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The big picture
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Electromagnetic Radiation in A+A Collisions: €D

final detected
particle_distribution

160-110 MeV 110 MeV

] Kinetic
Hubble Expansion: T=300-160 MeV freeze-out
Hadronization g.)/ T
Initial en
el o—

gg-Compton

; adro ;decays
yield < N_.p

Initial qg-Compton (de(?onfinement) 198 Scatteing
| * highT spectrum « Low T spectrum
. owerlaw spectrum « | [
powerlaw spectru little radial flow « Large flow/ blue shift

* X Neou + vyieldx N% a <2 . jieldoc N% =1 ° Spectraderived from
. * no collective motion ch parent particles
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The terminology
Historians of the collision




Terminology - reflecting different sources

}ns\
Direct Decay
Stable hadrons: 7% n,K”....
Prompt Thermal Other
Fragm.
Jet-medium
QGP Jet Hadron
Hard scatt. Bremsstr. Bremsstr.
Pre-equilib. Hadron gas
Resonance
decay
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The basic partonic and hadronic sources

(a)

(c)

]

o

(b)

(d)

-

-
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The blessing — and curse — of photons @

Penetrating probes, created at all stages

Huge background (FS decays, ~10% S/B)
Hard to differentiate between sources

Photons are “color blind™ probe of
Hadrons ' Quark Gluon Plasma

dal ¢
dpr

Hadron gas

Freeze-out

Hadronic fluid

QGP fluid

QOGP
Pre-equilibrium

Jet-medium interaction

“Historians” of the collision — but convoluted
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Dominant photon sources (simplified)

Prelude to the “puzzle”

P

A

pQCD
p = none
ar = none

V, = none

QGP

p = max
ar = max
v,~0
(small)

q, dN_/d’q [GeV]

1

10 ET L e L L
Df . 0-20% Au-Au PHENIX |y[<0.35 ]
10 _ = = Hadron Gas E
olh = < . — . QGP (T,=350MeV)) ]
i N - pQCD param. 5
107 o — Sum (a,;=0.053)
: N 5
10‘3§—
10*‘%—
10-5%_ . .\.
1045:. | | LN I\..'h. .:
0 1 2 3 4 5
HG
p—>0
ar2>0
V, = max

v,(py)

In principle one can try
to deconvolute the
individual contributions
Starting from the highest p

Hydro after
0-20 | L I UL i_ LI l i | I N | Jr .11 l_
- Thermal Photons ]
016 -_ AutAu@200 AGeV b
. h=61m ¥ ;:/,:" ]
012 __ _______ oM /,::/:/:’,/ _—
L —==-05HM %07 1.0 fm/c g
L ——QM+HM 4 -
0,08 -
0.041 -
000 s 1 l 1111 I | J“l 1 I 15T lA.“l l -l. rl-.- I“f"‘i“f‘-f-ﬂ—k:

00 10 20 30 40 50 60
Py (GeVie)
>
t (fm/c)
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Jet fragmentation,

Jet-thermal interaction
(jet-photon conversion)

Initial magnetic field

Bremsstrahlung (hadron gas)
.27

Obviously each new source makes
the deconvolution from a single,
integrated spectrum more difficult

Rate

Hadron Gas

sQGP

Jet-Thermal

Jet Brems.

More sources...

See e.g., Turbide, Gale, Jeon and
Moore, PRC 72, 014906 (2005)

parton-medium interaction
. hard scatt

pT“ : . Jet in-medium bremsstrahlung
jet Brems. Al
. =57 Jet-photon conversion
: . 4 jet-thermal |
Coiiih sqop
& hadron gas hadron
- decavs
C i —
10 107  logt
(fm/c)
Hard Scatt  “Hijstorians” of the collision — but convoluted
y 9
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The reference — or is it?
(P+p)




Direct photons in hadron (p+p) collisions, 22 — 7000 GeV

High p., scaling with x;

PRD 73, 094007 (2006)

~ 6
& * WAYQO pp INCNLO or JETPHO
g m UAG pp M= MF—pt/2
~ ! c/YO P ) 0 CTEQBM A=326 Me
O g5 LA EY06 pp/800 B
C: O UAS o 2
L/ r A A M
A Upp
¢ RE06 pp
4 L@ AFS pp
0 PHENIX preliminay pp
® DO preliminary pp
Y CDF pp—>¥X vs=1.8 TeV :
3 i
P
1 N e
RS SR CH R PSRRI NY b v
IR RTER PR L
Lo "1
- —1
1072 10

PRD 86, 072008 (2012)

Direct photon (y~0)
\. n=4.5 {Exp. (/s)}

v [ Do (1800)
v A ATLAS (7000)
¥ O CDF (1800)
31 w PHENIX (200)

y CMS (7000)

@ PHENIX (200) This report
o UA1 (630)

A UA2 (630)
o UA1 (546)

2, PHENIX (200)

« R806 (63)

% R110 (63) ' '
B
I

] R807 (63.0)
) R108 (62.4) i ET06 (38.7)
s E706 (31.5)
v E704 (19.4)

m NA24 (23.8)

+ UA6 (24.3)
+ UA6 (24.3)
4 WA70 (22.3)

1072 10"

X7

Edjﬂ;= d o _ .I rF(ﬁ)
dp®  prdprdydd pyet NG
1

= ————=Glxy),
(ﬁ]udl,rj-.v.':] I

Over 18 orders of magnitude

Without evolution of a,
and the structure and fragm.
functions n=4

High p; reasonably well understood
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Direct photons in hadron (200 GeV p+p) collisions, 2012

Photons vs NLO pQCD PRD 86, 072008 (2012)
E (a) p+p [5=200GeV 2006 data 1'4: p+p Vs=200GeV 2006 data
10° NLO pQCD 12

= (by W.Vogelsang) RV ; »
_ - CTEQ 6M PDF . [p— BFGll _ _ + ;
r?u 1 3 H=12P,,P 2P -% E I-l;p'-L_.- o _-“_"'*'-"Il‘éz“—*‘:l"" - 1_-:-*
E E = 08— g.é '-i*“i
'g. 10 ?3' F Pr o %
- = = 06
o E: 5
”§ e o0a %ﬁttb o 0 ? 9

f oz~ @ Direct photons

101 & - o n°decay photons
2 o L A R R B R
0 5 10 15 20 25
- p"’T[GEw::]
é w7,
= 05 . . .
2 o Fraction of isolated direct photons
% 05|
= . . . . .
= 0 5 10 15 20 25
pT[GeW-:]

Fragmentation very small above 10 GeV/c
q\\\‘ Possible excess below 10 GeV/c? 12
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Interlude: Compton scattering dominates over annihilation

E706, fixed target, p and 7~ beam

Valence
antiquark

';rf:rnn

20

18

1.6

1.4

1.2

1.0

0B

0.6

[« BcalS]S GeVic I

Q\

0.2

0.0

pBl:: at 800 Gc‘»’.-‘u, I

pE al"l’*n'[]'G Vic ]

1+ * Data (unsubtractedH

— Background —

L ]
- L]
-
r—
-I 1 I 11 | 1 I IIIIII I 1 11 1 I 11 11 T 11 I 1 11 1 I L1 1 1 i
5.0 7.5 10.0 5.0 7.5 10,0 5.0 75

py (GeVie)

10.0

PRD 70, 092009 (2004)

Only sea antiquarks in proton
—> small probability for high p; photon
from annihilation

Valence antiquark in p-
—> high p; photon production increased

Not quite direct proof (y/n%), but strong

No valence
antiquark

We knew this, but good to see experimentally
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Direct photons in polarized 510 GeV p+p collisions

Polarized gluon contribution to proton spin? PRL 130, 251901 (2023)

A, — longitudinal double spin asymmetry

- Inclusive direct photon cross section (8) lsolated direct photon cross section (C)

- 3|
L[ “z e 1S =510GeV, n| < 0.25 10 E g PP V5= 510 GeV, | <025
0E - L p+p — 7+ X, /s=510 GeV, | <025
E_J' - :IE' IDE_— Isdation cut condition ﬂ.ﬂ-‘-‘l_
g I S = o = (60 + (66)" = 0.5
D 1 = @ »
(N - (0 B E.. < 0.1E, = _[ ]_
_g_ - _g_ B D_DP_"_
= oL » PHENIX Data = 10g + PHENIX Data I
o F B f I R U o SN NS
.-gg [~ NLOD pQCD .-%"' 1L NLO pQcCD -
L Ig_ (by W. Vogelsang) | E  (by W. Viogelsang) i
— E NNPDF3.0 PDF ~— F MNNPDF20 PDF « PHENIX Data
B fz“:.';;p 2 1' ff“;';:p 2p _D'ﬂz_ — DSSV14 with DSSV,,. uncertainty
ID—11_'E| 1 |I| 1 |I| |I| L1 1 ID_ 15'_ |I| 1 |I| |I| PR N T T T T N M B S A 1 i ----MMEM}D“thJ&M‘C UMEMinw
- " (b) > O08F" (d) —ﬂm- B JAM22 Ag < 0 with JAM,_ uncertainty
B ) [ - : | ] ] ] ] |- ] ] ] | L ] 1 |
- T - |
. ‘%‘ Eee 3 %‘”-45‘ e, 5 10 18 20
= @ T L ~ 2 D_E:—..H.ufi!" ...... L — e p [GEVJ'G]
F "ES o o- ~ : 3% 3 w8~ FF O} 7] T
= = PRI . . -] 5o a8 0 — R
— m TS, S S - - . R -
LI 11 1 | 11 1 1 | 11 Ii Il.I L1 1 III 1 _D-E 1_I L1 1 I 11 1 1 I L1 1 1 I 1 11 | L1 1 1 . M
5 10 15 20 25 30 5 10 15 20 25 & Disfavors netagive Ag
P, [GeWic] P, [GeWic]

200 GeV collisions — even for isolated photons 14
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q\\\‘ Similar discrepancy below 10 GeV/c, as in Small, positive contribution from gluon



Technical — isolated photon uncertainties (ALICE) @O

Can you still isolate in PbPb? Eur. Phys. J. C (2025) 85:553

E =3 ! ! ! ! ot E EI ! ! ! L
- ALICE, {5, = 5.02 TeV =
Tg 10 Pb—Pb 0-10%, R = 0.2 *g 2ok Pb—Pb 30-50%, R = 0.2 i _ _ o
520 % 20 .’3 . Isolation cut purity — uncertainties
S 10} 4 Siop 4 - this is the overwhelming term
5 F T e . i i
~ Ll RS W ] in the total.uncertamty on
M| | Rt j cross-section
1 - I =  — -
- e S S S i e ] Isolation probabilit
51075, 20 30 40 50 10 510735 20 30 40 50 0 : P y. T
p’ (GeVic) p (GeVic) —> ratio of shape distributions
= - _ of iso and non-iso constant?
= . . Total, including fit.
= -om =
Ea9f 2 pp, R =02 ] .
5 20} - . ] = Statistical MC signal amount
S oL %, WEo® i | 5 - varying signal (y-jet) by 20%
2 F o000 4 G o Isolation probability . .
R ] w.r.t. bgd (jet-jet)
<. : x Bkg. 62, 5.5
2_ {“:el_—ﬂ—H—H—H—K—H— i
1:_ -F _: + Bkg. pl-:n. ch
5:‘;10_1" - "—[—u—"—"—i'— ]

- - . |
10 20 30 40 50 107 o MC signal amount
p. (GeVic)

q\\\‘ Reverse ordering in PbPb vs pp
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High p; isolated photons,, pp and PbPb 5.02 TeV (ALICE) @

