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Direct-Photon Production in Heavy Ion Collisions
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STAR and PHENIX results do not agree!

I will discuss this at the end of the talk!
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@ Introduction
@® PHENIX results

+» Experimental techniques
2 Direct photon spectra and flow
o Future AuAu dilepton results

® PHENIX - STAR - ALICE comparison
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Electromagnetic Radiation in A+A Collisions:

final detected
160-110 MeV 110 MeV particle_distribution
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Photon Measurements with PHENIX
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PHENIX low p; Direct Virtual Photon Analyses
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PHENIX: Phys. Rev. Lett. 104 (2010) 132301
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PhD — T. Dahms (2008)

® Using virtual photons y*— e*e™:

¢ any process that radiates y will also
radiate y*

o for m < p; extrapolatey™ tom =0

@ m > m,cutimproves S/B by
factor 10

@ Sys. uncertainty cancelation in ratio
* / *
Yair/Vinci

Increased sensitivity

10% signal relative to n° - yy
100% signal relative ton - yy
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PHENIX Low p; Direct Virtual Photon Analyses

PHENIX: Phys. Rev. Lett. 104 (2010) 132301

@ Measurement requires

o 1<py<2CeVic ; accurate knowledge of:
(a) p+p i (b) Au+Au (Min. Bias) n
? /11'0 ratio

0 2<pT<3 GeV/c
2 detector resolutions

103
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A 3<p<4 GeV/c

v 4<pT<5 GeV/c

pp data confirm

understanding

-(c%GeV) in PHENIX acceptance

ee

¢ background subtraction

2 .
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for p; > 1 GeV
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PHENIX Direct Photon y - eTe™ (HBD) Measurements

@ Double ratio tagging method minimizes

systematic uncertainties
¢ Clean photon sample N, with photon conversion

0
» Tag m®decay photons N, ““ in N, sample
¢ Correct for conditional tagging efficiency (&f)
¢ Scale for other decay photon contribution

PHENIX: Phys. Rev. C 91 (2015) 064904
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PhD - B. Bannier, R. Petti (2014/2013)

— measured
conditional raw yields
tagging efficiency
Data
N
Y
Nil’lcl <#> I Nﬂotag ]
R, =—_ = -
V4 Nhadr
y

hadr Mc
N,

simulated based
on hadron data

2007 & 2010 data sets with HBD

two analyzers
two independent analysis codes

two independent methods for (¢f)

Consistent results
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PHENIX Direct Photon y — e"e™ (VTX) Measurements

PHENIX: Phys.Rev.C 109 (2024) 4, 044912

x10°

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

PhD — W.Fan (2019)
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consistent results
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Photons from
hadron decays
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PHENIX Low p, Direct Photon Analyses

Low pt Direct Photon Spectra

Run system energy type Thesis Publication

Run 2004/2005 |Au+Au/p+p 200 GeV T* Dahms SBU 2008 |PRL 104 (2010) 132301
PRC 81 (2010) 34911

Run 2006/2008 |p+p/d+Au 200 GeV T* Yamaguchi Tokyo 2011 |PRC87 (2013) 54907

Run 2005 Cu+Cu 200 GeV v* Hoshino Hiroshima 2017 |PRC98(2018) 54902

Run 2007 Au+Au 200 GeV Y — ee |Petti SBU 2013 PRC 91 (2015) 64904

Run 2010 Au+Au 200 GeV Y — ee |Bannier SBU 2014

Run 2004 Au+Au 200 GeV Y Gong SBU 2014 -

Run 2010 Au+Au 39/62 GeV |y — ee |Khachatryan SBU 2015 [PRL123(2019) 022301
PRC 107 (2023) 024914

Run 2014/2015 |Au+Au/p+Au 200 GeV Y — ee |Fan SBU 2020 |PRC 109 (2024) 044912

Low pt Direct Photon Azimuthal Anisotropy

Run system energy type Thesis Publication

Run 2004 Au+Au 200 GeV v Miki Tsukuba 2009 |PRL109 ((2012) 122302

Run 2010 Au+Au 200 GeV Y — ee Ba.nnier SBU 2014 PRC 94 (2016) 64901

Run 2007 Au+Au 200 GeV v Mizuno Tsukuba 2015

Run 2014 Au+Au 200 GeV Y — ee |Giles SBU 2024 |arXiv:2504.02955

Y* analyses
pp, dAu, AuAu, CuCu

y — ete” (HBD)
AuAu 39, 62.4, 200 GeV

y - ete™ (VITX)
AuAu 200 GeV

ongoing analyses:
y - ete” (VIX)
pps pAu, CuAu 200 GeV

Multiple independent analyses with significant crosschecks

Center for Frontiers
in Nuclear Science

‘GP

3 different methods, 11 theses, 10 publications
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Direct Photons in p+p and Aut+Au at \/sNN= 200 GeV

