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Probing heavy ion
collisions with photons | I?buke )
INn collaboration wit

at |OW and h|gh|/| ¥ Charles Gale, Sangyong Jeon,
Scott McDonald & Chun Shen




Transverse direction

Photons as probes of the plasma

Temperature in GeV

Electromagnetic probes
(along with jet energy loss, heavy quarks, .}):

More direct probes of the hot early
plasma

X (M)

As opposed taoft hadron
observables:
Indirect probes of the hot plasma

JeanFrancois Paquet (Duke)



Sources of photons in heavy ion collisions

Dominant sources of photons (excluding hadronic decays):
prompt & thermal photons

Prompt photons

Temperature [in GeV] and

A Produced innitial hard nucleon collisions flow velocity profile
A[; 6 ,\g)x 5 ,\g)x‘ 5 A 5 ,O 15

— a aA, o a i

An “ 4 »

NLOpQC[IINCNEg].H dependence)
Could al fit tp+p dat

Thermal photong (7 @ uset ierpaat

A Radiated by the hot plasma

AD A . . .

— Ad—@ERYOR OB) =

A n /A r] N - P i ittt 11[i
Spacetime profile of - -

Photon emission rate plasma from i

(per volume)

hydrodynamic simulation 0 5 10 15 20
7 (fm)

for hot QCD plasma

JeanFrancois Paquet (Duke)



Differential spectra & yat LHC & top RHIZ 1

102 ¢ R e e A 03—
{ PHSE'Il'\/Ll\lé Pt r—l— -||:_’|h-|ENIX |(2015) .
% 10’ ] IoIIThemeH]]ﬁfomp’i — 025 . . Th:;mgrpromp
) i ermal = =
E 100} Prompt »ex» R H I C 0.2 -Au-Au0-20%
3 ] o £ Vs=200 GeV
= 100} ) . £015¢
%10-2' M‘JJ_ g 01E
5 i
E | F
S 107 Au-Au 0-20% ~ 200GeV 0.05+
— r Vs=200 GeV 4
O 05 1 15 2 25 3 O 05 1 15 2 25 3
pr (GeV) pr1 (GeV)
2 e 3 L L B L B
~ 0 ALCE (2018) o 3 0-25 2 TCE (oraiminary)
S 10] i Thermal+prompt s ] Thermal+prompt
) Thermal = = 3 0.2 - o E
S . ol Prompt =+« : LH C | TE-Sggflg\f |
& 107 Pb-Pb 20-40% V=2 -
g ] N Vs=276TeV ] g 015 B ;
=107 > I—' £ . L
Z 5 —1,
2102} AF Sl L!—III— {
a N -
§ 109 S 2760GeV  oos. AU ‘}\
'_10-4 ........................ O' el
0 05 1 1.5 2 25 3 Ref.: Gale, Jeon, McDonald, 0 05 1 1.5 2 25 3
pr (GeV) Paquet, Shen, in preparation.

pr (GeV)




Photons in the RHIC beam energy scan

10.0} Vieny =200GeV T sy =19.6 GeV ]
@

5.0t

0.0t

x (fm)

-5.0¢

-10.0} 0 5% Au+Au

10 00 10 10 00 10
z (fm) z (fm)

5 \ T l
' \

\ N\ 0-5% Au+Au @ 19.6 GeV _
CI NN\ /

E L ]
= - -
= or .
1 .

[ NS ]

Ol : : A | : : : \V s : | s 2 : |
—=5.0 —2.5 0.0 2.5 5.0

z (fm)

Ref.:Shenkeand ShenPR®7 (2018

Energydeposited over extended
time periodat lower /1w 4

RHION ¢ 4=19.6GeV

O I I I IS I T

Dynom|c energy deposmon —
Instantaneous energy
deposition

Thermal+prompt -
Rapidity y=1

" Au-Au 20-30% ‘
I Vs=19.6 GeV

1/npr) dNY/dpy (Gev-2)
Q@ 9 © 9 35 o
(0] o LN N (@) N

0051152253 354
Photon pr (GeV)

Ref.: Gale, Jeon, McDonald, Paquet, Shen, in preparation.