Is the high p; region understood? Eur. Phys. J. C (2025) 85:553

"G‘ E | T T T T LI | 15 —_ _ T —
r% E ALICE, pp & Pb—fb- (S = 5.02 TeV g i ALICE, {5, =5.02 TeV,R=0.4 pp -
G) 1Db|§—|nf|{ﬂ.ﬁT,p$u'°{'1.EGEWG,R=H.4 g 1:—";"'|;,'_.;._rq; A A =
o  f@ Pb-Pb: 3 8. .F ' =
c Com i a Y . -
= ap 'Er ¢ PP bo0-10%__ 16 ' -
=) 10 o o - [ISystem. unc. ; 10-30% S § E - Pb—Fb, 70-90% 3
= - -] ¥ 30-50% - = 1 e b I —
R0) SR eso7o%s £ FE Lolelf] ]
o e e b 7T0-90% = 2 0.5 ; =
~ S N Q15 Pb—Pb, 50-70%
e 107 - cEo f— a k - -
N4 - e D SN =1 1__:u+lT| Iﬁ'ﬂI'_TI_‘;"' -
= E - 3
10 S S e A .55 | =
T i SO 915 Pb—Pb, 30-50%
i , B [ | 38 '_:*__I_ o E — .
1 4 R} eree—
1 ¥ g .
107E . g 315 Pb—Pb, 10-30% =
F . . 3 a | 1 3
12 [NLO (JETPHOX), 0-100% s 1?|:‘I_I|"' [l i e e e = =
= pi<2 GeVlc ' 3 SosE =
C Scale uncertainty p2/2 < u < 2p] 1 A 15E = Y
1072 (n)PDF uncertainty T =9 F . Pb—Pb;ﬂ—'IDfu ]
2 pp : NNPDF40/BFG Il FF 3 & 4 ..;TITE?[. . : . i_-m,jj =
- Ph—Pb: nNNPDF30/BFG Il FF % (N o) 1% EL- I _ .

10 20 30 4050 107 10 20 30 40 50 60 107

p’ (GeVic) pl (GeVic)

\\‘ All consistent with JETPHOX pQCD
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High p- isolated photons,, pp 7 TeV (ALICE, ATLAS, CMS) @

Is the high p; region understood? Eur. Phys. J. C (2019) 79:896
") L ' L ' L

= ] T T T T T T T ] T T T % 10" 'q. p-+p|:ﬁ}—a-:f|5"+.?{
@ 2 ppVs=T7TeV [+ ] ALICE — g 10" te y=0.n=45
= - Isolated ¥ pi <2 GeVic, [n’| < 0.27 < qor "‘i*
"E [ [+ | ALLAS PRD 83 2011 N "':.E 107 .
0O - _ E®<3GeV.lp'|<06 < 10" M

[ — [(m ] CMS PRL 106 2011 7 W F ® ALICE(T Tel, yi=0.27) i]:

1.5 ET' <5GeV, In'l <145 ] [ OB arias (7 7ev. yiens)

B ] 7 & 10 W w aTLaS (7 Tev, oD )

0 1 ] % 10" [ & ATLAS B Tev, Jj<05)

i l j | ‘[J;_ 1 102l « ATLAS (13 TeV, [y|<0.6)

' - iy + + 101 * CMS 7 TeV., [yi<1.45)

i ‘ ‘ = MT ;“'.* t " gL MCMSOTeV. yian) @ COF(LSETEVWI<) *#'P

i Basill F|' <E CME (276 Te, [yj<1.45] * CDF (1B TEV, yi<03) *‘FT

B i W ' DO(196 TV, <08 © UAT (530G, [y|<0E)

n 10" D0 (1.8 TeV, yj<0.9) + UA1 [546 GeV, [y=<.8) X!

0 5L ! ! I R | I I I 107 DO (630 GeV, []<0.5)  « PHENIX (200 GeV, [y|<0.35)
10 '1[]1 Lol L vl L L1
p7 (GeVic) 10° 0 =2p0

q\\\‘ All consistent with JETPHOX pQCD
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High p; isolated photons,, pp 13 TeV (ATLAS)

Rapidity dependence?

Theory/Data

Theory/Data

—h
=]

=
=]

=
m

=
=

=
=

i2

—
T

[ f5=13TeV, 130"
[ A=02

[ ATLAS

[ — T T T T T
L JETPHOE (KLO QD)
[ =—MMEHTA4 HMFDF21

[ --—HERAFDFZO —- CTi8
L — _ ATLASpDZ1 [MMLD et

o

[ & Data

é.ﬁnﬂ% L --nn"?" YL Lf. j_'ﬂ*‘;:‘ <137 :“T
ﬁi@ﬁi‘}' f%ﬁ'ﬁ?ﬂﬂ ---------- ;-;;*H‘M

[ O Dat 1 & Desa

[ 158<hyl= 181 | M 1=t hlezo | I zoi<hlezar T ]

aon 1000 2000 300 1000 2000 300 1000 2000
EL [GeV] (@ E;[GeV] EL [GeV]

Not well described by JETPHOX pQCD
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Digression: low p; photons,, pp, 13 TeV (ALICE) @

o e N
QGP even in high multiplicity pp~ PLB 868 (2025) 139645

Something like QGP formed already in the r= * l *
highest multiplicity pp events, too? Y dir ! ¥ had
Internal conversion - y*

}_:l DDT - T—1 | T T T 1 T T T 1 | | I I | T— T T 1T | T T T 1T ] E:. D_DT o T T T | T T T 1 | T T T 1 | T T T 1 | T T T 1 | T T T 1T a
- - e Datay” 1 - e Datay® .
— 006 ALICE == NLO pQCD (W. Vogelsang) — — 006 ALICE = NLO pQCD (scaled by 7) —]
.5 - pp¥{s=13TeV PDF: CT10, FF: GRV 1 .3 E High-mult. pp s = 13 TeV PDF: CT10, FF: GRV -
=— . = NLO pQCD (C. Shen) e - m— MNLO pQCD (scaled by 4 5-75)
o 00°F PDF: CTEQ6.IM, FF-BFGN 3 1 0-0°F (0-0.072% INEL) PDF: CTEQE.1M, FF- BFG-Il -
e u msmnn Thermal I[C Shen}l . - s=mEm Thermal .
004 === Total (C. Shen) B 0.04 = === Total E

[ | _ - .

0.03F + = 0.03F =

n - N - .

0.02F R i )‘_‘L,//__‘ 0.02F -
0.01F 0.01F .

0 :_ Sl L E LY 0 :__________________________________________________.:_-::::::::::_'::'_'_":::::_-:.-:.-.E

: 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ] : | I 1 | 1 | I :

_ﬂ'm[} D'm{] 1 2 3 4 5 6

N 1 p_(GeVic)
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q\\\‘ No sign of additional “thermal” radiation




Experimental techniques
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ete identification
E/p and RICH

Virtual Photons
Yy oetem o

Photons

lim (y*— e*e™)
Mee—0

y > ete”

Q\

Photon measurements in PHENIX @

I

S\
.
> \
b
\
-——N
- - b
-

*i

magnetic field &
tracking detectors

PHENIX Detector Photons,

final setup PC3 neutral pion

PC3 Central
PC? Magnet  TEC Y, ' — YY

Calorimeter

we'L

Y 9¢

TOF-E

West
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Basic techniques of photon measurements:

Real photon captured in an calorimetry

electromagnetic calorimeter

Electromagnetic calorimeter

- relatively cheap, large acceptance possible (sampling)
- resolution improves with energy (ideal at high p+)
- “thin” for hadrons
- high energy cluster (almost) always electromagnetic
deposited energy counts, not particle momentum!
- measurement can be almost standalone

But

- issues with resolution and hadron background at low p+
- issues with merged n® decay photons at very high p;

These can be mitigated: shower maximum detectors (SMD),
small Moliere-radius crystal calorimeters, digital calorimeters

q\\\‘ - but at substantial cost increase

%

Towers =——

Phototubes - _»(5i 33
attachad here = —— Back

14

12

10

0

Module \ . /

Layess of lead and
scintilator Ules
(sampling calls)

Front

Wavelength
 shifling fbers

b-f'r
A

2 BNL 0.5-5.0GeVic e

= CERN 10-80GeV/c e

------ 1.2%+6.2%/ \IE(GeV)
------- 2.1%38.1 %e'\IE{GeV)

1

Best at high p; )
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Close-by showers — real and as seen @

Nature meets detector...

["showers, finer granularity | [ showers, courser granularity |

60, 60 60

sf wf sl

zn;- 2";- 2“;-

Al g b g e g B e AT ST HTEE

Very high granularity: Medium granularity: Low granularity:
well separated, well separated, poor separation.
good measurement decent measurement questionable energy
for both energy and for energy, some sharing, position
position shift in position, shift,

pair py still correct pair py still ~correct

... and loses sometimes
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Zooming in on the n° problem (at high p;) Q

Do you think n° decays to two ordinary photons?
WRONG! It decays to two correlated photons

—
(=]

= =
o =
] =
L — . .
% C Momentum of parent n® particle in [GeV]
deltaR:Ppt - =
m Entries 970160 3 E + 500 = 10.00
£ 50 - s : : — Meanx  10.58 Joo ] =
= L = Mean y 19.37 o] - y
¥ 455 e i\ RMS X 4.741)00 510 = 15.00 * 20.00
I = L= : | |RMSy  9.907 = STV
g w0 S R S e L Pl ——n o
C ‘- SOOI O RN e
35 - —{1400 102 e, ) o ¥ TR
= : - E i SR x—x—
30— = s e —1200 -
E y “ a = %
25— = 1000 107 ”
E -. " = E +
20— =11 1800 C * 2
= - = 4
150 =600 107E _
E E = -
10— 400 - +
[ 10—5 1 1 1 1 | 1 1 1 1 | 1 | 1 1 | 1 | 1 | | 1 1 1 | | | 1 1 |
5F_ 0 5 10 15 20 25 30
= | p_ of decay phofons [GeVi/c]
(1] 1 1 Lo
0 5 25 o ]
Ppt(GeVic) The distribution of measured decay photons

should be flat up to the kinematic limit.

Instead, you see depletion at medium, enhancement
at high p;. Unless you fully understand this, your

direct photons at high p; will be strongly overestimated!

q\\\‘ Possible clue to E706?
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PHENIX — distance between two clusters
photons from a =® decay



Basic techniques of photon measurements: D

external conversion _ _
Wenqing Fan, SBU, PhD thesis

Real photon converts to e*e- on detector material

Pro:
- tracking: higher resolution
- viable at low p+
- not sensitive to Dalitz (origin!)
- feasible in “crowded” detectors

Con
- electron ID difficult
- small acceptance*efficiency
- sensitive to material location
- cocktail (discuss later)

Q\

1
u.n.r.z—
0.045F .
E 2_.0, 2 2
E ) S (M)
0.04E-| (8 pIP) ={, 4P) {k 1|3}
0.035F |
£ E 1#hc)
o 003E
00255 |
0'02;""! \
E . . mrad
0015E- N\ . mrad GeV
0.01F-— ome=1i9£2p
E . . . 1
0 1 3 4 5
p (GeV)
Comversion: from Conversions from
=" tageed 7' mot tagzed
Conversions from
direct photoms

Method of choice at low p;
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Conversions from
hadromic decay photons



External conversion, PHENIX

Real photon converts to e*e- on detector material

Normalized counts [arbitrary unit]

VTX detector

Photon purity: ~99%

q\\\‘ But is it a direct photon?