PHENIX: Phys. Rev. C 107 (2023) 2, 024914 . PHENIX: Phys.Rev.C 109 (2024) 4, 044912
L B B B S B B 107 T L L L
102- Direct photon data in Au+Au 0-20% at |s,, = 200 GeV - |_Au + Au, \/sTm =200 GeV Direct vy —
- = PRC 91, 064904 -+ @ Direct photon yield well - O 0%-10% (x 510%) |
v e PRL 104, 132301 . - PHENIX e 10%-20% (x 10
- ¢ PRL 109, 152302 —_ established 10| = 20%-30% (x5)
) = N_,, scaled p+p fit . . ;
— 101 ..- Direct photon data In pep at 3. = 200 GeV ] + pp consistent with pQCD - @gﬁfg O 30%-40% (x 1) -
) PRC 87 054907 _ L o a 40%-50% (x 5107 _|
> L \P N ' B ? 2 50%—60% (x 10™)
D o PRL 104, 132301 — ) a
S n & PRC 87, 054907 - * AuAu follows N, scaled S 107°p¢ o % 60%-70% (x 5102
— - . e - -
'8:_ ZH%' - a . E
Z » Significant excess below |2 10 - 0 s
b 3 GeV in AuAu de L g 0 i
N - o
T * Excess has close to exponential 1078 - ‘ % o -
shape with T~ 240 MeV u ﬁf S
10'%= PHENIX \%\Q\v\o 10-1 |+ 70%-80% (x 107 % _
| | | 7 80%-93% (x 5107°) | | .
| 1 1 | | 1 1 l | | | 1 | | | | | | | | | | | | | 1
6 8

0 2 4 10

GeV/c - - a=
P, [GeVic] High statistics Au+Au results p_ [GeVic]
71D reveal universal features
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System Size and Energy Dependence of Spectral Shape

G

AN

Center for Frontiers
in Nuclear Science

® Au+Au, |, = 62.4 GeV, 0-86%

¢ Au+Au, ys,, =39 GeV, 0-86%
O P+p, s = 62.4 GeV

0] P+p, Is = 63 GeV
— PpQCD, fs = 62.4 GeV
.... pPQCD, fs = 39 GeV

VSuy = 200 GeV:
B Au+Au, 0-20%

® Au+Au, 20-40%

A Au+Au, 40-60%
O P+p. ¥s =200 GeV

= p+p fit, ¥s = 200 GeV
.... pQCD, ¥s =200 GeV |

4 Pb+Pb, Ysy = 2760 GeV, 0-20%
B Au+Au, Y5, =200 GeV, 0-20%
® Au+Au, |5, = 62.4 GeV, 0-20%

+ Cu+Cu, Vs, = 200 GeV, 0-40%
— PQCD, Vs = 2760 GeV

.... PQCD, Vs =200 GeV

PHENIX

Similar thermal photon yield when scaled with

AN 1-25
dn

independent of energy, centrality, or system size

suggests similar conditions at emission
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Prompt Photon Production Cross Section

1034""8"6‘"6 et al: Phys. Rev. D73 (2006) 094007 PHENIX: Phys. Rev. Lett. 123 (2019) 022301 PHENIX: Phys. Rev. C 107 (2023) 2, 024914
D DO ppvs=1.96 TeV [ > g E
é odl o v CDF phvoc B Tev - 0 Au+Au, s, =39 GeV  0=1.25:0.02 S, - 5.0 <p, <14.0 GeV/c ]
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3 o[ SV N :

o) s e vemnag 10 it 107 | 1
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B S WATOppvec2re = [ o 107° » ALICE Pb+Pb 2760 GeV

10 | ' o ® Lo S ——+++ -
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of 025 %% ’ Q:— - 8. 0 <P, < 14 0 GeV/c R

a C AT z Z 10°F E .

-3f ‘ - o 2 i
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g Y 10F 1t . . [ () -" ]
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10 k£ ' ‘s N - - e ;
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10 10°

Calcuable with pQCD dN  /dn |
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~ (Nch)l'zs
cep from RHIC to LHC energies

i \ = g
Wi Soone 14 QI stony Brook University
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Low p; “Thermal” Photon Region

