; "9 g WX g
0 aar
» N, " background subtraction (2%6) 7N N Pt
¢ Conversion sample purity (<1%) N7
/4
() - Runi4 Au+Au @ 200 GeV, 0-20%
'g‘ B Total —— E scale (type B)
o Energy scale and resolution (3%b) d - ) = Yeldaenion e A
» Loss due to conversion of second photor 1’ 8[ e pee) oo i
material budget (3%0) | et input p, spectra (type B) w/° ratio (type B)
¢ Photon reconstruction efficiency (~1%o) i
¢ Live detector area (1%o) -
» Shape of input % spectrum (1%) I
4
® Photon from other hadron decays 2‘_\/
s n/mn° ratio (1%) e
e Other mesons (<<1%) '/1\ | 1 1
2 2 4 6 8 10
Systematic uncertainties 5-7% p_ [GeV/c]
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Run 14 Au+Au Results

Ph.D. Thesis Wenging Fan, SBU 2020 — 2020 RHIC/AGS Thesis Award

3
el Run14@AuAu, centrality 0-20% Run14@AuAu, centrality 20-40%

PRL 109, 152302 C PRL 109, 152302
PRL 104, 132301 (virtual y) — PRL 104, 132301 (virtual y)
PRC 91, 064904 - PRC 91, 064904

2014 Au+Au EI I I I C

2014 Au+Au

2.5

. &+ &+ &
. * + »

[y*]
IIII|IIII|IIII|IIII

0
:

M I L M -
Run14@AuAu, centrality 60-93%

Runi4@AuAu, centrality 40-60%

f 0.5

+ PRL 109, 152302
2.5

+ PRC 91, 064904
* 2014 Au+Au

+ PRL 109, 152302
+ PRC 91, 064904
* 2014 Au+Au

]
L I L I L | LI
LI I T T | L | L

:
@

o 2 4 8 8 10 2 4 8 8 10
p. [GeV/c] P, [GeV/c]

‘\\\‘ Stony Brook University 19 Axel Drees



Direct Photon Spectra Au+Au at 200 GeV

10°

a B
i g L _270N0 + PRC 91, 064904 | + PRC 91, 064904
,YdlI'GCt = (R'Y — 1),}/hadron E’ . 0-20% + PRL 104, 132301 || 20-40% + PRL 104, 132301
. 10 -_', + PRL 109, 152302 | & + PRL 109, 152302
‘%Z;g." L @ = 2014 Au+Au ¥ * 2014 Au+Au
— §:0_1 ; nﬁ@' — Ng scaled pp fit ; Dﬁg — N, scaled pp fit
. . . s —— N, scaled pQCD | & —— N,y scaled pQCD
® New result improve statistical BN \J
precision ot
» Higher p; reach ) L
¢ Overlap with low & high p; data s _
¢ Enables 10% centrality bins 107 -
c\"l_. 4{6_9 I I 1 1 I 1 1 1 | I 1 1 | I ] 1 __ 1 1 1 [ 1 1 1 I 1 1 1 I 1 1 1 | 1 1 1
T - I § - * PRC 91, 064904 |- *  PRC 91, 064904
® Results consistent With Drevious g | 40-60% . co o] 60-93% . o0 emr
measurements Z[5 | - 2014AwAu [ * 2014 AusAu
. . b -g_v— | ® — Ny scaled pp fit | 3 — N scaled pp fit
? Vlrtual phOton’ Calorlmeter, and Tlg1oTE EE@ —— Neyy scaled pQCD | .; — N,y Scaled pQCD
conversion measurement Bl
¢ High p; consistent with hard G2t
scattering -
» Below 4-5 GeV significant L
enhancement -
107 -
10—9 | 1 1 | l 1 1 | | 1 1 1 I 1 1 1 l j I — i 1 1 Il J 11 Il | 11 1 | Il 11 I 1 Il Il
0 2 4 6 8 10 2 4 6 8 10