C T | T 17T | T T 1 | LI | T T 1 I T 1 T | T T T | T T T | T 1
E PHENIX MC simulation 5;";;;;';’5‘2;;‘-’"1
= — VTX B1 (5.1 cm)

:— —— VTX B2 (11.8cm)

- —— VTX B3 (16.7 cm)

C —— CF enclosure (21.7 cm) 7

IIII|IIII|IIII|IIIIlllllrllllllllllll_

0 0.02

0.04

0.06 0.08 0.1

M [GeV/c2]

012 014 0.6

Simulation
Reconstructed conv. photon “mass”
(DC tracking assumes collision vtx!)

102 Counts

PRC 109, 044912 (2024)

1.0<pr<1.2GeVic

Reconstructed conv.
photon “mass”

Fr 1 {20 T
140 (a) 0%-20% = 7 E(b) 20%-40%
E Au + Au 200 GeV 2100 1.0 <p* < 1.2 GeVie
: -~ gof :
sok BG/FG = 3.0% 1
40F
: 2.0:_
of
ch'}&deéﬁadﬁ;' T 13:—(',,'],564},;_5'351};""" —
L (-] - - (+]
50F —FG = 16F
: —BG - quf
40F —SG E
- - 12p E
30F BGFG=1.3%- 10F BG/FG = 0.4% 7
E z BF 1
20¢ 6F
10k 4F
L 2_—
CI' | | Loy 0: | 1 | |:
0 005 041 0.15 0 0.05 01 0.15
Mee [GEV/C?] Mg [GeV/ic?]
Data

Viable at low p; — complements calorimetry
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Tagging photons from hadron decay

Majority of photon are from hadron decays

On the face of it simple:
- pair up conversion photons with
real photons in the calorimeter
- tag those that reconstruct a n®

But:

- tremendous combinatorial at low p+

- limited acceptance, efficiency
- ignores double conversions

Delicate balance:
- increasing material increases
conversion (i.e. our signal)
- too much material promotes
double conversions

Q\

eey

Conv + real
photon
invariant mass

wioBG___.

dNidm,, [IGeVic?) ]
= o

=1

=1
&

Run14 high multiplicity = simulation

- A0 leose cut, 0.8 < ﬁ:" < 1.0GeV
L MC true info . FG Evt mixing [es...
mEE - []Fe-56., ]
Ty ]
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D-1 C - - T
<E ZIECCRErEER i _
N T AT
N Il UL ““ I .nm.ﬂ.nl AT LATE I “ ““.luu.l
|||I||||I||||I||||I||||I||||I||||I||||I||||I||| 1 1 1 I 1 L 1 I 1 1 1 I 1 1 1 I 1 1 |:
3 [0 Bo_ i FOBO | 181608 {2 a0l 2 Tda+08]
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1 ; *‘-‘ - FG-BG,_
ol T ]
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My [GeVic] Mgy [GEVIEY]

Figure 3.26: Invariant mass distributions of e¥ e~ pairs.

Large combinatorial

27

Electromagnetic Effects in QCD — Santiago, Chile, November 24-28, 2025 G. David, SBU



Conditional probability of tagging, Ry

How often is the partner n° photon found in the calorimeter?

p7incl incl - incl
N ~ o B " Peorv * Uete— ° Cetem o 8
0 0 — 0
rm,ta MY - (Y
N~ . M T Deoniv * Qete= * Eete— { y f } 1 {E’T f }
ALA
Many systematics cancel
R 06 Run14 Au+Au simulation Data
B e N ,
| O default cut . <4> X t
0.4~ © toneu . chl Nﬂ ag
- e i After accountingfor ~ p _ 7 4
i : other hadrons /4 Nhadr hadr MC
°2r (cocktail, to be Y N
. /4
- discussed later)
L Nﬂ'
o0 Y
1.4F I
S Emsg—t———t—
“ost . , . .
S Gevid Powerful for R, in terms of uncertainties
T 45
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10

Virtual photon (“internal conversion’”) method

2 2
KTO"-Wada dznee — 2a 1 1 — 4m€(1 + 2me)Sdn
Y
dm,, 37 m,, m2, m2,
PHENIX: Phys. Rev. Lett. 104 (2010) 132301
A
- Au+Au (MB) 1.0<:pT-=:1 .9 GeVic
cocktail components — fdir(m)
n - fc{m]

-y
o
P

|
[#%)

(c’/GeV) in PHENIX acceptance
o

dN/dm,.
o
b

-
<
wn

&£2
—

SRRBELL

”1 T IILIIl -l

= m W EE P
IJllIlllllll“‘l.“‘l"'l||||I||||I|11].]I.]--.l"]"'l'{'l.JlJ.||||||.|||

— (1-Nf (m)+rf (M)

r=0.189+0.0213
72INDF = 12.2/6

e,

o
L [T

-

S mm

005 01 015 02 025 03 035 04 045 05

m,..- (GeVic)

Direct y* yield fitted in range 120 to 300 MeV

Insensitive to n° yield 29

D,

Yair: S~ 1 for my, L pr

2
ee

: S=1(1 m
Yhad: = Mfzzad

3
) |[F(mée)|?

® Using virtual photons y*— e*e™:

any process that radiates y will also
radiate y* - eTe”

9

for m,, < p; extrapolate y* tom,, =0
m,, > m, cutimproves S/B by factor 10

sys. uncertainty cancelation in ratio
k %
Ydir/)’incl

Works above 1 GeV/c
Hadronic “cocktail” important
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Direct photons in
heavy ion collisions

30



Direct photons with multiple methods (PHENIX, ALICE) Q@

R, with different methods PLB 754 (2016) 235-248 (ALICE)

[ 020%PbPb {5,-276Tev  AlGE
PRC 109, 044912 (2024) (PHENIX) - i
1.5 _
 (a) 0%-—20% . E (b) 20%-40% B -
25 Au+Au 11 - 10— .
Sy = 200 GeV i I {l‘}% + PHENIX ‘Hf B | 7
o 2_ f sii I ,}{:{‘@{: :204D‘lf Pb-Pb |5, = 2.76 TeV' - i
15F l Hygg® il @ 5 * L _
; T 0 ﬂfﬂ o -
xS SO ELT.Fall Lo ER :
5(6)404/0_60%1 ————————— E &d:)lE:_:“‘J%:_‘9:‘?.?:’&I —+— —t— — . H}__“E E
2.5F o This paper — = PRL 104, 132301 ] I . . N i
25 o PRC 91, 064904 T « PRL 109, 152302 ' Y 1 A (=276 TaV i ]
o i i B i
1.5F H i.{"}m%i— + ,H.Hj' % En g
g o "RRRTECE ETPe i1 UL - . il b
- T A | L L ] B mERAO My sl i
:. P IR ST N R S R T T .: PRI R S T (I S S S SR BT : 1-'3_“'}"% Eggg :“'L“ -~ + T
° plleevia * plleevig S~ M

ev/C ev/C
p. [ ] P [ ] 1 p, (GeVic)
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q\\\\ - direct _ (R, — 1}ﬁf_.ha.jran Remember this, when interpreting spectra




Invariant yields — 200 GeV AuAu — PHENIX Q@
Direct photons and non-prompt photons PRC 109, 044912 (2024)

R L B B L L L L LR R LR B 1027"‘“'I"'\"'I‘"77"'\"'|"‘|"'|“',
10° Ha) 0%-20% 7 (b) 20%-40% E s Nonprompt y ;_I T, extraction range ]
i Direct v 1 N, scaled pp fit: ] 1;I o This paper 1 —081.9GeVic
N 1_—% - This paper |'1,l ( o\, . & o PRC 91, 064904 1 —20-4.0 GeV/c
S DN T A 1+p_T> 7 § - ki ]
0] % \ 0 () —2 | 4 a
Non-prompt: | led Q 10°E N T 1', - N, scaled pQCD e A §
-prompt: properly scale =TT N TNy i i _
. = o EIC- Al = By 1 4
p+p vyields subtracted Bl 1t e +f% (N A w3, * |
-2 C ’q»..' T I‘-w‘ ] = - ] T Iﬁ ]
Neon = number of binary 3 ¥ ’ - Y ﬂ ¥ 3
. . 1078 T s 108 Ha)0%-20% % | —(b)20%40% ' " N .
nucleon-nucleon collisions B B B O o B R e i e B R e e RANS RS
(estimated with Glauber MC) 10°HE) ov-se @ eoes j B
£ 1y :PRosossos PHENX Aus Ay 10 PHENX Au+A
Q) Il = PRL104,132301 7§ el u+Au € u+Au
At lower p; varying exponential 3 .0 \,.. * PRL109, 152302 VS = 200 GeV Th (sw-200Gey
slopes (T .¢) e F AL T i
Clg 10t N, T tﬁi i
Above 4 GeV/c hard scattering N o f**w., N ] : — Ta
dominates q It S g 5 U f
108k L s o il‘?'u_ 1078 |-c) 20%-60% m —:(d) 6?/—93"/ m ik
2 4 6 8 2 4 6 8 I R S U A ’
p; [GeV/c] p, [GeVic] p, [GeV/c] P, [GeV/C]

q\\\w Three methods, consistent results
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T, vs the p; range and centrality CD

_ PRC 109, 044912 (2024)
No dependence on centrality

| 1 I | I 1 | | I I 1 | | ]
- PHENIX Au + Au, |sy, = 200 GeV i
Strong dependence on py 0.6 [~ Nonprompt v N
Composition and relative " T extraction range -
weight of different sources - | i
always the same? o 051 ® 08<p <1.9GeVic —
— - -
:&; - 0 20<p <4.0GeVic .
10* g PHENIX Au + Au, (S =200 GeV | E O] i ’
el I = 04| 376 MeV/ -
1% o 0%20% L ‘% "L 1 eY/C :
- 20%-40% 4 : — [T L~ ~"""""""7 Fr T _?: """"""""" ’
e 40%—60%

.% 10 = o 60%-93% E ! E j m El + :
" ol g Y 0.3 ¢ .
‘ I N .-
15%@‘@[ ———————— =3 —3 e 260 MeV/c -
10_10 I | I é I I | V“:ll' I . I é | 0l2 B 1 1 | | | 1 | | | | 1 I | B

Py IGeVEl 0 200 400 600

dN_ /c |
Ratio of the yield to a fixed n=0
q\\\‘ exponential (Tey = 0.26 GeV) Yields: universal scenario?
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Slope vs py @

Dependence on collision energy

c\:1_| 10_1 [T TT || TTT || T |I| T | TTTT | TTTT || T
=) S Direct y (0-20%) 3
% - ¢ ALICE Pb+Pb 2760 GeV 7
8 102k . = PHENIX Au+Au 200 GeV
L;;"' = 5 e PHENIX Au+Au 62.4 GeV 3
= 10°L _
5 E | $ —04<p_<1.3GeV/c3
=° N —UQ:DT<2.1GEWCZ
=l 104 =
e~ - =
=] - .
= _5
o 107 g —=
= E 0 E
= - ) .
Z 0k " =
T F . .
S 107 @ N,
A E e b e b bt e b b
H T 1 T

f 5 + % —
© n

m -

.;‘ 4__ —]
2 E !

N 3P > E
© r

E 2 * : =
g . g

O:l | | | | | | | |

PRC 107, 024914 (2023)

Data vary from 62 to 2760 GeV!