PHENIX: Phys. Rev. C 107 (2023) 2, 024914

PHENIX PHENIX ALICE 1
1 Au+Au s, = 62.4 GeV * Au+Au ys,, = 200 GeV Pb+Pb ys,, = 2760 GeV
I e 0-20% e 0-20% e 0-20% ]
o 20-40% o 20-40% o 20-40% r
I AutAu |5 = 39 GeV . = 40-60% = 40-80% f
| Cu+Cu ys,, = 200 GeV ;
{ ~ i
-.J | » __ s 0-40% 1
il N -
1| Il L P+p Ys = 200 GeV E
3 ' E
\ i % 3 ?
\ A S :
\ A\ E
AN J -
\ L] e

pQCD u=0.5 P, E . pQCD u=0.5 P, pQCD u=05 P
— -¥s=39 GeV AN — {s=200 GeV 3F  — Vs=2760 GeV ]
— Vs=62.4 GeV N E
(a) \ (b) (c) E
ol b bbb b NI oo b b b bbbt e b b e b by e
0 1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6 7
p. [GeV/c] p, [GeV/c] p. [GeV/c]
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System Size and Energy Dependence of Direct Photon Yield

PHENIX: Phys. Rev. C 109 (2024) 4, 044912
PHENIX: Phys. Rev. C 107 (2023) 2, 024914

10 = Directy (1.0 <p. <5.0 GeVilc) . 16 ALICE: Phys. Lett. B 754 (2016) 235-248

E T /O E . [TTTT | T TTT | TTTT | TTTT | TTTT | T TTT | TTTT ‘ TTTT | T TTT | TTTT]

- = PHENIX Au+Au 200 GeV . . © Au+ AU, |5, = 200 GeV :

1 — fitto new data . 1.5 ~ Direct —

S fit p+p 200 GeV = = ¥ .

: u scaled by N_, - 1.4 e Nonprompty =

107 = n =

2> = - 1 .3__ =

= i PHENIX . E Jf :

1072 % Au+Au39 GeV = 1.2; § 4 ]

© - e Au+Au62.4GeV - 1.1 % -

103 = Au+Au 200 GeV | - ]

= Cu+Cu 200 GeV = 1= —

= dN,  dN, - - fit to published data - - * .

10_4 e dyy o ( dnh)a ALICE E 095_ PHENIX —E

Fa=1.11 + 0. 02 (stat)fgjgg(sysp § PRiEb2Io ?eV - 0.8~ | =

102 103 1111 l 111 I 111 | L1 11 | 111 | | | I L1 11 J L1 11 I L1 1] I 111171

chh/dTI |n_0 O 12 3 4 5 6 7 8 9 10
p. [GeV/c]
Scaling behavior of thermal photon
yields in all A+A with N9~ (N )11
1D with no obvious dependence on p; .
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Energy Dependence of Spectral Shape
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1

0

Center for Frontiers
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Direct y {0 20%)

o ALICE Pb+Pb 2760 GeV
= PHENIX Au+Au 200 GeV
e PHENIX Au+Au 62.4 GeV

IIIIIIIII|IIII|IIII|IIII|IIIIIIIIIlIIIII‘lIII

Exp. fit
—04<p < 1.3 GeV/
—09<p < 2.1 GeWc:_

III| | IIIlIII| | IIIlIII|_

n
Ll

<
| | IIIIIJI| | IIIIIJI| 1 IIIIIII|

..-
-
rd
’
| |

%

T_. [MeV/c]

600

500

400

300

200

100

PHENIX: Phys. Rev. C 109 (2024) 4, 044912
PHENIX: Phys. Rev. C 107 (2023) 2, 024914

ALICE: Phys. Lett. B 754 (2016) 235-248

T ]]llllll

PHENIX Au+Au

IIIIIIIII|II]I|IIIIIII|I|IIII|II

T

____{) __________ EI] _________

600 O.4<pT<1.3G|eV/c
oemaid 09<p <2.1 GeV/c
<>c£h 20<p <4OGeV/c

T IIIIIII T T T TTT

ALICE Pb+Pb

463 = 30 MeV/c

170 =+ 15 MeV/c

JlllllllIIIIIIlIIIIIIIIIIIIIIIII

10°

10°
sy [GeV]

T INCreases with p;

No obvious variation of T with /syy
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Centrality or System Size Dependence of Spectral Shape

PHENIX: Phys. Rev. C 109 (2024) 4, 044912

Tt "1 @ Nonprompt direct photons, i.e. photons
" PHENIX Au + Au, |sy, =200 GeV - from the fireball
0.6 — Nonprompt y — o Teff increases with pt
i i + No obvious centrality dependence
| T.4 extraction range i
: & | -
© 0.5 ¢ 08<p,<1.9GeVic | ® T,~260MeV for 0.8<p;<1.9GeV
> . 0 2.0<p.<4.0GeV/lc . » Consistent with emission at chemical
O T crep. e .
0] i i equilibrium + blue shift
= 0.4 @ 376 MeV/c =
() FF ===t e m e e e ey - o e e e T T e
= - + 1 ® T,~370MeV for 2.0 <p;<4.0 GeV
m : » Consistent with earlier emission, possible
0.3 ? — from pre-equilibrium phase
| - g
i 260 MeV/c ] Data suggest bulk of emission near
O N R R R phase boundary
0 200 400 600
dN_ /dn | Indication of preequilibrium emission
'nz

