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The higher end of the electromagnetic spectrum
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RHIC and LHC

Relativistic Heavy lon Collider (RHIC) Large Hadron Collider (LHC)
[Brookhaven National Lab, Long Island, NY] [CERN, Geneva, Switzerland/France]

T Onncpissest o

A5 Ref.e CERN
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Nuclear collisions

= Kinetic energy of nuclei ~ 100-2500 times mass of nuclei

SNN=5020 GeV

Ref.: CERN

Pb-Pb at rest: +/Syy = 2 GeV

JEAN-FRANCOIS PAQUET (VANDERBILT)



Hadronic decay photons in nuclear collisions

= Kinetic energy of nuclei ~ 100-2500 times mass of nuclei

To VY= VY3

r\- Heavy lon Collision Event
\:Er—

ey

Run 1;8665 Event 83797 g% ATLAS \/m=5020 GeV

4 EXPERIMENT
Pb-Pb at rest: +/Syy = 2 GeV

Ref.: CERN “ Time 2010-11-08 11:37:15 CET JL

JEAN-FRANCOIS PAQUET (VANDERBILT)



Hadronic decay photons in nuclear collisions

particle mass (MeV)  decay BR
w0 134.08 Y 0.882-107"
ete~y 1.174-1072
7 547.85 Y 3.041-1071
71’0‘_17 2.560- 1074
ata—y  4.220-1072
ete ™y 6.800.107°
ptp=y  3.000-10-4
7 057.66 APy 2908101
Wy 2.746 - 1072
Y 2.108 - 1072
ptp=y  1.080-10-4
w 782.65 w0y 8.350- 102
my  4.600-107°
70y  7.000-10-5
p° 775.49 ata—y  9.900-1073
70y 6.000-107%
Y 3.000-10-4
aOxl~y  4.500-10-5

Ref: F. Bock, PhD thesis
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Ref: Chun Shen, PhD thesis

15 20 25 3.0 3.5
py (GeV)



|
Figure adapted from K. Tuchin (2013) AHEP

Ref: Owens (1987) RMP

PROTON-PROTON COLLISIONS




Direct (non-decay) photons in proton-proton collisions
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Direct photons in proton-proton collisions: “low” energy

= Low py photons: 107!
—~ 4 PHENIX (2013)
= Few measurements N T
(in proton-proton collisions) E 107 II
= Difficult to compute from QO -5 3
first principl g 10 ! PP
irst principles - }ﬁ: /Snn =200 GeV
. x
= Non-perturbative effects 3 1077 II‘I:I
likely significant N x
kS, x
= 107 =
3 * oz
10°1 r ' '
0 5 10 15 20

p¥ (GeV)
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|
Nuclear Physics B327 (1989) 105-143

Direct photons in p-p collisions:
. QCD CORRECTIONS TO PARTON-PARTON
hi g h ener gy SCATTERING PROCESSES
F. AVERSA*, P. CHIAPPETTA, M. GRECO*, J.Ph. GUILLET**
1071
'TA 1 PHENIX (2013) = Can be calculated in collinear-factorization
2 1073 II based perturbative QCD,
0, i up to next-to-leading order
Q
]0—5 J
§~ ' ifz p\r’;ﬁ,; =200 GeV da,”
Q L - Y = dé D
R 1077 - II‘:, de fa®fb® ab-y/c+d [® y/c]
Q xy
3 =
X 1079 x q ! q 9
% N H
g q g v
]0-11 : : : q
0 5 10 15 20
Y
pr (GeV) Frag fct: Bourhis, Fontannaz, Guillet (1998) EPJ
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12

|
Nuclear Physics B327 (1989) 105-143

Direct photons in p-p collisions:
. QCD CORRECTIONS TO PARTON-PARTON
h I g h e n e r g y SCATTERING PROCESSES
F. AVERSA*, P. CHIAPPETTA, M. GRECO*, J.Ph. GUILLET**
107!
2 Callinear-based pQCD = Can be calculated in collinear-factorization
2 1073 1 PHENIX (2013) based perturbative QCD,
0 up to next-to-leading order
Q
E ]0-5 -
;g_. 3;% =200 GeV da,” R
S -7 = [.®fp® dO-ab—>y/c+d [®Dy/c]
s+ 10 de
Q,
)
o> 107 QHY q g
: : e O
]0—11 : : : q
0 5 10 15 20