Slopes vary with pT
—> imprint of T 4 evolution?
(different times, different sources, different py)

Normalized yields very similar at low py

Possible interpretation:
no matter where the QGP started, the endgame
will always be the same
(no surprise, but good to see)

By freeze-out everything is similar
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Scaling with N, (N_;)? @

u L 7
In larger systems yields scale with N, * PRC109, 044912 (2024)

PRL 123, 022301 (2019)

1 1 1 LI || 1 L] L LI I | ||| I 1 1 LI |||

10 & Direct y (1.0 < p, < 5.0 GeViic)
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4 _' Au+Au, \sy, = 62.4 GeV scaled by N,
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=0

Q\ .
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STAR 200 GeV Au+Au @

Two methods: internal conversion / calorimeter PLB 770 (2017) 451-458
(same as the first PHENIX measurement) fraction > r=(Ry—-1)/Ry
2 E Au+A I20[' GeV | I 3 I [ . l ! ! ! !
g ; . u+Au eV (0-80%) 2.0<pT<2.5 GeV/e - AutAu 200 GeV 0-80% ]
Z B r=0m 2002  — aofmpuf,m) @ I | =imim theory scale u=0.5p_ i
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s sf :

= 1 1 H L} =

B [ - Tension” with PHENIX,

] N will discuss later

0.2 0.3 0.4 0.5

M, (GeV/c?) 36
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STAR 200 GeV Au+Au @
PLB 770 (2017) 451-458
Two methods: internal conversion / calorimeter o - .
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\\‘ Integrated yields disagree with PHENIX




Improved significance

ALICE 2.76 TeV PbPb -- updated

First publication: PLB 754 (2016) 235-248

Direct photon signal

down to 1 GeV/c
but quite weak

T ~ 340 MeV for

both centralities
(1.1-2.1 GeV/c region)
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“Thermal” radiation not exceeding PHENIX
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Increase energy

No significant
direct photon signal
at low p;
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D,

Does high p; still look as expected?

-1 -1
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Good news: no nuclear modification at high p;
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R, of isolated photons, ALICE PbPb 5.02 TeV @

e ——
Any nuclear modification? Eur. Phys. J. C (2025) 85:553
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\\‘ R,a =1 - isolated photons scale with N




The centrality, Ry,
and photon saga
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What's the big deal about R, , = 1? @

Connecting impact parameter to observables PRC 90, 034902 (2014)
Ann.Rev.Nucl.Part.Sci.57:205-243,2007 1

d+Au @ 200 GeV
<N_,>=2.643587.59.311.313.415518.1

3.1 Methodology
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'
.

10*

N 10'2:— q:l.a‘llllllllllllll ||.i1||'|}\|||| |.'||"\||||
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. . . - Number of Binary Collisions
participating -
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(wounded) nucleons e 58 E g o e > Data
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L drerabrr ettt rrrirrag 111 3
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b| na ry (N N) BBC Charge (Au-going Direction)

collisions

“In heavy ion collisions, we manipulate the fact that the majority of the initial state
nucleon-nucleon collisions will be analogous to minimum bias p+p collisions...”

\

Figure 8 A cartoon example of the correlation of the final state observable
Ney with Glanber caleulated quantities (b, Npart). The plotted distribution and
various values are illustrative and not actual measurements (T. Ullrich, private
commminication).
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Glauber MC works in A+A — experimental proof

Hard e.m. probes (mostly) immune to FS effects

direct y RAA direct y RAA

AA

direct y R

&£2
—

S0 Seass 0000 oo
PomaNBERD MRdmLMEO®

co
(S

Au+Au

{5 un=200 GeV
AutAu, 0-92%

.-'iiiiiii—-

\jsm:mn GeV
Au+Au, 0-5%

TRCLEIT S B

|

(b)

_ uulﬂmhhlu

T T
VS =200 GeV
Aut+Au, 60-92%

|

iﬂ}”{“}{

u|||||||nIumnhulu||||T||||||||||||||||||M|||||||||||||||||

2 R 810

12

14

16

18

20 22
P, (GeVic

PHENIX, PRL 109, 152302 (2012)

S

d+Au

PHYSICAL REVIEW C 87, 054907 (2013)

d+Au (MB)

5 5F virtual y
- Sun=200GeV o nP-tagging
ol Cronin+lsospin
o Y L Crﬂnin+lsuspin+5hadnwing
< 1504 -------. Cronin+lsospin+Shadowing+AE,
1_—}—~§* ] _J
- T -
0 51 % @{)%’ %Jﬂ[»' % {f | ¥ (0}
O:|||||||||||||||||||||%||||-|-|||||||||||
2 4 6 8 10 12 14 16 18 20
P, (GeV/c)

Large uncertainties, but hints of isospin effect

Some caveats (like isospin effect)
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(Un)ambiguity of centrality determination — PbPb, pPb D
Connecting b (th) 2> N, (th) > N, (exp)

. : 102
I N N b it -~ 5.02 TeV
5 Glauber-MC , , P correlation 5
2400 Pb-Pb {5276 TeV ch> “part w
tight in PbPDb,
300} very loose in pPb 10+
zoo: 10°
100}
; 75 10°
% —— 107
Glauber-MC

T T T T T Y T T

[ Glauber-MC
[ Pb-Pb (s =276 TeV &1

5001~ p-Pb |5,=5.02 TeV

--------

Ambiguity in
small systems

q\\\‘ ) Npan
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Also: centrality from bulk observables — but where?

Signal: n~0, “bulk”: |n|>>0

ALICE PRC 91 (2015) 064905

CL1 > |n|<0.9

VOA = 2.8 <n < 5.1 (Pb-going side)
VOC - -3.7 <n < -1.7 (p-going side)
VOM - VOA + VOC

ZNA - ZDC on Pb-going side

Watch strong auto-correlation
in CL1 central, jet veto bias in
peripherals

Smaller fluctuations in VOA,
mostly around unity, except
vastly displaced peripheral due to
multiplicity bias (?)

Reverse ordering for ZNA, as
expected (as expected???)

25

F FALICE p-Pb (S = 5.02 TeV

- Charged particles || < 0.3
: VoM I Syst.on(T,)

Syst. on normalization

:_f!.,. |

M,
bty . e —
=

e »
- o  0-5% 40-60%

% 2F VOA
: 5-10% 0%
C s 60-80°

10-209% & 80-100%

20-40%

How about energy conservation?
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Color transparency or energy conservation in R, ,? @

Max Pt at n~0, Nch at |n|>>0 in p+p Kordell, Majumder PRC 97, 054907 (2018)

“...the puzzling enhancement in peripheral events ... as well as the suppression seen in central events...
are possibly due to mis-binning of central and semicentral events, containing a jet, as peripheral events...
due to suppression of soft particle production away from the jet, caused by the depletion of energy available
in a nucleon of the deuteron in d-Au or proton in p-Pb after the production of a hard jet... ”

) a <
5 9 ? 20 | ox % g0
§ lllllllllll : llllllllllllllllllllllll z& *
= . . 60-88%
8 | o« 4+t | Initial enhancement 10 o o
g4 [ of Noy forward with ® oL ®  esem
O [ e m|d_rap|d|ty pT, E P P S - _—
& then depletion £ 20-40%
V' | | PHENIX Data p+p @ 200 GeV +p dat 0-10 |- .
(p p da a) 0 ™. = 0-20%
21| snnnmn p+p inclusive (42 mb) ) . = m =
! I -20 |-d+Au, 's=200 AGEV
------ p+p with particle pT:-1 .5 GeVic | | I |
+ p+p with n° at given p_ 0 5 10 15 20
e i Leading °pT (GeV
00 5 10 15 20 9 P ( )
P, [GeV/c]

Anticorrelation at sufficiently high p;
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Very large p: at n = 0 — mis-binning of centrality?
The same (few) projectile nucleons have to produce both hard
scattering and “bulk” forward

This is essentially an energy conservation argument 1
Soft
central
. o TS
<= «(&

Hard

@)

e central

o

<— A
Small forward

L f d multiplicity Soft
ltiplicity. peripheral

multiplicity
\ ;
Y

You can give it another name (like “color Similar forward multiplicity
q\\\‘ fluctuation”) but it is still the same thing
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lllustration: shift between multiplicity classes @

Mapping N_, to b using average events...

10° This is where Charge distribution in BBC
e it is actually found (South, gold going direction)
Lost! This is where
Trig. ineff. 5 the event
Bl should be
10°
10°
10°
. 100 120 140
This is where This is where BBC Charge South
it is actually found the event
should be ...breaks down for special (high p;) events
If (experimental) centrality is determined with fixed (forward) multiplicity thresholds,
\‘ irrespective of what happened at n~0, events may end up in the wrong centrality
class — and attributed an incorrect <N ;> 49
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Does bulk observable-based centrality fix N, once and for all?

col

One more time...

“In heavy ion collisions, we manipulate the fact that the majority of the initial state
nucleon-nucleon collisions will be analogous to minimum bias p+p collisions...”

No, it is biased, and the bias changes as a function of the hardest scattering seen at mid-rapidity!

) + a
E 6 PP (@ central forward correlation NS==1
QY NN IEEEEEEEEEEEEENINEEEEEEEEENEEE . 30 o
< Highest 1
= X" segen at pT= 0 - p+Au i
o | L | * | n
2 10°
g 4
u IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII [ | 105
2
@ 10¢
V' | | PHENIX Data p+p @ 200 GeV o
21| amauas p+p inclusive (42 mb) Anticorrelation! 17
| | emaman p+p with particle p_>1.5 GeV/c 0
+ P+p with T[n at given pT 20 40 60 80 100 120 140 160 180 200 220 240
o r—— | ]
0 5 15 In A+A the story Charge seen at -3.9 < < -3.0
q\\\\ T is very different! ~
PRC 90’ 034902 (201 4) Electromagnetic Effects in QCD — Santiago, Chile, November 24-28, 2025 G. David, SBU



A way out: actually measure N_,, D,

You still categorize events with N, but override Glauber MC

Is it possible? Yes, at least you can get close, and at the very least get rid of fake final state effects in R,.