P, [GeV/c] P, [GeV/c]

q\\\‘ Stony Brook University 20 Axel Drees



“Thermal” (non prompt) Photon Spectrum

® Subtract N, scaled fit to p+p data

a 10°|
® Fit spectra with exponential function S
o Lowp; (0.8-1.9GeV) T.=261+11MeV  §
o Medium p; (2-4GeV) T.=367+23MeV T2 10
Z|o
- -
® Shape (_)f P spectra independent of g
centrality ~ £10°"
od
10°°
= 10" B pushu @ 200GeV dN:
m o i
o /dpy .
3 _ 10
a 10 40-60% Pr
v B0-93% A;e Tefs(lowpr)
10° Il 1077
10 m
g —— ———g=—{
1'0_1{]'.'&"*; EIIE I1D
p, [GeVic]

q\\\‘ Stony Brook University
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Runi4 Au+Au @ 200GeV, 20-40%

*

PRC 91, 064904

2014 Au+Au

T4 =260.6 +11.4 MeV
— T.4=367.0 £ 23.4 MeV

A e Pr/Tess

I | Is |
1 1 1 1 1 1 11 1 I N N N N |

2 4 6 8 10

P, [GeV/c]
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System Size Dependence of Inverse Slopes

Runi4 Au+Au @ 200GeV, fitting range 0.9 < p_ < 2.1 GeV/c

E B ® AU+ AU@ |5, =200 GeV
) B ®  Pb:Pb@\s, - 2760 GeV
% - Hydro model (0.6 < P, < 2 GeV/c)
= 035
03| m +
0.25 * * * $ I:iy:l
% 0.8<p;<1.9GeV
D-E L I s 1 1 I L 1 y | I 1
0 500 1000
chh.’dr] |”wﬂ
Runi4 Au+Au @ 200GeV, fitting range 2 < Py < 4.0 GeV/c
>’
8 ™ Au+Au @ |5, = 200 GeV
_'% B . Pb + Pb @ |5, = 2760 GeV
[ 0.6
05f +
0.4 ﬂ * m El Iﬂ
N 2<pr<4GeV
03—
0 500 1000

dN/dn |

q\\\‘ Stony Brook University

Inverse slope of data:
@® No clear trend with system size

@ \Within uncertainties consistent
with increasing trend

Expectation from Hydro Models

® Low p; region: increase of T

¢ Emission near QGP/HG transition and
later in HG

¢ Large blue shift

@ Shift increases towards central
collisions

® Medium p+ region: increase of T
o Emission from QGP
¢ Small blue shift

¢ Increase of T, towards central
collisions

PRC 89, 044910 (2014)
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System Size Dependence of Direct Photon Yield

® Consistent with previously observed universal scaling behavior

dNr},/dy = A X chh,/dU)&

[]

& 10
E Hinld Au+Au @ 200GeV, 30-40%
B
g 10 * PRL 109, 152302
‘%E" * 2014 Au+Au
& |
o’ u — M, scaled pp fit
& .
\ " — N, scaled pQCD
107°
107°
1077
.1D—Q ' R R B B
0 2 4 5] 8 10

P, [GeV/c]
q\\\‘ Stony Brook University

2

—
o

T

107"

Jdy (1.0 <p_<5.0 GeV/c)

23

a = 1.09 Tggi(stat) Togr(sys)
PRL 123, 022301 (2019)
a=1.25

P(d.A)+P(A) =y +X

# Pb+Pb, |5 = 2760 GeV (ALICE)
B Au+Au, |s,,, = 200 GeV
® Au+Au, \s,,, = 62.4 GeV
0 Au+Au, |s,,, = 39 GeV
¥ Cu+Cu, \5,,, = 200 GeV
O p+p, s =200 GeV

M., scaled prompt photons

call
p+p fit, s = 200 GeV
__pQCD, Vs = 2760 GeV
— pQCD, ¥s = 200 GeV
—pQCD, Ys = 62.4 GeV

10 10° 10°
dN,,/dn I“_ﬂ
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Comparison to Hydro Models

® Model expectation: e increasing with p; ranges from 1.5to 1.7
® Data: o~ 1.1 with no visible p; dependence

Run14 Au+Au @ 200GeV, dN"/dy = A{dN_/d)"