Y
pr (GeV) Frag fct: Bourhis, Fontannaz, Guillet (1998) EPJ

JEAN-FRANCOIS PAQUET (VANDERBILT)
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Direct photons in proton-proton collisions: channels

= Hard partonic collisions
= “Isolated”

Y (Can be

calculated at
g y,&” \ q

NNLO)
do_)z/op/de = [a®fp® ddap-y/c+a

" Fragmentation

(Fragmentation

g g function
y unmeasured at
g NNLO and poorly

Q constrained at NLO)
doy” /dpr = fa®fp® dGap—y/c+a®Dy /c

102y

p+p v/5=0.2 TeV

I T T T

PHENIX —=—
Prompt =——
Isolated =====-
Fragmentation =———

2103 F
o~ |

QO - 3
107

Intersect at
pr ~ 3 GeV

-9:....|....|....|....
10% 2 4 6
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Direct photons in proton-proton collisions: channels
" Hard partonic collisions 0+p \/s=14 TeV

o V24
= “Isolated LHC, pp = | + X @8=14ToV,y=0  10.1016/j.nuclphysb.2012.03.003

g Y (Can be
calculated at
g q NNLO)

5 Coroion: of o = ¢
§ o,
pp — A~ ) Z
do,” /dpr = fa®fp® d0gp-y/c+d 8 =
g 04
| i . .8' 0.3
Fragmentation (Fragmentatlon ® OZ Ff'gman!enlon‘(
g g function 0'15 | Fragmentation
unmeasured at . | - o
g ¥ 810 20 3b 40 100 200 300 1000
NNLO and poorly E! (GeV)
Q constrained at NLO) f

dO')I/jp/de = [,/ R da—ab—>y/c+d®Dy/c Intersect at py ~ 30 GeV



CMS Event display of [(11(’) in calorimeter

Spatial anisotropy = 7 . Momentum anisotropy

HEAVY-ION COLLISIONS:
PHOTONS FROM “PROTON+PROTON-LIKE” MECHANISMS
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Photon energy spectrum in heavy-ion collisions

ML LI LI LI LI - ; ;
(g7l 0%-20%  Direct ) Sys’lfe.matlc excess of low energy photons in nucleus
] | : collisions
| ¢ o This paper
by ]
S 1 N, scaled pp it ] (also observed by STAR [RHIC] and ALICE [LHC] Collaborations)
o 2\,
S TR ) B
% 10_2 n \‘\‘ -- N, scaled pQCD ]
>, I Y - Orange band:
Z -OI— ™ \\!u T .
Bla 104 . - Result for incoherent
i %, i .y
- ;f - g, superposition of proton-
B »
N 408k "NE,.; proton collisions
[ PHENIX Au + Au ]
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Ref.: PHENIX Collaboration GeV/C
[ arXiv:2203.17187 ] pT [ ] -10

Figure by H. Holopainen
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Photon energy spectrum in heavy-ion collisions
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Photons in heavy-ion collisions: high p+

" Pr
18- ' ' ' ' ' ' ' ' =
o }‘2‘5: Au+Au, 0-5% =
S OTEm—————eo"e¥is5,8 5 3 =
S 08E- ¢ 2
O 06E- =
S 04E- =
S $iE (o) i =
1.8 E- TE
:E 1.6 E- SyN=200 GeV =
0C 1.4E- Au+Au, 60-92% —=
Cree—— et E
O 08E- !§ H{ -5
S 06E =
© o2 (€) =

2 4 6 8 10 12 14 16 18 20 22

Ref.: PHENIX Collaboration (2012) PRL
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X
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|
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~ 1

ompt photons produced as superposition of nucleon-nucleon collisions (“binary scaling”)

(at high pr)
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Photons in heavy-ion collisions: high p+

* Prompt photons produced as superposition of nucleon-nucleon collisions (“binary scaling”)
< 12 o w200 cev 'y = dn4
f-l:. }‘2‘ ;: Au+Au, 0-5% . s . :; dp
S TER————e* **%ss;0 5 3} s Y _ T ~ '
g5 i = Raa=77 —p~1 (@athighpr)
S 3E (b) = binary | 99y
§}:2§: S =200 GeV | :g O'Iggel de
o }g =~ Au+Au, 60-92% ; =
> "1E-m =
3] 0.1135— 8¢ H} {_{ IZE
2 06F- * tH =
SoEl E
s O S S S .