Remember, photons don'’t care about FS - mostly true, at high py most of them are from initial hard
scattering and have 200+ fm mean free path in QGP (e.g. Rept.Prog.Phys. 83 (2020) 4, 046301)

For an arbitrary “centrality” classification just take the ratio of the direct photon and hadron spectra
—> pure centrality bias (even if pr-dependent) will affect both similarly
- if the ratios change with centrality, there’s a genuine final state effect on hadrons

Same idea, different realization: you can get N, experimentally from the Y&(AB,p;)/Y&(pp,ps) direct photon yield
ratios

— VY
_Y) Ypp Some caveats...
pp
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Earlier unphysical enhancement in peripherals gone

Nuclear modification of n? in dAu

12F-- N =76:04
E — N = 78102512
Z 9k}

B E o 0-100% d+Au 5,200 GeV

(a)

35 :_ lllllllllllllllllllll =
b NG =1tz (BF 3
%ﬁzs _— N = 17.3:0.742.8 3
<2 %--- zz=z=aa3 )
3 t { E
10f * &5% L3
g - NGy =3.210.2 () E
a_ o F— N3 =3.740.2:0.6 [ E
5 5[ ]
Z | =
bbb g | :
F L 1 -
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52
X 0,8
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02—

* 0-100% d+Au s, =200 GeV

(d)

ty

12F

— {H::_IHF: =0.92+0,02+0.15

E (e) 3
IR { 3
Al | 1 E
E s 0-5% } 3
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;_ ''''''''''''' [If') t '_:
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Xk } } 1_3
— ¢ B0-88% —
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16

PRL 134, 022302 (2025)

~ 12— (@ —

GZE 1.1F % } =
o= = 'é' =
ks 1; T ++ E
Zz 09 =
n.a;— —

0.8F 4+
0.7f d+Au /s, =200 GeV +
D.ﬁi ?.ScpTlc1BGel‘wc o I(b)

I T A [ 1l
0 2 4 6 8 10 12 14 16 18

EXP
Nr.nll

{ Rd.-ﬁ-.u,E}(P }

Ultimate test: pAu, dAu, HeAu
“excitation” function (in the works)
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PHENIX / STAR discrepancy
Main culprit: cocktail?
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PHENIX / STAR discrepancy (at low py) Q@

A sore point since 2016 PHENIX y—e*e": Phys. Rev. C91 (2015) 064904

v*: Phys. Rev. Lett. 104 (2010) 132301
STAR: Phys. Lett. B770 (2017) 451

(s, = 200 GeV: \Sp = 200 GeV:
i O Au+Au, 0-20% (STAR) _ B Au+Au, 0-20% (PHENIX)
A Au+Au, 20-40% (STAR) F + ® Au+Au, 20-40% (PHENIX)
v Au+Au, 40-60% (STAR) A Au+Au, 40-60% (PHENIX)
10 £ Au+Au, 60-80% (STAR) n * o P+p. 5 =200 GeV (PHENIX)
o P+p. Vs =200 GeV (PHENIX) p+p fit, Vs = 200 GeV (PHENIX)
== p+p fit, ¥s = 200 GeV (PHENIX) *

...... pQCD, s = 200 GeV
pQCD, {s = 200 GeV ‘

iy

=]
1N
I

ch

—_

=
in
I

d’Nifp_ dy / (dN_ /dn)"** [(GeVi/c)?]
3
lm

=
ey
*
"
*e

Ll
b
"
£
L
*a

"y

=
1,
I

; e T b
L ::a}l 1 I 11 1 1 | | | I I I — I.n ’ I{ }I 1 | 1 ] 1 [l | 1 ] l ] | 1 ] 1 ] I.n )

1 2 3 4 1 2 3 4
p, [GeV/c] P, [GeV/c]
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Integrated yields vs N, (and slopes)

Different evolution with centrality

2 F a:143 £004 (stat.) = 0.04 (sys.)
~ . [ STAR,Au+Au,10< P, < 3.0GeV/c
Z>—"10 = — AN /dn)” Fit to STAR Data ( £10 )
= [ —+200Gev 2
[ STAR Preliminary
1 = 544 GeV
e 27GeV i o
[ % 19.6GeV %
107 + 14.6 GeV_
i ALICE. Pb+Pb, 10 <p_<5.0 GeV/e
102 —5— 2.76 TeV
5 5.02 TeV
& PHENIX, Au+Au, 1.0< P, < 5.0GeV/c
103 —s— 200 GeV
- —5— 62.4 GeV
L —t 30 GeV
fi Cu+Cu 200 GeV
10—4 | 1 llll[ll 1 lllllll
10?
chh/dn
STAR at QM2025

Q\

® STAR results:

» Virtual photon analysis y*— e*e™ for
Au+Au at 14.6, 19.6, 27, 54 .4, 200 GeV

» Self consistent analyses & results across
energies

dNCh)a

» Direct photon yield scales with N;”rfv( p=

with o ~ 1.43

® Compared to PHENIX results:
+ STAR yield a factor of 3-5 below PHENIX
» a~ 143 versus a~ 1.1 for PHENIX

Credit: Axel Drees, SBU

Very different physics message!
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Compare in a particular p; range @

Au+Au minimum bias data Credit: Axel Drees, SBU
% E I I I I I 1 I I I I I I I I | 1 I F;HEINllx I I I I I I I I E Same pt Selection
> | Au+Au, s, =200 GeV o pep -
'O L e AusAumb ~ All data is normalized
® 10 = 2.0<p_<25GeVc hadron decays (pp) = for m<30 MeV
~ \ T —— hadron decays (AuAu) =
_ STAR i
102 ] = Au+Au mb .
L "I S hadron decays = STAR and PHENIX data
n g """ e - agree well in n° and n
- % ef ; B - Dalitz region
10° ! =
- - n/n? at low p; higher in STAR
1075 | | | | | _i::
0.1 0.2 0.3 0.4 0.5
M,. [GeV/c?]

Cocktails do not agree!
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Evolution with p;

How does it evolve with p;? Credit: Axel Drees, SBU
Au+Au, |5, =200 GeV \ POH‘;':*")X :
+ Au+Aumb -
STAR :
= Au+Aumb

.

Hd'i IR
L cip gl !

i S ji Data seem to be consistent
g i
) : for pr > 2 GeV/c
10 1.0 <p < 1.5GeVic 1.5 <p, <2.0GeVic 2.0 < p, < 2.5 GeVic —
1 : : Difference at lower py

10 25¢ p, < 3.0 GeVic 3.0¢ P, < 4.0 GeVic 4.0 < P, < 5.0 GeVic E
‘ 0.05 0.10.150.20.250.30.350.40.45 0.050.10.150.20.250.30.35 0.4 0.45 0.05 0.1 0.150.2 0.25 0.3 0.35 0.4 0.45 g
q\\\\ M., [GeV/c?)] M., [GeV/c?] M., [GeV/c?] 57
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What next? @

Collaborate with STAR  On the PHENIX side
Exchange AuAu virtual gamma data (not all
in public domain or HEP data) « Collect data in sharable form
Provide standalone software that « Develop standalone PHENIX simulator

reproduces experimental data « Create new cocktail based on today's
Independently analyse data from both knowledge

experiments with same cocktail
Compare & discuss

Ongoing work with STAR
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S

Consistency of =*

& E T T T T T 1T 1 T T T 1711 A
. g} = .
Compare to charged pions, STAR > 10 E
o = ]
= 10t =
§ ;
:: 2_ 1 1 I 1 1 ] I | 1 1 I | 1 | I ) I | I 1 ) I 1 ) 1 | _ % 15? ?E
2 min. bias Au+Au 200 GeV ] a F 5
] 1.8 —— new it/ fit from PRC81(2010)34911 - = % 10E -
— 1.6 — - C 3
& F = 10° 3
5 1-4__ 0O0n = E
O ~ . 107 min. bias Au+Au 200 GeV al
E 1'2:_ . i .IL. . B - fit with Hagedorn function 3
e . . B 10 fit from PRC81(2010)34911 4
S WY .ol ) 1 - STAR data scaled by 0.75 .
— 0.8__ + ¢ - — 107° ¢« (n*+ m)2 TOF —
Z F STAR data / Hagedorn fit  PHENIX data / Hagedorn fit o (n*+ m)2 TPC 3
E 06__ L ] (7{+ + :rt);'2 TOF [} TCD (2002) ] 5 PHENIX data ]
© [ o (nt+ w)2 TPC o (xt+ )2 (2002) = 10 ® (2002 E
© 04 o 1° (2004) - o (2002) :
: = x° (2007) 3 107 0 e m)/2(2002) -
— + . _ +  1°(2004) =
0.2 o (n+ 7)2(2007) ) M ot -
0_ oo by b by by by oy oy by T 10 * (m* + m)/2 (2007) =
0 2 4 6 8 10 12 1 .
p [Gei//c] 10°
| | | I I | | | | | I | =
1 10

P, [GeV/c]

Reasonable agreement
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The second highest contributor: n

Recent study of world data

o -
= ° 95 —2+ ALICE p+p 2.76 TeV (2017)
& 0.8 = ALICE p+p 7 TeV (2012)
< PHENIX p+p 200 GeV (2010)
0.7 PHENIX p+p 200 GeV (2006)
" —m— ALICE p+Pb 5.02 TeV (2018)
0_63_—%— CERES p+Au 29.1 GeV (1998)
- = CERES p+Be 29.1 GeV (1998)
0.5F —* ALIGE p+p 8 TeV (2018)
r Systematic uncertainties
L ===- Empirical fit A
04 Empirical it B ..ee=gl il
- B GPR
0.3 ,
0.2 PYTHIA};’/
- o7 .
ol L2y scalipgy
)

1 IIJIIIIl 1 lIlIllll L

10
P, [GeV/c]

n/n® PRC 104, 054902 (2021)

\

n/n® vs collision energy

’lgl‘ F 1/ (=)=0.487+0.024, empirical fit B
C:E L -E:L'w *
= |22 Bl & hr s,
05, //é‘ﬁ// __ ¢-% - 7 )
0.4 )
[ O CutAu, 200 GeV, MB., PRC 98, 054803, 2018
T o U:U, 192 GeV, M.B., PRC 102, 064905, 2020
0.3— ©  Au+Au, 200 GeV, M.B., PRC 87, 034911, 2013
F < d+Au, 200 GeV, M.B., PRC 75, 024909, 2007
= A Au+Au, 200 GeV, M.B., PRC 75, 024909, 2007
02? ¢+ p+Pb, 5.02 TeV, EPJ C 78, 624, 2018
L p+Au, 29.1 GeV, EPJ C 4, 249, 1998
0.4 # Pp+Be, 29.1 GeV, EPJ C 4, 249, 1998
[ W p+p 23GeVic8TeV
C R(==) of empirical fit B
Oll I\IIHIl 1 I\IIHIl 1 IIII\II| 1 ]
10 10? 10° 10
Vs [GeV]

FIG. 4. Values of R® = n/n"(pr — o0) as a function of ,/Syy
for the minimum bias p+ p, p+ A, and A+B data sets. Statistical
errors are shown as bars, and systematic uncertainties are shown as
bands. Also shown is a band representing 0.487 + 0.024, the result
of the empirical fit B to the combined p + p and p + A data. Note
that the A+B data at 200 GeV are offset in ,/Syy to avoid overlap of
data sets.

0.3

0.2

0.1

n/n® vs N, (centrality)

W (e=)=0.487+0.024, empirical fit B

i

o Cu+Au, 200 GeV, PRC 98, 054903, 2018

o U+U, 192 GeV, PRC 102, 064905, 2020
Au+Au, 200 GeV, PRC 87, 034911, 2013

= d+Au, 200 GeV, PRC 75, 024909, 2007
Au+Au, 200 GeV, PRC 75, 024909, 2007

=

T T 1T°T1 | T 177 | T 177 | T 177 | T |\l\i T 1T 1 1T | T T
= o
; >dh 0 ¢ —ulty
‘.
>
N
[}

| Pb+Pb, 2.76 TeV, PRC 98, 044901, 2018
¢+ p+Pb, 5.02 TeV, EPJ C 78, 624, 2018
p+Au, 29.1 GeV, EPJ C 4, 249, 1998
¢ p+Be, 29.1 GeV, EPJ C 4, 249, 1998
m ptp,23GeVio8TeV
772 R(e) of empirical fit B
| 1 1 11111 | IIIIIII| | IIIIIII| |
1 10 10° 10°
dN_,/dy

FIG. 5. Values of R™ =n/n’(pr — oo) as a function of

chh/dr?

. The presentation is identical to Fig. 4; however, for A+B

collisions results from different centrality classes are shown rather
than results for the minimum bias sample.

Is it truly constant at high p;?
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Small contribution, but we need a precision measurement

Other contributors —®, 1’ ...