) A
(,;enter for Frontiers
in Nuclear Science
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Azimuthal Anisotropy of Direct Photon Production

ELLIPTIC FLOW — L Flreball. from CO.lllSIOI.l rapidly fbxpands

0ff-center collisions gold nucleus + Radial flow with anisotropy with respect to
-center ISion . . s

between gold nuclei the reaction plane (elliptic flow)

f;;ido”ncgfaq"u‘;'::g““' — ® Direct photons emitted from collectively

gluon medium. - - = expanding matter
¢ Anisotropic Doppler shift

PHENIX: arXiv:2504.02955
I | 1 I 1 | I 1 1 I 1 1 T | 1 1 1

L DL B BN R B
_ PHENIX Au+Au \[s,, = 200 GeV ]
i JE 0-20% o PRL109 (2012) 122302

gluon medium

5 PRC94 (2016) 064901 -
The pressure gradients . § e arXiv:2504.02955
inthe elliptical region S oRa\ 01 Uﬁ %ﬁ
causeittoexplode T — > N .%

— iﬁ- fo} % Ly

o <
collision (arrows). 0
2 4 6 8 10 12 14 16 18

71D
C e o p, [GeV/c] g stonyBrook University
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Direct Photon Azimuthal Anisotropy

PHENIX: arXiv:2504.02955

] 0-10% _ 1020% ___' 2030% _ 0.2 - @
F Au+Au, |5, =200 GeV ] PHENIX - _ E | .
- n|<0.35 T T ; 0.15 ¢ o .
o + T8 T 0'..‘. { 1 =~ _ | . i
I ® F ] D T ]
A.u. o 1 ¥ ...i ¢ . } .9§ } ] i 0'1: ]
: ! t o : ]
------------------- :::::i::::I::::I::::':::}::':i::':}:::: 005__ 2<p.<3GeVlc b -
- 30-40% 1 40-50% 50-60% ‘ ] - T -
I 18, i % ' o.ef  PHENIX (b)
T ey " T 1° ".}% + I y }H T \ ' CE Au+Au /s, =200 GeV
6 } 1[ f : T : l + o~ 0.1F 10 <p_<20 GeV/c .
é1l0 '1I5 IIIIII £|'>1|01|5 IIIIIIII 5““'1'()“'1'5“” 30_055—0. } |
p. [GeV/c] p. [GeVic] p. [GeVic] o % ‘

Center for Frontiers
in Nuclear Science
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as large as hadrons
consistent with zero
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Comparison to Multi Messenger+ Model Calculations

PHENIX: Phys.Rev.C 109 (2024) 4, 044912

_111]11[][[1]|||lllr__]]][[[[l[{{]]]]l]]l_
1021 0-20% _| 20-40%
I L
Direct y i
= PRL 104, 132301 (2010)
o 1._ PHENIX Au + Au T * PRL 109, 152302 (2012) |
"5‘ i 1 ¢ PRC 91, 064904 (2015)
S I VS =200 GeV > PRC 109, 044912 (2024)
(0] _
(5 10 21
= -
(Y] -
o
© T_ 1074
— e
R L
oV}
10°
- - Radiative Hadr. B=
N — EM Fields
-- Multi Mess PreEqui.
108 T —Multi Mess. QGP+HG ]
caoa v by v b by |||||||||H||||||||
2 4 6 8 2 4 6 8
P, [GeV/c] P, [GeV/c]
Model Calculations:

71
(,;enter for Frontiers
in Nuclear Science

Gales et al. Phys. Rev. C 105 (2022) 014909
Sun et al. Nucl.Phys.Rev. 41 (2024) 558
— — Fujii et al. Acta Phys. Polon. Supp. 16 (2023) 1

PHENIX aerv 2504 02955

0-20%

Q, .

0.2 20-40% ---- Radiative Hadr. .
— - EM Fields -

e Multi Mess PreEqui.