Ref.: PHENIX Collaboration (2012) PRL

Deviations from RZA = 1 originate from:
= [sospin effect (parton content of neutrons vs protons)
= Nuclear effects on parton distribution functions

= Parton energy loss [more about this later]
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Photons vs ¥ in heavy-ion collisions

* Prompt photons produced as superposition of nucleon-nucleon collisions (“binary scaling”)
3 }:g g:\/s_m;=200(:1lev | | | :g Ref.: PHENIX Collaboration (2008) PRL
o }‘2‘5: Au+Au, 0-5% . :%
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Isolated photons in heavy-ion collisions
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Ref.: PHENIX Collaboration (2012) PRL




Fragmentation photons and pions in p+p collisions

DGLAP-like radiation [ Fragmentation
+non-perturbative fragmentation

22



Fragmentation photons and pions in heavy-ion collisions

<= Bath of low-energy (soft)
quarks and gluons
[quark-gluon plasma]

Medium-modified DGLAP-like radiation [ Fragmentation
+medium-induced photons (“jet-medium”)
+non-perturbative fragmentation

23
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Fragmentation photons and pions in heavy-ion collisions

Limited number of recent studies;
Modarresi Yazdi, Shi, Gale, Jeon [arXiv:2207.12513]

Bath of soft
quarks and

gluons Also:

Turbide, Gale, Frodermann & Heinz (2008) PRC;
Turbide, Gale, Srivastava, Fries (2008) PRC;
Fries, Miller, Srivastava (PRL) 2003

Medium-modified DGLAP-like radiation [ Fragmentation
+medium-induced photons (“jet-medium”)
+non-perturbative fragmentation

" Challenging because mixes:
m Spacetime macroscopic description of the soft bath (plasma)

" Momentum-space description of showers and fragmentation



CMS Event display of [(11(’) in calorimeter

Spatial anisotropy = 7 . Momentum anisotropy

HEAVY-ION COLLISIONS:
PHOTONS FROM THE SOFT BATH [QUARK-GLUON PLASMA]




Heavy-ion collisions

ACORDE

ITS

TO & VO
208pp B
0 CHAMBERS

<=

1

|
TRIGGER
~ \CHAMBER
( ZDC
~116m from 1|

Pb-Pb /syy = 2.76 TeV
run: 137171, 2010-11-09 00:12:13

Ref.: ALICE, CERN

J-F PAQUET (VANDERBILT UNIVERSITY) Ref: MADAI collaboration, Hannah Elfner and Jonah Bernhard
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Hea\_ ‘oo "7 °°° @

N ! l l I [ T l
5 o
et ' 4
10 \\ ALICE
1 ! \ =4= Direct photons PRELIMINARY
| — Direct photon NLO for p = 0.5,1.0,2.0 p_ (scaled pp)
10” ) —— Exponential fit: A x exp(-p/T), T = 304 + 51 MeV
102 . 137171, 20101109 001213
\- ,40 .
10°
Ref.: ALICE, CERN
10-4 . a
10-5 :

J-F PAQUET (VANDERBILT UNIVERSITY)
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Time 1=0.8 fm

Heavy-ion collisions

ACORDE

( ZDC
116mfrom 1|

1 N
S|

Pb-Pb /syy = 2.76 TeV
run: 137171, 2010-11-09 00:12:13

Macroscopic description of soft
| . :
» bath with hydrodynamics

Ref.: ALICE, CERN

JEAN-FRANCOIS PAQUET (VANDERBILT) Ref: MADAI collaboration, Hannah Elfner and Jonah Bernhard
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Relativistic hydrodynamics

* Evolution of the energy-momentum tensor in space&time

T = eutu’¥ — (P + I (g"V —utu") + o

" ¢ is the energy density
= u* is the flow velocity (Landau frame: T*"u,, = eu*)
= [T and are "V viscous components