2.5 N —e— PHENIX p+p 200GeV [2] —®— PHENIX d+Au 200GeV [2]
B —4— PHENIX Cu+Cu 200GeV [2] — ¥ — PHENIX Au+Au 200GeV [2)
> B PHENIX Au+Au 200GeV [2] —&— PHENIX p+p 200GeV [3]
— —A— PHENIX d+Au 200GeV [3] —&— ALICE p+p 7 TeV [5]
- & E706 x'+Be 31 GeV [8] ¢+ E268 p+Be 20 GeV [6)
15 L s E620 p+C 20 GeV [7] —+#— ISR p+p 63 GeV [4]
- & J
— 1 | A W L
B 4 AT it —
- ‘ 'W ' ﬁ i T I
05— . ‘
ol L. | x L
10 12 14 16
P, [GeV/c]

Axel Drees, Konstantin Bauer,
SBU 2023 (unpublished)

Au+Au @ 200GeV, 0-20%

2
i

- all photons
o

=

n
'
0]

4 6 8 10
p, [GeVic]

.,{hadmn I .,fnc

05 . .

Au+rAu @ 200GV, 0-20%

n
T

2 4 6 8 10

P, [GeVic]

Wenging Fan, SBU, PhD thesis

Few measurements available
Changes with collision energy
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“Direct photon puzzle”
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Azimuthal anisotropy in photon emission QD

| hate the word “flow”... it implies a particular dynamics
PRL 109, 122302 (2012)

ELLIPTIC FLOW Fragment of
gold nucleus
Off-center collisions 025E e ue™) @ | b e ©
between gold nuclei o2f T W) - r
produce an elliptical _ | : L - R
region of quark- o = h °TE ﬁ%@?f Pl {
gluon medium. 1 e E Pyt i |
0.05 _ Min. Bias _ i
025 — © — ......... 06 fme (@)
gluon medium B 02 : ..... 0.4 f
_‘5:: o.1§- ﬂ%} . _ EIEH
°Z: 005 F el Eosendd
+ g | i
-0.05 — 0-20 [%] I a J
The pressure gradients °:i @ : I ®
inthe elliptical region ok £ EL s
cause it to explode | I orf i} 1 AN
outward, mostlyin ATy 00 | %’7’*4&;_@% E i H l
the plane of the o b | ] i } N
COIIiSion [arrOWS]. o ;_I L |2(|):4|D|[c|}{,|] |||||||||||||||| ;_I PR P I R \‘l |
0 2 4 6 8 10 pTi[ZGe:fc] 2 4 [ 8 10 12
At low p; n° and hadron v, similar!
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The direct photon puzzle — Au+Au, 200 GeV D

What is it? PHENIX PRC 94, 064901 (2016)

'F; '10: (a) Invariant yield [ (b) v m
: : g 10¢ 02f °
Long-time paradigm: R ot | @E
mostly thermal radiation A 3 . QaPwiviseous. | 1B F ﬁﬁ %@ i
C = = = semi-QGP [
from QGP and HG 10k wio viscous | 0.1} @
- (All three include HG) i
e 0.05 | i
Large yield: early emission, high T o
10-3? . o  (0) v, PHENIX
Large azimuthal anisotropies: 104k | I @calorimeter
. . = Au+Au 20-40% * 0.15 | ®@Conversion
late emission, low T | Vew200GeV 15
10 % Yleldlsfrom PHC 91 {}Edgﬂdl 0.1 —
Models could not explain _E § ~| 8 0.05
. . Ol= L [
large yield and v, simultaneously ‘1’6 - Y.

P; (GEWG}

q\\\‘ Paradigm shift needed? o
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Scaling: part of the puzzle? Q

L L] u L L] pT’max delr dN ‘:E
Universality over system size, collision energy? . =f —dp;dyde = A x ( df)
P

T .min

e ® AusAu, |5, = 62.4 GeV, 0-86% | Sy = 200 GaV: 1 # Pb+Pb, |5, = 2760 GeV, 0-20% |
o * Au+Au, |5, = 30 GeV, 0-86% L] W AusAu, 0-20% © Pb+Pb, 5, = 2760 GeV, 20-40% 1 WE, Apip =7, + X =125
[ c_ F At =Tt = 1.
o) i o PP E—:i‘; G:“' 1 ® Au+Au, 20-40% 1 B Au+Au, |5, =200 GeV, 0-20%  _ - C Wrberb, fam=2m0cev PHENIX
= - oOPepis=63Ge T A AusAu, 40-60% T ® AusAu, 5., =624 GeV, 0-20% S 10 mAuA, [y = 200 GV "
i} ol — PQCD, {s = 62.4 GaV . D E® Auhu, 5, =624 GeV
g 107 oop. e_mcey T o Bep, (E=200GeV T + CusCu, |5y, = 200 GeV, 0-40% @ C 5 AusAu, (B, = 38 GaV o
, {s=30 Ge T &
= " 5= pep fit, (5 = 200 GaV — POCD, {5 = 2760 GeV S TE v CusCu fay =20 GaV " T
u I - 0. Vs =200 eV L F o p+p. V5= 200 GeV ¥
o v POCD, (5=200GaV | ree POCD. 5= eV ] v -
..-"'-E? 1{]_5 D_|_ 10 1 _E
= 1 PHENIX 7 o .t
2
-E_ — 10" g
H“'E T - - N_4 scaled prompt photons
< . L= pop fit, 5 = 200 GeV
T 10 T = —paCD, {5 = 2780 GeV
—— L= . __pacD, ¥ = 200 GaV
= 107 —paCD, fs =624 GV
o 1T L1 o1l L1l L1 ol
a~ '-‘. 1 10 10° 10°
ed 10 4 ey -
o 10 “. dN/dn |
e -
© 4 ]
- ]
o 1 I ] Surprisingly small
| | | | 11 | | | 11 | | | | | | L1 1 | | L1 | | L1 1

0 5 10 0 5 10 —
p [GeV/c] p_[GeV/c] p_ [GeVic] power (OL—1 .25)

PRL 123, 022301 (2019)
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Is there a “puzzile” at all?

Thermal/hydro paradigm: yield - “early”, flow - “late”

Logical — and tractable! —
assumption

but why would thermal source
be super-dominant?

No a priori reason
“Unconventional” sources?

Concentrating on this region and as a (locally)
thermalized hydro system is too narrow-minded?

Is the puzzle just due to some tunnel-vision?

q\\\‘ Gale arXiv:2502.13938
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Consistency D

Four different analysis techniques...

_ _ - (a) 0%-20% | #{‘h] 20%—40% ' _
inclusive 2.5F Aus+ Au $80 =
— r-}lr - "Ishlhl = 200 GeV % i% + PHENIX 1
deca 2F 1} + H‘

Hulll{ y » C ¥ 1 **
b a 4Rt E R

X H = I &
A LN S § umad iy
Clear excess in the A 1
“thermal” region,

E{nlmﬁ_m%l --{d]m.!ﬂ_g:i%"'

depfnﬁtmg on 2.5F o This paper + = PRL 104, 132301 :
centrality | © PRC91,064904 f « PRL109, 152302 :
T 111, | ST 1
(e o CHRRTRTE S FEEETIE ] -
2 4 6 8 2 4 s s

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

PRC 109, 044912 (2024)
q\\\‘ ...giving consistent results N
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A closer look at Ry and direct y Q

External conversion in VTX Ry — and its uncertainty — is crucial in

the analysis of azimuthal asymmetries

2_5;_{11)0%—10% . ;,H‘]'*t (b) 10%-20% é fh.}f
- % T ¥
o 2 K] Ll | | LLk PRC 109, 044912 (2024)
1.5_— B % <X o8 ﬂ.’ ]
A et 0 E 108 ¢
S S - - Au + Au, |s, . = 200 GeV
E_[C:l 20%—30% _Ef_{d:l 30%—40% _E i * m o 0%-10% (x 50)
2'55 * i ] - PHENIX e 10%-20% (x 10) .
= 2 gﬁ*ﬁ# i; i ﬁ”% - _ = 20%-30% (x 5) Limited range
"% oot ey 1L LU 1020 o Directy " oo (05) > high precision
T I 2 E - 3 50%-60% (x 0.1) .
& n -  60%70% (x 0.05) (ConverS|on)
o 5f (€) 40%-50% § (f) 50%-60% E S - o + 70%-80% (x 0.01)
'25 fr % ] %‘ - Q%q%- ° . . < 80%-93% (x 0.005)
o F 1 i G 102- 5% Ba o
1.50 1R t = o™ o e
f_-qﬂ;&i‘!‘.’fffﬁf_f_#_;;_@Eu'ﬂffﬂf*f_é_n_%+ e - B v me o
g ‘ . Bla” = Eﬁt\\ . a :
 (g) 60%-70% (h) 70%-80% o | dm®o 0 2
2.5;- T E '_5 10°8F o R e = .
2F + 3 - o g % B o
f 3 Ed E | E’ #H -
1.5¢ png80 8 g % f mmooog ¥ i % ] I Ma® o ;;
-5 R Rt F+-5=--- . - @ . .
I e . ? + . Consistent, solid
o 5t () 80%-93% i Au + Au 3 1010k .
of PHENIX T (3m=200GeV ] i overlap with
CE- o This paper i linlinnL | L1 Lo =
1-5¢ N T+ PRL109, 152302 ] calorimeter data
- Gaeesngd | . PRL 104, 132301 (p+p) 1 0 2 10

\IEA S50 PRI S pT[GeWc]
P, [GeV/c] P, [GeV/c] 68
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Direct and non-prompt photons
PRC 109, 044912 (2024
Non-prompt: subtract p+p (extrapolated) (2024)

16 b-(a) 0-20% (b) 20-40% 1 b T 27844 1 istat) T (sys) Mevi — 261.92 70 (stat) 75" (sys) MeVic 1
¢ — 423,19 517 (stat) *23;; (sys) MaV ) —— 35274 i (stal) ‘:;5 (sys) MaWic 1
of * 2014 conversion mgthﬂsz Wy +  PRC 91, 064804 (conversion) 1 o ¥ 1
o~ 1 Bfgh N scalodpp i A, 12p' ' Egt :2; 132301 Ew:ual " )1 - 1 . 5014 commrsion mathad 1 Non-prom pt:
o ' ! + 52302 (calorimetar)] _— E .
TR = == N_, scaled pQCD ' g TR +  PRC 91, 064904
> ~ ‘ ; > not a single
g w0 % T g 1w* n nt I
> 00 Y - =00 eXpO entia
E Z(0_ “Th I,, .
Blg o (“Thermal” is
=
o
g 0 frowned upon © )
10°°
107
10°°
(d) 60-93% sl —— 24872 53 stat) %' sys) MeVie — 25112 5,7 (stat) 712° (sys) MeVie _=
AusAu o 74X 1 of 922 ‘e (stat) T sys) Mevie —— 52883 35 (stat) 7 (sys) MeVie 1
E E
‘fs;:ﬁ'ﬂﬁe\" ] ) 1 Au + Au — v+ X 1
T {Shn = 200 GeV
>
& w2
= =
;‘ 3
28" T+ INnCcreases
Ol5 10 .
=
A= with p;
10°°
107
10°®

1 2 3 4 5 6 7 B
pT[GeWc]

2 3 4 56 7 8 9 0
pT[GeWc]

‘ I

2 3 4 5 6 7 8 9
pT[GeWc]
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T VS the p; range and centrality

No dependence on centrality

Strong dependence on py
Composition and relative
weight of different sources
always the same?

e :
10" £ PHENIX Au + Au, |5, = 200 GeV E
= Nonprompt _ :
10° * 0%-20% -
E . 20%-40% 4 3
o 40%-60%

S 10°E o gov%-0m% 1 3
EE“ - @ ;
10 F | 13
‘?—@@‘ﬁ ———————— B

o

pT[GeWc]

o
o

<
B

T [GeV/c]