. —— Multi Mess. QGP+HG -

Thermal Photon Puzzle:

21

PHENIX Phys Rev C 1 09 (2024) 4 044912

10 10<p <5.0 GeV/ic ‘
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Virtual Photon (e*e” Pair) Continuum Measurement in PHENIX

measurement of open heavy flavor pairs

& ¢ Requires high statistics and simultaneous
A
ek

Schematic Dilepton Spectrum
g—_’ PHENIX2014(2016)datasetS_g LI N N I N I A O B
>
- - 19B (34B) Au+Au events S, [°no - Dalitz .
=N =7 o M3/2 e—M/T
1 po dM
i\ 4 thermal source
° ""'--.“:'! | J:"\p'
Direct Measurement of the Temperature ‘g\
® Thermal virtual photons: mass and momentum N\ 0D
* Momentum Doppler shifted N n
¢ Mass Lorentz invariant “'-\
o Mass directly measures time averaged temperature ) RE ------- s,
® Massrange 1 -3 GeV E re{,'_;}'a;,'{'""~-a.-..-_;:'.'Z".'Z“.'Z"_"_';'-_-j-_-»_ '
@ Only significant physics background open heavy T T T T
flavor 1 2 3 4 5
CGLN mass (GeV/c?)
c_enter for Frontiers
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Proof of Principle: p+p Collisions with Vertex Tracker (VTX)

Foreground and Background PhD — V. Doomra (2025)

’&;‘- 1 08 %I L | | L | | | | | | | | L | L | L | I%
Q F o~ p+p, Vs = 200 GeV ]
g 10°e" PH ENIX E Signal = Foreground - Background
o F preliminary — FG,..- (W/o conversion rejection) 3
8 108k~ —— FG,.,- (With conversion rejection) — 107 Run 2015 p+p, \E 200 GeV Inl < 0 35
o —— BG,., (Mix. Event) 1 @ S -
;2 10° | -- Cross Pairs (Sim) _ § — FGﬂ. S —>ye" g e n—oyete R
2 = Jet Pairs (Pythia8) 3 510 e osyete wn—se'e - o-onee _
%104;; . e _ g ; —o—oe'e —o¢—one'e Jy—>e'e 3
T = aatienamaliy . 3 < —y' sete e cC bb =
O k. 29% VIXconversion - 1 x10°¢ - Drell-Yan - BGy. — Cocktail =
- 10 g_i*+ background rejection " T, = 5 f . =
S et + 1 .. pr*®>15GeVic
2102 = #’H n —, ——+ -4 o 10 T T =
£ F- b = + = £ PH ENIX
S [ e, — T T 1 < 0 preliminary
S~ 1 | -
pa 10? > R —+3 € -
© - signal / background ~ 2:1 4 3 ‘ ]
e Tl g G =
— — o S =
—1 _I 1 1 1 I 1 1 11 I | I I | I | I 1 11 1 I | | 1 11 1 I 1 111 | 1 1 | | Z 3 T T e :
10005 1 15 2 25 3 35 4 4"% B
: . Me(GeV/cY) Mee [GEV/C?

mass region of interest Clear Sig nal
| 3 QA in heavy flavor region
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Separating Prompt and Heavy Flavor Signal

PhD — V. Doomra (2025)

® Transverse Distance of Closest Approach
¢ Require 2+ hits — PIXEL and STRP PIXEL layer of VTX \\ //’
¢ Momentum measurement from DC/PCI1 tracking STRlP PIXEL s
¢ Constant magnetic field XX ~32% NG

PlXEL

X/X0~l.28% / //
\ / /

CGD
2 i \ -
Wi Soone ” QI stony Brook University



Separating Prompt and Heavy Flavor Signal

PhD — V. Doomra (2025)

® Transverse Distance of Closest Approach DCA,

¢ Require 2+ hits — PIXEL and STRP PIXEL layer of VTX >
¢ Momentum measurement from DC/PC1 tracking / STRIP PIXEL
¢ Constant magnetic field y 2/ XIXo~32%
/4 v K3 A
A - U DL L L = 7T T DCA /
€ 500l - 12 : T/
= 500 p+p, Vs =200 GeV | & p+p, Vs = 200 GeV : :
< T 1= T~ , /—"‘" 74\
S +FG,, DCA, 1g1 PH ENIX ~ FG.. 177 hY
Q 400 ] g preliminary ;. Simulation . ] Z: ‘Jf
: ‘ s i 2.9 <m,, <3.4 GeV/c? | d‘\’\,\\ R
n B i 1 N i
B § | PIXEL
200 = 107 E
- PHENIX 1 1 F =N o
C preliminary —$— ’ i ye _| + + +1 B ]
100(- - : . & Separation between
B ]/ 1 LL : prompt and HF
: R Sy SO I BRI MY I B} NIRRT | B components possible
15 2 25 3 3.5 o 1970 200 400 600 800 1000 P P
M,c(GeV/c?) DCA_(um)