Photons sensitive to initial
energy deposition



Looking at the same data in a different light

1/2npr) dNY/dpr (GeV2)
o

Q
N

1/@2npy) dNY/dpr (GeV9)

Q © Q
AN

~ PHENIX —+— -
STAR =t -

Thermal+prompt s

- Au-Au 0-20%
- Vs=200 GeV

0 05

1 15 2 25 3
o1 (GeV)

E|

© PHENIX st
STAR s |
Direct photons

Au-Au 20-40% -
Vs=200 GeV |

1 15 2 25 3
pr (GeV)

Centrality& /1 dependence?
Usen -integrated observables
(e.g.photon multiplicity)

Can use different lower
cut-offs

JeanFrancois Paquet (Duke)



Centrality&/1vw 4 dependence of poton production

Photon multiplicity (above cutoff)

Photon multiplicity (aboven cutoff)

vsproxy for entrality&/i— (e.g.hadron multiplicity, < — ) <

[fixed & very low cubff for hadron multiplicity]

PHENIX PRC 91 (2015) T PHENI2018[arXiv1805.0408%
O ..
[ T T T 1 T 10 % AtAlpip — v + X o=1.25
AE TET .- 10F- w2 e PHENIX
. -~ 3 — E '@ AutAu, |5, = 624 GeV o |
wl E 'i -3 T [oveine
- _ l’ P : : - 4 _,Z\ F m p+p, M'E‘ZQNSOGeV ol
i P R | ’ O 10
1 ~ - P~ —_— ’ ;
1077 — -7 T o pr > 04GeV/c ] % 102
mpr > 0.6GeV/c ] S E
n A pPT > 0.8GeV/c | C N_,, scaled prompt photons
107° E V,D; > IOGCV;(’_ E 10_3§ p+p fit, !sp 20?]:)(3\.’
«pr >1.2GeV/c ] % = 28888 :S 500 6w
I b pr > 1.4GeV/c 1 = 10_4; =pQCD, {5 = 62 GeV
1073 —l . . (@] E | Ll Lol
10! 10 & 10 102 10°
Number of participantsd _+ ) < Charged hadron multiplicity
PHENIX015 PHENI2018

g

)Xidéﬁn'Qi'l'(’(; |

~

JeanFrancois Paquet (Duke)
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Photonsacross centralities anth i 4

Prompt photons Tyl g o
AU L’) " T on 7w )
0 QaQyaA oxr a0

A Scale with the number of binary collisions
A Depends o 4 through¥ h, and
@ A, QO

Temperature [in GeV] and
flow velocity profile

Thermal photons

AD A3
ey w—(ﬂn Y h) & B )
AN /v N

Spacetlme profile of

Photon emission rate plasma from

(per volume) . . .
for hot QCD plasma hydrodynamic simulation

-15

A Differentw 4 & centrality=different temperature
and flow velocity profiles T dm P

Ref.: QM017proceedings1704.07842



v 4 dependence

vSnn (GeV)

—_—
Oy

2001 = [ | [ | [ | [ |
62.44m
391 =
19.6 =
Au-Au : : : : : :
0 10 20 30 40 50 60 70
Centrality (%)
10! ]
= Prompt Varying
—_ * Thermal > D
S P N i at
10 E /’ .
3 slope=1.68 - /‘f fixed
A > .
| 2
£ el centrality
% 10°! L] -—
’; slope = 1.32
T
102 - 0-5% centrality only
100 102 103

dN™/dy

JeanFrancois Paquet (Duke)

Ref.: Gale, Jeon, McDonald, Paquet, Shen, in preparation

Preliminary
results




v 4 dependence

vSnn (GeV)

5020 =} =
2760 =g =

200 = u | [ ] ]

62.4 =

391 =

19.6 =

(s

Varying
centrality at
fixed Ui

0 10 20 30 40 50
Centrality (%)

10?
= Prompt
- * Thermal e
% 0 4
10 /.
9 1|slope ~1.68 | . /'H.
Lo L4
g ¥
-1
_E 10 ]
> slope =~ 1.32
E-] ]
10-2 : 0-5% centrality only
10! 102 103
dN™/dy

60 70

Varying
v 4 at
fixed

centrality
—

JeanFrancois Paquet (Duke)

dNY/dy(pr > 1GeV)

Ref.: Gale, Jeon, McDonald, Paquet, Shen, in preparation

Preliminary

results
GeEmQ I iC
10*;
{ ® Prompt )
| * Thermal e
/8
10°- —
§|slopez1.58|”,f’r -
] ,// ,I,
| l/,’ ,./
10714 ¥ o
‘/,-" slope = 1.35
] .,’
1072+ Y] GeV
101 102 103

10



v 4 dependence

Prompt photons

pQCD not accurate at IOV\hﬂ

A

114 f

x

U "Q;r 5
) a
n ”

Fixed centrality:

N .