-ﬁ‘ ” :_ + PRAC 91, 064904 __
= 1 ; —— Hydro model jo = 1.551, A = normalized to data) §
-~ [ —e 0.8-5.0 GeVic, o= 1.12 = 0.02 (x° = 3.68) ]
10 3
15 E
107 g E
107 0.8<p;<5GeV 7
_ pal L0 oa el L TR B
10 107 0
dNy/an [’
Run14 Au+Au @ 200GeV, dN"/dy = A(dN_/dr)"
-_E F 4 PRAC 91, 064904
= 10 | — Hydro model (= 1.636, A = normalized to data)
~ ; s 1.2-5.0 GeVic, u = 1.11= 0.02 (4 = 4.20)
1F
107 &
107 -
-3
E 1.25 < p; <5 GeV
E il R | L MR arae |
10 107 0
PRC 89, 044910 (2014) dN_/dn i:_o
\ . .
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10

107

1072

10~

Run14 Au+Au @ 200GeV, dN™/dy = n{chn;m}“

+ PRC 91, 064904
=—— Hydro model ( = 1.581, A = normalized to data)
*— 1.0-5.0 GeVic, o = 1.09 = 0.02 (x° = 5.66)

1.0<pr<5GeV -

il
10 107 o
dN,/dn ("
Run14 Au+Au @ 200GeV, dN™/dy = A(dN_jen)*

C ¢ PRAC 91, 064904 ]
E- — Hydro model (o = 1.685, A = normalized to data) 3
§ —s— 1.4-5.0 GeVic, e = 1.13 = 0.02 (° = 3.84) :
el ]
g 14<p;<5GeV 3
= PRI | . P B
10 102 o

dN/dn
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p; Dependence of System Size Dependence

Run14 Au+Au @ 200GeV, dN""/dy = A(dN_/dn)"

2.5
© B dNy (chh>a(pT)
i —=A
i dpr dn
2 —
i ® Data:
15— ¢ Constant a(p) ~ 1.1
: |1 ole[ o | ¢ +
1+
05 i | L | | ) A L | L A L | L A L | L \ A
0 2 4 6 8 10
P, [GeV/c]
low intermediate high
- > <4 > < >
HG QGP hard scattering
dominant dominant? dominant
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P+ Dependence of System Size Dependence

Run14 Au+Au @ 200GeV, dN'"/dy = A(dN_/ch)"

—— QGP (a =1.83)

Hadron gas (« = 1.23)

1.5

IIIIIIII1|IIII

:'%

------ Hard scattering

0.5 '4'

6 8 10

0 2
P, [GeV/c]
low intermediate high
< > <4 > < >

HG QGP
dominant dominant?

q\\\‘ Stony Brook University

hard scattering
dominant

26

dn, B
dpr

A chh a(pT)
dn
Data:

¢ Constant a(p) ~ 1.1

Hydro model:

¢ Different dependence on
dN,/dn for QGP, HG, and
prompt component

increasing ayec =1.23
Pt @gep = 1.83

Ahard — 1.25

o Expect significant p+
dependence of a
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“Thermal Photon Puzzle”

ne [
> (a) Invariant yield
¢ 10E 0.2}
= F —— Fireball senario
Z s —— Semi-QGP w/o viscous [
"br'g' - —— PHSD 015
w 1 E Initial strong magnetic field L
F 0.1
-1 -
10 0.05f
102 0
(€)v, PHENIX
0.2
1 0‘3 = @Calorimeter
F 0.15 _ @Conversion
f -4
10 E Au+Au 20-40% 0.1f
[ \Sy=200GeV
10r5 E 0.05 o
E Yield is from PRC 91, 064904
T Y A T 0
0

P, (GeV/c)

P, (GeV/c)

I~ PHENIX/ALICE Direct Photons
* Pb+Pb 2760 200 GeV
Au+Au 200 GeV (real y)
Au+Au 200 GeV (virtual y)
Cu+Cu 200 GeV

Au+Au 62.4

» 4 0O =

p.>15 GeV/c?

(

—

et
|

fit to PHENIX data:

Zl& F
© - — k N?n
--- kNG
B 1.51
----- kN, (Paquet)
102

Runi4 Au+Au @ 200GeV, de"/dy = A(dN_/dn)*

Hadron gas (o = 1.23)
QGP (a. =1.83)

PRC 89, 044910 (2014)

PhD thesis W. Fan SBU 2020

1.5

0.5

:

ZED-L..._.J_-....-

PRL 123, 022301 (2018)
=+ Hard scattering

6 8

10

0 2 4
P, [GeV/c]
low intermediate high
« > < > < >
HG QGP hard scattering
dominant dominant? dominant

@ Qualitative: in agreement with
thermal sources

* Large yield of low p+ direct photons

* Large Anisotropic Emission

¢ Universal Scaling with a ~ 5/4

® Quantitative: Challenging to
explain by current models



What i1s the Source of Direct Photons?