G %
' i \ -
Wi Soone 25 QI stony Brook University



Separating Prompt and HF Signal in AuAu at 200 GeV

_ L R e LI L L L L L N L [ L L Y L B EENNL L L N I L ) I L L B Y IR
§ 10 4_% Run 2014 0%-93% Au+Au \s,,, = 200 GeV = 9:3 10 = Run 2014 0%-93% Au+Au s\w=200GeV = @ 200 Run 2014 0%-93% Au+Au sy = 200|GeV
S [ Iy’<0.35,p3>0.4 GeV, p°>0.8 GeV 1 2 dala 0, eey neer 1S | 1y9<035, p>0.4 GeV, p>0.8 GeV :
o 10°s FG BG si o4 8105k P04 CeY - ~ee&nleed & 200 - T T =
Q & - . .. — Signal 1 9107w T p—ee o —>eed&nees @ 3 ) :
3] 3 19 quw.aeev 58 . et
>‘<° e 1 | 1y°1<0.35 _ﬁ:ee_&'ﬂee v e 18 4800 h
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% P o S . % PH”//\?‘ENIX B 5 1601 - _3
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- F - E —_— | E | E
% —8: ﬂ-ﬁ-c.% ] ; 8 4 E :. ++'+' E
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0 F Y o 1 = 1~ 3 ]
© - Al o - 4@ — N —
£ 0oL PH-“ENIX == =" ppenix *
S ™ - preliminary 1§10 " S gl prelimn
2 - ] = ‘ 1 g 80 preliminary -
H—t —t L - = oo b e P b e by
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8 10*‘;5 E M, (GeV) M. (GeV)
© F 0 ]
5 10° [, L
(.0 E @ 99 e% - T-
10—1 E «P ¢ Hﬂ* =
: |1 g L Promising early results
m,... (GeV) from AuAu 200 GeV
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Summary: PHENIX Direct Photon Results

® New high statistics Aut+Au results reveal/confirm universal features

® Large “thermal” yield for p; <4 GeV

o T, increases with p
@ No obvious variation of T  with \/syy or centrality

9 Nydi“ ~(N,)* scaling of direct photon yields in all A+A systems
¢ o~1.1independent of p

¢ Large anisotropy v, with max at 2-3 GeV
® Prompt photon production dominates p, >S5 GeV

¢ No modification of yield beyond N, scaling of p+p
@ No anisotropy

® Outlook: measure T through e"e pair continuum in Au+Au
¢ Proof of principle in p+p
@ Separation between prompt and HF components possible in Au+Au

771
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STAR vs PHENIX Discrepancy

STAR: QM2025

b E
C o:1.43 = 0.04 (stat.) = 0.04 (sys.) .
2 [ STAR Awean 10 p, <30 GeV/e @ STAR results:
=10 — A(dN_ /dn)“ Fit to STAR Data (x10) » Virtual photon analysis y*— e*e™ for
Z E 200GV 5 Au+Au at 14.6, 19.6, 27, 54.4, 200 GeV
I S AT Priliinsi 3 * Self consistent analyses & results across
. REE 41 éel\l;lmdl‘) energies
= y . a
- e 27GeV [9 v ¢ Direct photon yield scales with N)‘f””~ (%)
- * 196GeV 13 ; with a ~ 1.43 !
107 + 14.6 GeV g 1
s A W ® Compared to PHENIX results:
02l i 7;T ; e » STAR yield a factor of 3-5 below PHENIX
Z . i > a~1.43 versus a ~ 1.1 for PHENIX
: PHENIX, Au+Au, 1.0 <p_<50GeV/e
10°E —+— 200 GeV Differences need to be resolved!
= —— 62.4 GeV
. i 39 GeV :
i ++ Cu+Cu 200 GeV | Best option compare
10_4 | 1 I R N I | 1 G R Rt | Au-Au 200 Gev

102

dN h/dn virtual photon analyses
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G

Comparing Virtual Photon Analyses

Au+Au min. bias 200 GeV

PHENIX

PHENIX: Phys. Rev. Lett. 104 (2010) 132301
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d’N./dM . dp_ (GeV*/c’)" in STAR acceptance

STAR: Phys. Lett. B 770 (2017) 451
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A Little Bit of Power l_’oint Tricks

N
c_enter for Frontiers
in Nuclear Science

STAR: Phys. Lett. B 770 (2017) 451

10°
102

d’N,/dM,dp_(GeV’/c’)" in STAR acceptance

JvU

Au+Au 200 GeV 0-80%

i e—
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A Little bit of Power Point Tricks

STAR: Phys. Lett. B 770 (2017) 451

° Aut+Au 200 GeV 0-80%

Aut+Au 200 GeV [I-S(l%ee
p>0.2 GeV/e, <1, [y“|<1
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A Little bit of Power Point Tricks

Au+Au 200 GeV 0-80%
STAR: Phys. Lett. B 770 (2017) 451 %

10° "'-.. R0 GV R R <
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A Little bit of Pow&r Poing-~Lebckas