0.2

III'_H !Elnllllllllll

PHENIX Au + Au, |s, = 200 GeV
Nonprompt vy

T, extraction range
® 08<p <1.9GeV/ 7
o

20 <p <4.0GeVic

PRC 109, 044912 (2024)

ﬂ . 376 MeV/c

3
:
:
H

260 MeV/c

A N
200 400 600

AN/ |

Yields: universal scenario?
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Easing a tension on a being too small? @
PRC109, 044912 (2024)

Issue: photon yield vs N,

I 1 1 LU B | I| 1 L L e I L I ] LI | II ]
10 :E Direct y (1.0 < p, < 5.0 GeV/ic) é
E » PHENIX Au+Au 200 GeV 34 ]
dNy/dy ~ (chh/dn)a 1= — ﬂ“ﬂ new data p
= fit p+p 200 GeV =
n led b -
o from QGP ~ 1.85 . 101k scaled by N,
o from HG ~ 1.25 ) g
a measured ~ 1.11 = 10-2 L PHENIX
=T = == o Au+Au 39 GeV
© B e Au+Au 62.4 GeV
.y ation: N 10-3L « Au+Au 200 GeV
But radiative hadronization: Ny ~ N, 0 F L CL 200 GeV
N - - fit to published daia
107 ALICE
ReCo model Photon =
e - » Pb+Pb 2760 GeV
quark " quark : -~ y Il 1 1 i 1 i I| 1 'l [l L i III [l Il 1 Ll 1 III 3
’ , o 10 \ 10° 10
antiquark meson amtiUt preformed = d Ch/dn |T‘|=[I

state (M., P)

May help to explain small o observed

q\\\w PRC 106, 034906 (2022) )
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Direct photon v, — starts with inclusive and decay v,

Inclusive y
Decay y o
(cocktail)
0.3
F PHENIX (a)
r Au+Au,M=ZOOGeV
F Inl <0.5, 30-40%
. od
I >
i o n%:PRL 105 142301
of ° miPRC®mos2 |
g T w
T o8t rh]
0 5 10 15 20
P, [GeV/c] }m

Pion v, and fit
(used for decay v,)

Q\

0.3

0.2}
0.1f
o

0.3}
0.2}
0.1}

0.3F
0.2
0.1}

0

F 0-10% (a) 1

10-20% (b)

E Au+Au, |5,,=200 GeV — PHENIX -
- In|<0.35 + @ .
g 1o, 5
- e, ]
®se . ® i { : s ® * ]
* L+
20-30% (c) 30-40% (d)
- e inclusive photons _:_ _
decay photons ] ]
3 E, Y ]
Sy ™, ;
e ] "§+* ]
| et
40-50% (e) 1 50-60% (f
) ] } °
° .'i' ¢ } ] _ ’ e *
o]
5 10 15 20 5 10 15 20
P, [GeV/c] P, [GeV/c]

arXiv:2504.02955

At low p; inclusive (blue)
and
v, almost identical

At high p; strong separation
(prompt photon v, ~ 0)

inc _,.dec

Ryvg U5
R,—1

ﬂgw

vV, hyper-sensitive to Ry
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Reaction plane resolution, uncertainties on v, @

Main sources of uncertainties

!
v, = v, /Res(\¥,).
(a] RxN Inner+Outer (S+N) |} (b) MPC (S+N)
I South : -2.8<m<-1| South : -3.7<n<-3.1
-~ 0.8 - North : 1<n<2.8 North : 3.1<n<3.9
B .
I s . . ® Res (V)
v - .
5 06 B = Res (Y¥,)
E i . e ' o
= i
E 0.4 _— B . b
"3 L [ | - .
= - n
2 92T pueNix g e
v m _ T
[ Au+Au 200GeV [ . .
ol v b | S TR AN TR N NN AN M
0 20 40 60 0 20 40 60

Centrality(%:)

Q\

PRC 94, 064901 (2016)

Systematic uncertainty of v, (0-20%)
1<:p <1.5 GeV/c

150 fi

------ o Ve {1

'E _——— Gudec ”

S n [l

8 100 - —-0oR, |
o vr f II PHENIX

Au+Au 200GeV

~0.05 0 005 01 0.15
Direct photon v,

: JITLC dec
dir _ Byug™t—vg

R, —1
vV, hyper-sensitive to Ry
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D,

03;_ 0-10% @ § 1020% w | arXiv:2504.02955
. : b AutAu, |5,=200 GeV ] PHENIX ]
Issue: magnitude, pr dependence Y A i __
= E i 1 :
O A ¢ 1% 1 2o ,
Previous: PRC 94, 064901 (2016) o taee b4 tee 8 p o 10% centrally
n.ai-{a} &?rmtph:a:;ﬁllﬂ ;{h}?ExﬂSVM 2010 i{c}mml 0ab 20-1;0% | (c) ] | I3IDI-;EI]°;{, lllllllll (fji}l I_ Wide pr range
& gsf ™ Calorimeter method 3 E _ i Tk : ]
5 I : Eﬂlﬁlﬂ*ﬂ : :&A@EIH 0.2k _ 1 1 Calorimeter
odf B ] - B I:li_l - *ﬂ Iﬂ %N : E .‘.
3 ﬂﬂuaii, EI";E' ] ﬂﬁ ,,,,,,,,,,,,, 3 l, e > 01y ' + 1o e, ]
015 (d) 0-20% F(e) 20-40% - (1) 40-60% [ 1 ] ¢ .
u.1§— | - — (4] 1% 0: te + } ] i* % + '
ﬂmﬁl -Hlﬂ[ﬂ ; m [ PSS il
o | | il o3 § o j
R 'mf{a;ﬁi” = e ol o o |
R | | s Larg_;e at low p;
Ty +I T vanishes at
. . 0 - _ .
Cpnyersmn, calorimeter T 5 4 + hlgh Pt
Limited pyrange b Tl SR S
5 10 15 5 10 15

q\\\‘ Significant v, P, (GeVic] P, (GeVic]
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Average v, vs p; and centrality
arXiv:2504.02955
Low and high p; regions

0.2 —

0_15} ° 1 ° d®_’

Low p; (non-prompt)

")

N 0af ] > large v,, centrality dependence
0.05F 2<p <3GeVe  * High p; (prompt)
B ] - V,~ 0, no centrality dependence
oqsf.  PHENIX (b) -
F Au+Au s, =200 GeV ]
o~ 0.1F 10 < p. <20 GeV/c -
T B ]
> i i
~ 0.05* % =
O —+ ! %

0 200 400 600 800 1000

\\\ Ncoll 75
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Direct photon v, in 2.76 PbPb (ALICE) @

: : PLB 789 (2019) 308-322
Low and high p; regions

ot N I N I | I LI | rrnri I LI I rrri L) I rrrrd = R N | I LI I rrri | L) I LI rrnri I L=
o5l 0-20% Pb-Phys, = 2.76 TeV h osf.  20-40% Pb-Pbys, = 276 TeV b
- [#]vi® ALCE . - [vi® . auce .

B vl ™, ALICE simulation . - vy ™, ALICE simulation ]
0.4 vl ™" hydro, Paguet ef al. ] 0.4 vi ¥, hydro, Paguet et al. _
[ — )™, hydro, Chatterjee et al ] [ ——-wvi™. hydro, Chatierjee ef al -

- — )™, PHSD, Linnyk et al. ] - —- v}, PHSD, Linnyk et al. ]
0.3l Boxes indicate wolal uncertainties — nal—  Boxes indicate lotal uncenainties —
0.2 — 0.2 +H_+_{ * [ ] —
0.1 * - 0.1 *—* — -
- * - - ] * L —
T o | 1 :
: L1 1 1 I L1 1 1 | L1 11 I L1 1 | I L1 1 1 | | ! 111 : : L1 11 I L1 11 I L1 1 1 | | T 1 I | 1 | L1 11 I L1 1 | :

0 1 2 3 L 5 7] 7 0 1 2 3 1 a G T
p. (GeVic) p. (GeVic)

Similar as at PHENIX
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Direct photon v, uncertainties in 2.76 PbPb (ALICE) <D

Precision on R, crucial PLB 789 (2019) 308-322

= = oF
sk 20-40%, p_= 1.4 GeV/c ~ "E20-40%, p_= 1.4 GeVic
Ok T L
= = :
0.3 = u
= B—
0.250= -
= =]
0.2/— -
- — d I
di R-f pinc _ ,Udec = =
0y = 2= e £ r |
2 Ry —1 : : i &
01— 2 _|J_ :
0.055 1= E L L
: C o ) 1 1
— _IIII_I_II—|I_|_IIIIIIIIII IIIII IIIIIIIIIIIII;_'_‘|—|_III
O 102 104 106 108 14 142 144 148 1 1.2 %9 605 0 o005 01 015 02 025 03 035 04
R, Va2 dir
Fig. 4. Lefr: Central value (solid red line) and uncerrainty of the direc-photon v, for a selecred py incerval. The upper and lower edges of the red shaded area correspond o
the toral uncertainty of 1.-'5"'5" as obeained from linear Gaussian propagarion of the uncertainties o (v} ™) and trqvf'd“]. The Gaussian (with arbitrary normalization) reflects

the measured value of B, in this py interval (blue dashed line) and irs £1o uncertainty {dark-blue shaded interval). Righr: Posterior distriburion of the true value of vf‘d“
for the same inrerval in the Bayesian approach. More that the discribution has a non-Gaussian shape, implying thar the 2o interval oy pically corresponds to a probabilicy of
less than 95.45% as would be the case for a Gaussian,

Asymmetric, and v, can even go negative
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New photon sources considered @

Weak magnetic y from QGP Add “unconventional” sources

’.. “ ‘4.

s.
"
»a
»
2
»

Pre-equilibrium Radiative hadronization

q\\\‘ Stepping past the thermal paradigm
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Comparisons of photon v, to recent models QD
Data from arXiv:2504.02955

Different approaches 0.l PHENIX Au+Au |5, =200 GeV
i 0-20% i
Multi-messenger PRC 105, 014909 (2022) I i
Radiative hadronization PRC 106, 034906 (2022) . - .
Magnetic emission Nucl. Phys. Rev 41, 1 (2024) 3 018 B
i l m ® ]
of ——
source multim. | rad. hadr. | magnetic R
— - : 20-40% N -
prompt X X X 0.21- o E&d;gg‘r;s“adf- ]
magnetic X ce Multi Mess PreEqui. |
pre-eq X X 2 — Multi Mess. OGP+HG:
QGP th X X X 7
HG th X X X *
rad. hadr. X é o
5 6 7 8 9
\ Could (should???) all those sources p. [GeV/c]
q\\\ be combined? | | - 7
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A few recent models
to resolve the puzzle

80



Strongly coupled plasma with constant magnetic field

An early attempt

Generated solely by magnetic field
in the strong coupling scenario

Photon v, does not vanish at low py

Two polarizations: in-plane (blue)
and out-of-plane (red)

Only a fraction of all v,,

D,

Mueller PRD 89, 026013 (2014)

WV

0.20F
0.15¢

0.10}

0.05

I
o
(=}
sa b
=
-]

Upper bound only
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Magnetic field — synchrotron radiation @

Non-prompt phOtOﬂ yields Tuchin PRC 91, 014902 (2015)

PHENIX AuAu data

Authors conclusions: <dN/d*kedy> (GeV?)

- a significant fraction of photon excess in the region k1 = 1-3 GeV
can be attributed to the synchrotron radiation .