J-F PAQUET (VANDERBILT UNIVERSITY)

y (fm)

15

10+

Initial conditions

T=08fm

*

29
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-0.01

Energy density (GeV/fm3)



* Evolution of the energy-momentum tensor in space&time 5

T" = eutu¥ — (P + I (g"V—uHuv) + v

" First-principle equation of state

16

12

Ref.: HotQCD Collaboration (2014)
PRD

non-int. limit

3p/T4
g/T4 I
3s/4T3 0

T [MeV]

| N [N N [N I N N N AN [ N A N [ N [N AN N NN N NN N N N

130 170 210 250 290 330 370

Initial conditions

| 15 T=0.8fm

10+

y (fm)
o

A

-10 0 10
X (fm)

Strongly-coupled

30

1000
450

100
10

0.1
0.01

T quark-gluon plasma
160 MeV -
~ 1012 K *+ Crossover
transition

o

=

©

()]

o

qE) Protons, neutrons,

= other hadrons

* Baryon chemical potential [

Equal number of
quarks and antiquarks

Energy density (GeV/fm3)



Viscous relativistic hydrodynamics

* Evolution of the energy-momentum tensor in space&time

" = eutu’ — (P + I (g"V —ufu’) + v

= Conservation of energy and momentum:

Vv
0, TH =
Mueller (1967) Zeit. fur Phys;
Israel&Stewart (1979) Ann. Phys.

" Mueller-Israel-Stewart relativistic viscous hydrodynamics

il (2" order terms)
TnA’éEn“ﬁ oV =2n(d,u’ + --- }+ (2" order terms)

Solve hydrodynamics equations numerically (finite volume)

y (fm)

Initial conditions

15

10+

y (fm)
o

T=08fm

*

-10 0

X (fm)

10

T=0.8fm

-10

X (fm)

10

-1

0.1
—0.0

1000

100

10

0.1
0.01

1000
450
100
10

Energy density (GeV/fm3)

1

Energy density (GeV/fm?3)



1000
T
Pions, 100 L2
~ kaons, 0 £
é protons, 10 ©x
bt nuclei, %-) %
> other hadrons ] 2 D
GI) L
0.1 §
. . . . -0.01

25 50 75 100 125 150 17.5 200

Hydrodynamics calibrated
on hadronic measurements

y (fm)
o
Energy density (GeV/fm3)




Longitudinal , 3
Transverse expansion

expansion
c 1000
10- ! P
: Pions, 100 - M
~ kaons, O &
é protons, 10 ©x
bt nuclei, %-) %
< other hadrons ] 2 D
GI) L
0.1 5
. -0.01

100 125 150 17.5 200

Hydrodynamics calibrated
on hadronic measurements

y (fm)
o
Energy density (GeV/fm3)




“Macroscopic” calc. of photons from deconfined plasma

* What is the spacetime and momentum profile of quarks/gluons/hadrons?

1000
10 =
Pions, 100 2
~ kaons, O £
q‘é protons, 10 © %
! nuclei, > >
> other hadrons 1 O 8
G) p—
0.1 5
0.01

25 50 75 100 125 150 175 200
T (fm/C)

" How much radiation is emitted in each region?

= Note: No clear separation between quark/gluon phase and hadronic phase

J-F PAQUET (VANDERBILT UNIVERSITY)




“Macroscopic” calc. of photons from deconfined plasma

* What is the spacetime and momentum profile of quarks/gluons/hadrons?

0 0.7 >
'I:ions, 0.5 (\'.D/

~ aons, O
g 0 w Crossover protons, 03 5
e nuclei, ko)
x other hadrons -0.2 o
i Q

250 - 0.15 =
0.1 2

25 50 75 100 125 150 175 200
T (fm/C)

" How much radiation is emitted in each region?

= Note: No clear separation between quark/gluon phase and hadronic phase

J-F PAQUET (VANDERBILT UNIVERSITY)
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Photons from deconfined plasma

= What is the spacetime profile of quarks/gluons/hadrons?