STAR: Phys. Lett. B 770 (2017) 451 .00... p;>0.2 GeV/e, %<1, |y*|<1

10° B> .
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Aut+Au 200 GeV 0-80%

A Little bit of POWc-F.EthIE);l;‘ECI‘,g]%;,, e
STAR: Phys. Lett. B 770 (2017) 451 L e S
_ Au+Au 200 GeV 0-8576*
10° -.i—‘..-*.*..*e_*_—*ﬁ S—— Ty
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More Plower Point Tricks

E E Au+Au 200 GeV (0-80%) 2.0 <p_<2.5 GeV/ - Start with STAR data
2 107" | —
2 U OB r=009£002 — (ofmoef, (m) @ =
~ B \ """ f(m_) 5
< = W v2/NDF = 4.5/4 e -
CZJ 102 - .iji . === fg(m ) =
R= = R Y =
- L. e -
PN R 5 .
% 10° TI =
Qh _.“..‘ ..°'-_“‘v- :, =
o) - R -
s 10 o
Z
=

0.1

M. .(GeV/c?)
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More Power Point Tricks

-
o

(CEIGEU] in PHENIX acceptance
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Start with STAR data

Adjust PHENIX plot
to have same scale
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More Plower Point Tricks

E E AutAu 200 GeV (0-80%)~2:0< p_ < 2.5 GeV/ - Start with STAR data
=7 -1 4 ——
2 0 ; r=0.09 £0.02  —— @-ofj@my)+rf, (m ) 2 = :\le;ust PHENIXIPIM
o : \ _____ c(mee) : 0 nave same scaie
= - W, ¥%NDF =4.5/4
»n 4072 - .i; - - == m ) —= And overlay
= = Mo Tl =
E 10° . T =
$< E =
- B =l STAR and PHENIX data
;s N -] seem consistent!
10” S
5 S N 1 W :
z | — / o in STAR larger than
& - T _
in PHENIX
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ALICE — PHENIX - STAR Direct Photon Comparison

ALICE: Phys. Lett. B 104 (2025) 139645

% I I I I |
< 10 ALICE
5 —  Data(1<p_<3GeVk)
% u ® ppis=13TeV
— C. Shen (1 <p. < 3 GeVic)
1=— PDF:CTEQ6.1M, FF: BFG-II
- 0 Prompt
— D Prompt & Thermal
10~ C. Gale (1 <p_<5 GeVk)
= nPDF:nCTEQ15-np, FF:BFG2
E Pb—Pb \s,,, = 2.76 TeV
- —— = Prompt
102 — Total
103 =
107
| 1 1 1111 |

[ |

Tl'
3 By
- P
~
i

ALICE (1 <p. < 5 GeVic)

4.5
v

+
17

PHENIX (1 <p. < 5 GeVic)

n
¢

—— N_,, scaled pQCD

STAR (1 <p. < 3 GeVlc)

»x

i

Pb-Pb {5, = 5.02 TeV
Pb—Pb {5, = 2.76 TeV
95% C.L.

AuAu szN =200 GeV
pp Vs = 200 GeV

(/s = 200 GeV)

AuAu s, = 200 GeV

—
III|
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10°

10°
dN/dn| _

38

ALICE Pb-Pb data:
2.56 TeV: Phys. Lett. B 754 (2016) 235-248
5.02 TeV: arXiv:2308.16704

@ Pb-Pb2.56TeV (y, y—>ete)
¢ Largely consistent with PHENIX
data (see earlier comparison plots)
® Pb-Pb5.02TeV (y'—ete)

@ Central value consistent with STAR

¢ Large uncertainties, within those
consistent with PHENIX or only
prompt photons

@ ppl3TeV(y*—>ete)
¢ Yields apparently consistent with
STAR
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ALICE p-p at+/s = 13 TeV

g -
> ALICE 1<p,. <2GeVic ALICE e*e™ pair data for pp 13 GeV
© 10  ppVs=13TeV r=0.0147+ 0.0031 (stat.)
"g - p,_>02GeVk x2ndf = 11.4/14
“‘é '!\; + 2% global unc. not shown
E B [*“J ° Data ....... fHF
5 E oo “rxfy - (1=r )xf e
S
- = —rfy +(1-r +f
i ‘Iasb d ( YLF HF
10 R ---(1=r )xf_,
= N
3 *ho = (1=r )xf,
A
102
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:IIII|III_¢-+III
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(@N m,, (GeVic?)
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More Power Polint Tricks