- this source alone would predictv, =4/7 and v, =1/10 .
independent of photon momentum and centrality o

- odd terms (v, ...) should vanish -

- can contribute a significant fraction of non-prompt photons ol _
at2-3 GeV/c P S SR Faragy o)

- temperatures should be below T = 400 MeV L
(since then synchrotron photons would account for all .F[G' 2. Spectrum of synchrotron photons averaged over ¢.1|1E:
observed photons) i e S T

I' = 400MeV; dashed line: 7 = 200 MeV. Data are from [1]; they
represent the direct photon ky spectra after subtraction of the Ncoll
scaled p + p contribution (Fig. 8 there).

\ Early attempt, very incomplete
g 82
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Magnetic field induced gluon fusion and splitting <>
Ayala+ Eur. Phys. J. A (2020) 56:53

Pre-hydro source

C(b) UrGMD, Au-Au |[5,,, = 200 GeV
| EIHEI;I;IPB nis and speclators E(.I U-s.
10 20-40% 9oF ~ (b) UrGMD, Au-Au {8,y = 200 GeV
. L 40-80% o E. - participants and spectators
i, L e oo oo a0;
‘E # * '-:l ?U: "'L
o8] 1II-_ *r I":l EJ
@ c * '!ll 60
C * N a -
I *!*! "!!!.. E‘.‘-i-lN 50;_
HH* ".!TI:...I“ —
1‘3_ _ hh*ﬂ!“:::i.-:.:ll.:'.lj 40:_
g et l 30F
| ] | -
0 0.1 0.2 0.3 0.4 0.5 20F
t[fm] 1U:III|IIII|IIII|IIII|IIII|IIII|IIII
05 1 15 2 25 3 35
Gluon fusion / splitting o, [GeV]
Issue: short lifetime of B
Thermal effects (hydro) start “Magnetic flow” only —
after magnetic pulse needs to be weighted
Similar magnitude as Mueller ) .
Non-zero flow at low py! Short lifetime, v,(p;=0)>0
83

Electromagnetic Effects in QCD — Santiago, Chile, November 24-28, 2025 G. David, SBU



Participants, spectators

Yields and v, have to be explained simultaneously

&£2
—

0 )

LB g PHENIX Aushu 0-20% - Birest
fg 14 E —a— UrMD, Au-Au |5 _=200 GeV
'.,3 1'3; . :} participants and spectaors
:v.' 1: \'.'EL B 0-20%

QE 1; ‘-E‘E
z U F s
-Ea"“]_‘?; .? 1111111
r%: 10’“5 oo,
S: f
10
:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
A T S - R Y- R B Y
w, [GeV]
10°

. (b) O PHENIX Auisfu 20-40% - Direel
g 10 —— UrEMD, AR |5, =200 Gev
=
:E 10 |I'-.‘il participanis and speclators
S|T 1 - 20-40%
= |
g qp! h
E
A Tye.

—~ 10° f B teeen,
& 100 g
] 1
3 1 I 1 1 I 1 11 I 11 I 111 I 1
O 115 2 25 3 35

Moving in the right direction
but significant shape difference

Overpredict yield, underpredict
v, above 1.5 GeV/c

Enhancement at pr =0
(what is hard to measure)

D,

Ayala+ Eur. Phys. J. A (2020) 56:53

E (a) & PHEMIX Ausfu 20-80%
0.35 :_ o Direct, PRC 83. 044806 (2016}
[13:— ¢ UrGMD, Su-Au 5, = 200 GaV
) E spectalors
0.25:_ 20-30%.
S 02 % {
Y A
ot 3 5w
e e
UUE__ P ] o o*
S T T T T T
ST B IR T Y- B R ¥
0, (GeV]
- (b) .
035 :_ PHEMIX fu-+fug 20-400
N o Direct, PRC 83, 044906 (2016}
D 3:_ - UrGMD, Au-Au ﬁ = 200 GaV
EI.EEE— participants and speciators
= 02F % {
0.15F } { { 1
off L g j e
0.05F jﬂ{ LI
:I |n||n||||||||||||||||||||||||||||||
t:ID 0.5 1 15 2 25 3 35

o, [GeV]

Challenge to experimentalists: get v,(p=0)
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€D
“Weak” field in QGP, hydro, RHIC

Induced radiation, e-b-e viscous hydro Sun, Yan PRC 109, 034917 (2024)

1
e == without magnetic field == without magnetic field == without magnetic fizld
10° — p=0.01 — p=0.025 ' 1 —— p=0.025
E | — p=0.15 - | Iy o=020 E i — p=0.30
[ PHEMIX 1 |  PHEMIX [ \ i PHEMNIX

| :
AN

e o e
o 1071
9
1% 10-2 AuAL 0-20% AubL 40-60%
% 10-3 {a) i (h) (c)
1074 %"“j
1074610 1.5 2.0 2.5 3.0 3.5 4.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
pr (GeV)
Effects of the weak magnetic field PHENIX data, PRC 91, 064904 (2015)
during QGP evolution _ Oa €By
Interplay of magnetic field and CET me Small correction to yield

q\\\\ longitudinal dynamics of medium ’ N
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€D
“Weak” field in QGP, hydro, RHIC

Induced radiation, e-b-e viscous hydro Sun, Yan PRC 109, 034917 (2024)

ey e R ARG RRRTE RAE — S

[ ——- without magnetic ﬁeld {a) - — p=0.025 ] = 0. . {c) ]
ﬂ3ﬂ — p=0.01 1
— p=0.15 0-20% -

ﬂ.25_ 4&-5&"}5-;
; PHEMIX
2s0:20F
= :
'D.155
0.10
Ue| EBu [
= — 2'1 ﬂ.[]ﬁ;— | ' _
I m; 0.00" -
’ ' 05 10 15 20 25 3.0 35 4{] 0.5 1.0 15 2.0 25 3.0 35 4[] 'DE 1.0 15 20 25 3U 3.5 4[!

pr(GeV)

v, emerges (novel) PHENIX data PRC 94, 064901 (2016)

Yield increase marginal
flow increase large

Get p (field strength) from flow
Field 0.1m2_ ~101°G

“ T
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“Weak” field in QGP, hydro, LHC —

Induced radiation, e-b-e viscous hydro Sun, Yan PRC 109, 034917 (2024)
107 :
- -—- without magnmetic field F ——- without magnetic field
I — p=0.035 I —— p=0,050
10°% i p=0.150 p=020
- g [ ALICE ALICE
;5: :
-?‘ l[:l_l;_—
N
B .n-2
E 10 3
T 0 (@ « [ ®
103 PbPb 0-20% 1  PbPb 20-40%
1D-ﬂ-.|.||. paloa s b oo el alanpelogg -|.| lovgaloisaal Lol pleaaalaipng
051015 2025 3.03.54.005 10 15 20 25 3.0 35 4.0
pr (GeV) pr (GeV)
ALICE, PbPb, 2.76 TeV (data PLB 789, 308 (2019)) Small correction to yield

87
Electromagnetic Effects in QCD — Santiago, Chile, November 24-28, 2025 G. David, SBU




<€y,

“Weak” field in QGP, hydro, LHC

Induced radiation, e-b-e viscous hydro

S ———— e
- === without magnetic field

! (a) T

0.300— bt 0-20% |

0.25° | Alice I
- 0.20-
=
0.15
= g 7 0.10-
I m: :
0.05

Sun, Yan PRC 109, 034917 (2024)

- A P B L L i SR P P B , A R BT L L 1
000355 10 1.5 2.0 25 30 3.5 40 05 1.0 15 2.0 25 30 35 4.0

pr (GeV)

pr (GeV)

ALICE, PbPb, 2.76 TeV (data PLB 789, 308 (2019))

p (field strength) somewhat higher than at RHIC
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Radiative hadronization — RHIC S

: : Fuijii et al, PRC 106, 034906 (2022
Circumvents the “old paradigm” . (2022)

104
Old paradigm: yield early, high T, flow late PHENIX data o :er;”eaé:\,
Here: new source at the time of hadronization N p— scaled prompt y
Recombination off-shell, then come on-shell x — total
by radiating a photon PHENIX 0—20% | =% PHENIX 20 = 40%

Will inherit v, at the time of phase transition

k chosen so that thermal, prompt and radiative
photons describe the data

(1/2npt)d?NY/dprdy [GeV™2]

103
10—
ReCo model Photon
emission 10-51 K= 0.2
quark quark i ¥
’ : T - 10-6 '
; meson 0 1
antiguark meson Smtiguaty preformed
state (M., P)

PHENIX, PRC 91, 064904 (2015)

\\‘ k is adjusted to describe data
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Radiative hadronization — RHIC

Fuijii et al, PRC 106, 034906 (2022
What about v,? J (2022)
Old paradigm: yield early, high T, flow late PHENIX direct y o EZ?FZ";! :Y
03 L PHENIX 0 — 20%  PHENIX 20 — 40% ——- scaled prompt y
Here: new source at the time of hadronization b=5.5 fm [b=9.0 fm — Total
Recombination off-shell, then come on-shell 0.2}
by radiating a photon
>->N
Will inherit v, at the time of phase transition o1l
ReCo model Ph?‘?"
quark - quark o | ° . . . . ] . . . .
. ’ }\ 0 1 2 3 4 0 1 2 3 4 5
: 'T\ meson PT [GEV]
antiguark meson antigusty preformed
state (M., P)
PHENIX, PRC 94, 064901 (2016)
q\\\‘ Starts to fail above 2 GeV/c
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Does it work at LHC? (should!)

(1/2npr)d?NY/dprdy [GeV~2]

&£2
—

102

101 L

100 L

107

1072¢

1077

10—4 L

10—°¢

1078

Radiative hadronization — LHC

Fujii et al, PRC 106, 034906 (2022)

! ALICE direct L Ir::zrprt;aclc I ALICE dlr‘ECt vy  memes thermal
——- prompt (model) 03F ALICE 0 —20% ALICE 20— 40% -==- rad ReCo
k — total b=6.0 fm b=9.2fm ——- prompt
< — total

ALICE 0—20%

ALICE 20 —40%

—
-

b=6.0 fm

K =0.05 N ] k=0.05 o ol

0

pT [GeV] pr [GeV]

Remember: the transition itself at RHIC and LHC
appeared to be similar (low p; slopes, scaling)

k very different at RHIC and LHC
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Multistage (multi-messenger) model

Pre-equilibrium, MUSIC, UrQMD afterburner Gale et al. arXiv 2511.08773
— . - (@) 0-10% (b 10-20%
o- g Tremal s oo Temal ™ R o
-== Prompt photons «&|=— Thermal+Prompt [ -
- ¢  PHENIX a- _ % PHENIX 1 . ]
| m - . _
=
1072 ey
$ =0 - -
S B ] T —— "
=¥ - . " L —
-g: 1{]—-1 i ) ! - " 1*_ . )
= 0.0 e —
< i (d) 30-40%] {f) 50-60% ]
5 10°® — 0.2 | ~
& T 1
L[ g ]
=04 o | j-_
I HHL B T B S I R S

pr[GeV] pr [GeV] pr[GeV]

Add rad. hadr., magnetic?
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Where does this leave us?
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Summary

Photon at high p; well understood
At low py the direct photon puzzle still not resolved
Interesting and plausible new sources suggested

Experimental uncertainties still too large

We never had an honest-to-God direct photon experiment,
built without compromises to other physics (and we are paying the price)

We should have one!

Further argument in GD Rept.Prog.Phys. 83 (2020) 4, 046301
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Backup
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