104 Temperature 0.7 3
Ili'ions, 0.5 @

= aons, O
ug 0 Crossover protons, 0.3 =
et nuclei, 5
4 other hadrons -0.2 =
! ® 1

-10- 0.15 =
o1 2@

25 50 75 100 125 150 175 20.0
T (fm/Cc)

Spacetime profile of plasma

= Photon production:

f d4x (p,T(X) uE(X), )

Photon emission rate



Photon emission rate

Spacetime profile of plasma

.
" Photon production:

/

Photon emission rate

State of matter/Temperatures
-

dNV—jd‘*XdFV( T(X), ut(X), ...)
d3p _ d3p p’ ( )'u ( )’

~

Photon emission rate

Gas of hadr

Photon emission from quark gluon

Deconfinemen plasma: Complete leading order results

Peter Brockway Arnold (Virginia U.), Guy D.
Moore (Washington U., Seattle), Laurence G.
Yaffe (Washington U., Seattle)

Nov, 2001

Fffective hadronic models

ypolated rates from low/high
temperatures

e QCD, holography, effective
models
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Spacetime profile of plasma

Photon emission rate P
e I

: dN dr’
" Photon production: _VZJ 4y — V(o T(XY ub(X
Em d/dgpm (0, Ut (X), ..

Photon emission rate

State of matter/Temperatures Photon emission rate

Hadronic production of thermal photons Effective hadronic models

Simon Turbide (McGill U.), Ralf Rapp (Nordita), Charles
Gale (McGill U.)
Aug, 2003

Extrapolated rates from low/high
temperatures

Lattice QCD, holography, effective
models

Thermal photons from heavy ion collisions:
A spectral function approach

Kevin Dusling (Brookhaven), Ismail Zahed (SUNY, Stony Brook)
Nov, 2009




PR Spacetime profile of plasma
Photon emission rate P

. dN dr, ~ A
" Photon production: __V _ Jd4X Y (o T(X) ut(X
d3p d3p (p’ ( )'u ( )l )

/

Photon emission rate

——hako_—of ceckbowl/Toseecsakivec
Photon emissivity of the quark-gluon plasma:

A lattice QCD analysis of the transverse
channel

Photon emission rate

Effective hadronic models

Extrapolated rates from low/high
Marco Cé (U. Bern, AEC and Bern U. and CERN), Tim temperatu res
Harris (Edinburgh U.), Ardit Krasniqi (U. Mainz, PRISMA), Harvey B.
Meyer (U. Mainz, PRISMA and Helmholtz Inst., Mainz and
Darmstadt, GSI), Csaba Torok (U. Mainz, PRISMA)

May 5, 2022

® Lattice QCD, holography, effective

models

26 pages
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Photons from deconfined plasma

= What is the spacetime profile of quarks/gluons/hadrons?

104 Temperature 0.7 3
Ili'ions, 0.5 @

= aons, O
ug 0 Crossover protons, 0.3 =
et nuclei, 5
4 other hadrons -0.2 =
! ® 1

-10- 0.15 =
o1 2@

25 50 75 100 125 150 175 20.0
T (fm/Cc)

Spacetime profile of plasma

= Photon production:

f d4x (p,T(X) uE(X), )

Photon emission rate



104 Temperature
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o
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-10
. ; . i -0.1
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The later (or lower
temperature) photons
are produced, the more
Doppler-shifted

103§ """" prerrrrrTTT T T T T T T
- T > 300 MeV

102 F T e 200-300 MeV
-\ T e 150-200 MeV

O 05 1 15 2 25 3
pT (GeV)
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Effect of transverse Doppler shift in

Global effect of Doppler shift

103 s rrrrrprrrrprrrrpr ettt E
— All thermal photons ]
U102k 3
>
@) ;
O 10!k With transverse =
k- Doppler shift ]
g 10° ¢ °F 3
s 107¢
& 1072 ¢
& , [ Without transverse < S
S 107 £ Doppler shift E
10-4 I N AU AU VAT A
O 05 1 15 2 25 3

Central PbPb
\/SNN=2'76 TeV

pt (GeV)

1/(2mp7) dNY/dpT (GeV2)

realistic calculation

Local effect of Doppler shift

: T > 300 MeV ]
= T e 200-300 MeV E
- \ T € 150-200 MeV ]

_ Solid: w/ flow
" Dashed: w/o flow .