L 0
> ALICE 1<p,,<2GeVl ALICE e*e™ pair data for pp 13 GeV
Q110 ppVs=13TeV r=0.0147+0.0031 (stat.)
€ | TP m020eVEe ¥ mafs 1444 Compared to min. Bias AuAu 200 GeV
““é "i!:t + 2% global unc.cnot shown data from PHENIX
& o * [Data fue
8 - ﬂgh o rxfy - (1-e)xfe
E‘ %@?‘w — rfg + (=rfie b fue
10—1? \'E?Ew ---(1—r)><f1€0
s o e (=r)xfy,
10*’_— ALICE pp 13 TeV data
Yield small but significant
- n . .
0L 0 ratio used in ALICE
| T ]1 ! and PHENIX similar
P 909 T eGSO, GBS P10
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pp at 13 GeV — pp at 200 GeV Comparison

ALICE: Phys. Lett. B 104 (2025) 139645 ® ALICE data:
% 10 B AII_I(.:’EI I I | I ! I LI I I I I LI | I B ) ) d. dNCh 125 .
~. “E 2 ¢ consistent with NJ'" = (—) scaling for
o> —  Data(1<p_<3GeVk) - . dn
3 - ® ppis=13TeV ﬂ - hard scattering
— C. Shen (1 <p. < 3 GeVic) P
1= PDF: CTEQ6.1M, FF: BFG-II — . .
E O Pom E ® Prompt photon pQCD calculation:
— O Prompta Themal - o Yield increases with /s
ot © Gale(1<p, <5 GeVk) E| _ ¢ Increase is smallest at low pr
= nPDF:nCTEQ15-np, FF:BFG2 3 .
= bhPhUE =2 7R Tev - - » N,/N., 1GeV/cincreases by factor ~2
B Expected ALICE (1 <p_< 5 GeVk) i from 0.2 to 13 TeV
102 N 1.25 Ii 3% Pb-Pbys,, =5.02TeV
= oscaln % Pb-Pbys, =276TeV o
= Nen g 7 wnol” "™ 5 @ ALICE to PHENIX N, /Ny, :
— PHENIX (1 <p_<5 GeVi) — 4
I B AvAufs, =200GeV | ¢ Increases by ~
107 b mRmanGe » Increase is consistent with factor 2 within
. | (15 = 200 G:V) B uncertainties
- STAR (1 <p, <3 GeVic) 7 ¢ Butleaves room for some additional
104 — ¥ AuAuysy, =200 GeV __| .
— 1 Lo L Co ol L Lol T mncreasc
1 10 10° 10°
. dN /d i
~ at pp ~ 1 GeV factor 2 increase a1, g ALICE pp da_ta at 13_TeV likely
of prompt yield from 0.2 TeV — 13 TeV consistent with
A PHENIX pp 200 GeV data
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Summary: PHENIX — STAR — ALICE Comparison

@ At face value: STAR & PHENIX direct photon results are inconsistent
* STARyield a factor of 3-5 below PHENIX
* a~1.43 versus a ~ 1.1 for PHENIX

® Direct comparison of y* — e*e™ pair spectra from Au+Au 200 GeV
* STAR and PHENIX data seem consistent
¢ Difference seems to be in hadron decay contribution

® ALICE - PHENIX comparison
*» Pb-Pb data at 2.56 TeV consistent with all trends observed by PHENIX
» Pb-Pb data at 5.02 TeV has large uncertainties and is not inconsistent with PHENIX

o pp data at 13 GeV is different from PHENIX pp data at 200 GeV, but consitant within
expectations from pQCD
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Universal n/mRatio
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@ Universal 77/m°
¢ For p+p and p+A collisions

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

Significant deviation from m;
scaling below 2-3 GeV p,

High p value:

_ 0.487 £ 0.024

19

Use empirical description for
all collision systems:

dN,, n \universal (g N_o data
d_pT B (F) < dpr )
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® Fit all available data (with empirical fit B)
o Independent of /s , particle multiplicity, and centrality
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p+Pb, 5.02 TeV, EPJ C 78, 624, 2018
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p+p, 23 GeV to 8 TeV
R(e) of empirical fit B
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U+U, 192 GeV, arXiv:2005.14686, 2020
Au+Au, 200 GeV, PRC 87, 034911, 2013
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p+Au, 29.1 GeV, EPJ C 4, 249, 1998
p+Be, 29.1 GeV, EPJ C 4, 249, 1998
p+p, 23 GeV o 8 TeV

R(e) of empirical fit B
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PHENIX Low p; Direct Virtual Photon Analyses

PHENIX: Phys. Rev. Lett. 104 (2010) 132301

@ Measurement requires

10°E (a) AUAU \[syy = 200 GeV accurate knowledge of:
o all
10° « 0<p_ <1 GeV/c 9 n/no ratio
s 1<p <2 GeV/c .
; 2<p <5 GeV/c * detector resolutions
2 10°
=
e -
2 10 pp data confirm
o -
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N 10-1 'Y T \ b k d bt t'
B, - T T : T ‘ » background subtraction
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