® Photons from strong B field 2
» Significant intermediate p; yield ¢ Significant intermediate p; yield
o Largev,—nov; ¢+ Small v,
» Centrality dependence ? ¢ Scales with N,

jet in-medium

pr\omp? phoTons Bremsfrﬂuhlung Jef‘plﬂlsmﬂ
converions

photons from
strong B field

" decay photons

pre-equilibrium
photons from

photons thermal radiation A -
® Pre-equilibrium emission ® Light from hadronization
» Significant intermediate p; yield ¢ Large low p; yield
o Small v, » largev,, vq like hadrons
o Centrality dependence ? ¢ Centrality dependence

q\\\‘ Stony Brook University 19 similar to HG? Axel Drees



Future Direct Photon Measurements with PHENIX

® High statistics large systems
¢ Au-Au, Cu-Au at 200 GeV
¢ V2,v3outto high p;
+ Different collision geometry at

same N,

® Small system data sets
e p-Au, He-Au, d-Au
¢ ‘“engineer” collision geometry
@ Search for onset of QGP

C p(A)p(A) > v, + X =125
N,..=148 :u:?:‘s b=7.8 fm Nou=147, N 292 b=4.3 fm 8 1 02 3 il Pb+Pb, ‘SNN - 2760 GeV (ALICE) N~
Sl S E L PbePb, \sy, = 17.3 GeV (WAS) PH “ENIX
© D - . Au+Au \sNN = 200 GeV preliminary
G 10E @ AutAu, sy, = 62.4 GeV
o E 101 Au+Au, {5y = 39 GeV e |
e . n 1L v Cu+(3u,EMN =200 GeV &
N, =212, N_ =523, b=6.2 fm N,,=202, N_ =431, b=1.5fm \Y § A d+Au, \'ISNN =200 GeV '-_-’
Q_r— - % p+Au, s =200 GeV  cusA Vg
:Au+Au VSuy = 200GeV e  PRCY4, 064901 v 107" © P+P, Vs =200 GeV ": Y
0.3 " I[<0.35, 0-20% e PRL109, 122302 (BEC) o - ,
B ® 2014data . = 22 -
- T 10% deu)
C = led prompt photons
0.2~ yXER - - Ny, scaled prompt p
- st T, o[ el . p+p ft, Vs = 200 GeV
5. S-10°F —pQCD, Vs = 2760 GeV
= 01 __ "I o) = // e) __pQCD, s = 200 GeV
Tk i H —pQCD, Vs = 62.4 GeV
_l |#} {§ * 10_4E L Illlll‘e®l Ll p| .\S..H..T
o | il il /. - - 1 10 10 10°
: Y AN, an |,
—0.1— e : :
0 10 15 Unique ongoing measurements from PHENIX
P, [GeVic]
\ . .
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e*e” Pair measurements with PHENIX?
YJ};’ Requires high statistics and simultaneous
¥

measurement of open heavy flavor pairs

/‘7’ PHENIX 2014 + 2016 datasets
ﬁL 15 nb! or 34B events

Schematic Dilepton Spectrum

IIIIIIIIIIIIIIIIIlIlIIII|III

=
g
Direct Measurement of the Temperature = [0 - paitz
Z T« MB/2 e—M/T

® Thermal virtual photons: mass and p
P M
momentum
* Momentum Doppler shifted
* Mass Lorentz invariant

* Mass directly measures time averaged
temperature

--------
"y

R AR RTTT IR TTTT ARCRRTTT RN RTTTT AR ! |||||uL

® Massrange 1 -3 GeV

+ Only significant physics background
open heavy flavor

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

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

~d,

........

Illlml IIIIII|T| IIIIII|T| T IIII|'|T| IIIIlI|T| T TIIT
/

JIIIIIIIIIIIIIIlI]I|IIII|IIl.l

1 2 3 4 5
mass (GeV/c?)
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