0O 05 1

15 2 25 3
pt (GeV)
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Results: Au-Au 4/ =200 GeV, 0-20%

SN
\i T T T T T | T T T I T T T I I I I
B Gale, Paquet, Schenke, E—
“§{1 Shen (2022) PRC Total
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| =206V Sdo™a_ & STAR
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ek S Y
(a) | | | | | | | | | |'\I'A | | | | | | |
B | | | I I I | I I I | I I | | | | | |
E T}}}* + Data over calculation E
e ?:
I b)l I§ I§ I |§ | | | 1 | | | | | | Q I | | | ]
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100 125

T (fm/c)

25 50 75
Soft-bath ("thermal”) photons
dominate at low energy/p

Experimental uncertainties
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+ Some tension between
measurements
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Results: Pb-Pb /syy

-4 _
DR Pre-eq.
&

Pb-Pb
SNN = 2760 GeV
Centrality 0-20%

Gale, Paquet, Schenke, —=—=—Total

Shen (2022) PRC
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N S D A ALICE
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Data over calculation |
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= Soft-bath ("thermal”) photons
dominate at low energy/p

" Experimental uncertainties
large

= + Some tension between
measurements

44



Photons from the early stage of the collision
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" Use photons to study the earliest stage of the collisions:

= Approach to chemical equilibrium (from gluon dominated to quark&gluon equilibrium)

" Understand formation of the soft bath and “emergence of hydrodynamics”
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Results: momentum anisotropy

142 i v, cos(n(¢ — Uy))

n=1

1 AN _( ! dN)
2mpr dprde 2 pr dpr

" More precisely:
momentum anisotropy through photon-hadron
correlation

<v,y,(pr)v,’% cos (n(¥] (pr) - ¥1)) >

J(e?

Figure adapted from K. Tuchin (2013) AHEP vn{SP} (pT) —

J-F PAQUET (VANDERBILT UNIVERSITY)



Momentum anisotropy from geometrical anisotropy

Coordinate space: Collective interaction Momentum space:
initial asymmetry pressure final asymmetry

'

1+ 2 i v, cos(n(o —W,))
n=1

I dN _( ! dN)
2mpr dprde 2 pr dpr

J-F PAQUET (VANDERBILT UNIVERSITY)
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PhOtOn momentum anisotropy (Compare different chemical

equilibration scenarios)

_I T LI I T LI T I 1T T T T T 1 I 1T T 1 I LI LI I T LI T I LI T I_ :l L PR ] L E I LB N I L4 B I UL AL ] L T ] LI E I LI B l:
- Au-Au Tehem = 0 fm/c 1 - Pb-Pb Tehem = 0 fm/c d
0900 VNN = 200 GeV b fe ] 2or VAHE =2[0VeV —_——— Tpem=1fm/c ]
[ Centrality 0-20% =TT Tehem = Lfm/c - Centrality 0-20% chem :
: — = Tehem = 1.5 fm/c ] 0.20¢ == Tehem = 1.5 fm/c -
= 0.15F chem ] . B -
A, - i N ]
8),-/ C ] gl().lo; —:
fea\| __ __ (@N C ]
~'0.10¢ ] 0.10F =
0.05F . 0.05F JE
N A :( ) —
[ - [{a -
0,00_(? = 0.00:%H:{H::%HH}HH{H::{:::}HH:H:
- . i A ALICE A
L ] - Centrality ]
N . ,MO‘QO-_ 20-40% -
20015 + - 5 t :
S + : = 0-1oF i
o\l __ __ (QN 5 ]
so10E pyyp ML } ; 0.10F 8
0.05F - 0.05F iy
:(Ib)l L1 | 1 1 I——I 1 | 1 | | | 1 | 1 I 1 | 1 | | | 1 | 1 | 1 | 1 I L1 1 I_ 0.0 :(Ib)l L l e e I B I L1l l L l L L I:
000~ =05 10 15 20 25 30 35 10 0o 05 Lo L5 20 25 30 S5 40

pr (GeV) pr (GeV)



10°F -
07 S I j
]0' )] ‘:‘.'__: - B i
Eions, [0'5 (;_D, § o 7]
= aons, 0 o 102k -
§ 0 w Crossover protons, 03 = 2 i _
~ nuclei, 02 © E C :
X other hadrons . o 2 %*‘ 1074 7
K Q o~ = |
-10- 0.15 = & .f i
' | | - - - . Ho.1 2 bl i
2.5 50 7.5 10.0 12.5 15.0 17.5 20.0 _8_ . H E
T (fm/c) 107 o) 40%-60% . H i

2 4 6 s¢

P, [GeV/c]

PLASMA TEMPERATURE FROM PHOTON ENERGY SPECTRUM




Results: Pb-Pb /syy =2760 GeV, 0-20%

Gale, Paquet, Schenke, Shen (2022) PRC
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= Can we estimate the maximum temperature of the plasma with the photon spectrum?
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= Can we estimate the maximum temperature of the plasma with the photon spectrum?

0.7 > dN. dr’
) [0 Yy _ 4 )4
i . 05 O FEFES jd XdT(P, T,u#,...)
- — kaons, o p p
g 0 }q protons, 03 5
= nuclei, G
x other hadrons 0.2 o
Q
-10- 0.15 =
. : . . . . . 0.1 &
25 50 75 100 125 150 175 20.0
T (fm/c)
¢ (fmic) Gaussian transverse profile, but only

longitudinal hydrodynamic expansion

T(z,r) = Tye 257 (E)Cg

0 2 4 6 8 10 12 14



Effect of transverse Doppler shift

Global effect of Doppler shift

1/(2nip7) dNY/dpt (GeV2)
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All thermal photons
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dr,
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Paquet and Bass [ arXiv:2205.12299 ]
Paquet [ arXiv:2305.10669 ]

. dT,
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= Can we estimate the maximum temperature of the plasma with the photon spectrum?

10+
Pions,
~ kaons,
E Crossover protons,
g nuclei,
x other hadrons
25 50 75 100 125 150 175 200
T (fm/c)
10).
£
=
5 10 15 20

T (fm/c)

0.7 3
05 O

(0]
0.3 5
102 O

3
0.15 £
e

d3 jd4X V (p' T)

dn,

&p (pT) ” dry (PT» To)

Inverse slope:

1 1 51 (TO)
—_— = — — = —+0
Teff Ty 2pr PT



55

AU-AU 4 /SNN — 2 O O G eV, 0_20% Caveats: other sources of photons (e.g. pre-

equilibrium), viscosity, ...

Ref.: PHENIX Collaboration [ arXiv:2203.17187 ]
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Au-Au \VSNN =200 GeV, 0-20%

Ref.: PHENIX Collaboration [ arXiv:2203.17187 ]
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Caveats: other sources of photons (e.g. pre-
equilibrium), viscosity, ...
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Summary and outlook



Summary

" High-energy photons

[P O P S NroO¥ )

directy Ry,
g vl P
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\Snn =200 GeV
Au+Au, 0-5%

T P e

T

heavy-ion collisions similar to proton-proton case

" Low-energy photons:

" Enhancement with respect to proton-proton collisions

" Exponential spectrum + consistent with thermal radiation

from Tax ~ 500 MeV deconfined plasma

= Azimuthal anisotropy: important complementary information
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Outlook

= Studying the early stage of heavy-ion collisions with photons
= “Multi-messenger” study of heavy-ion collisions

* Understanding low p photons in proton-proton collisions?

Y S B B A - s+ PHENIX 1
T “X& Tehem = 1 fm/c - TOtaI 0.20 :_ —:
My, e Prompt Centrality 20-40%
S Pre-eq. ] *
&~
= —-=:+ Thermal | }
S . 5 PHENIX —_
< 10-5 1 v/3vN = 200 GeV NETme ¢ STAR | :
=z Centrality 0-20% NS Q\T
~S .\'- \,\'L
Lo v v ey
0 2 g G 8 10 00800510 15 20 25 30 35 10
pr (GeV) pr (GeV)

= Many opportunities with dileptons as well
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JEAN-FRANCOIS PAQUET (DUKE)

Questions
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