It

R

0

J

A,, o ¥ &’Oj

) 1100 6)0

Ref.: Gale, Jeon, McDonald, Paquet, Shen, in preparation

Preliminary
results

o o O
[w] — N

Q

1/@npy) dNY/dpr (GeV2)
S
N

ALICE (2015) »=—e— i
Thermal+prompt =
Thermal = =

Prompt

Pb-Pb 20-40% 1
Vs=2.76 TeV

h
'

b 1 TrCO 60 0 05 1 15 2 25 3
P L(; r‘; pr (GeV)
10" 10
| = Prompt . Careful with lowms [ e Prompt
S ® Thermal v prompt photon < | * Thermal <
10 s . K
% 1|slope = 168' ’/,/,/,{ CaICulatlonS § 10° Elslope - 158' /,/ "’.
§ | 2 A || arge uncertainty)| % ol
% 10_1? : % 10—1; /}’/,/
5 | | slope = 1.32| Centrality i é x
3 > /" u" |slope = 1.35|
| 05% centrality only dependence under $§ * P
10— t o centcrall on ’
E — better control 10-2- .\/ﬁ GeV
10? 102 103 — o — —
dN™/dy JeanFrancois Paquet (Duke) 10 10 10° .,

dN"/dy



Photon vs pion multiplicity usingentrality | Preliminary
results
b b
Thermal photons Prompt photons
| ® pr>0.6Gev Slopes :‘ B pr>0.6GeV Slopes
101 ]l % pr>1.0GeV ,.1.49 101 l %  pr>1.0GeV
1 v pr>1.4GeV ," . 158 1 v pr>1.4GeV 135
A pr>1.8GeV x 1 A pr>1.8GeV R
100-_ Thermal y Ve 1&1.66 100 | Prompt y s u1:35
>\ ? N a7 173 S\ % AT % 135
T R 2 K, A 713
= ,J’ » g, N ,I’, */“ ,V:‘.«‘L 3
R L
] PR 7 ) . 4 R
] "' vSnn =5020 GeV only : &~ /Snn =5020 GeV only
1073 -3 ]
10? 102 103 10 101 102 103
dN™/dy dN™/dy

N

VU T CGeV

Simple test=s cut-off dependencefor thermal photons NO Tfor prompt

12



Photon vsO using centrality Preliminary
results
What does the data say?

S
=
=]
=|

\

/1 C mM@Vb b

<
=]
)

opT>O.4GeV/Cg
mpr > 0.6GeV/c |
apr >0.8GeV/c ]
vpr > 1.0GeV/c 3
<«pr > 1.2GeV/c ]
> pr > 1. 4GeV/C 1

10! 102

Number of participants4 —_t )
Ref.. PHENIX PRC 91 (20

pT .
(GeV/c) Slopes ve

0.4 1.36 = 0.08 £ 0.08
0.6 1.41 £0.14 £0.12
0.8 1.42 4+ 0.07£0.11
1.0 1.35£0.06 £ 0.07
1.2 1.36 =0.09 £ 0.07
1.4 1.40 £ 0.06 £ 0.10

Photon multiplicity

Note: STAR also has data [PRB(2017) 451]
but uncertainties too large




Photon vs pion multiplicity using centrality| Preliminary

What does the data say?
Few centralities and large uncertainties bu
little sign ofmy dependence

V1 C M @eVD D)
B pY>0.6GeV
101{ = pY>1.0GeV Slopes
1 v pY>1.4GeV
' . 1.56
> 1°°f Thermal . 167
~— 1 ' xl
= 1 T 1.76
< 1071- Iy
”// /'I
] ”f
10—2 _ v/
1 vsnyn =200 GeV only
103 —

101 = 102 103
Npart

Note: STAR also has data [PRB 770 (2017) 451]
but uncertainties too large

results
B pY>0.6GeV
101{ = pY>1.0Gev Slopes
v p¥>1.4GeVv
1.40
0 |
~ 197 Prompt .~
3 " g 1.40
>. /‘ '/}
2 1074 " %, 140
P
/’ ,,’
o
1072 .
Vsnn =200 GeV only
1073 , .
10% 102 103
Npart

Ref.. PHENIX PRC(2015

min

pT

 (GeV/c) Slopes ve

0.4

1.36 = 0.08 £ 0.08

0.6

1.41 £0.14 £0.12

0.8

1.42+0.07£0.11

10

1.35 £ 0.06 & 0.07

1.2

1.36 = 0.09 £ 0.07

14

1.40 + 0.06 + 0.10 |




Summary & outlook

A Realistic calculation of photon production across wide range of centrglity7

A Photon multiplicity vs centrality/i can provide additional insights
A Prediction forcentrality dependencecleaner and mor@obust
A Prediction for,/ % 1 difficult because of prompt photons

10?

I i % A+Aip+p—>";f_+)( o=1.25
101 PHENIX Pm-(zola - - 1 = C + Pbi‘F’b‘\S r = 2760 GeV PHENIX
i --F_-3 G 10 mamGLom e [arXiv1805.04088
"I’ _ - - - : { % - oAu+Au:ys =39 GeV ’_,l
I, - -3 O} E ¥ Cu+Cu, {5, = 200 GeV .
j - - ¥ - 5 o E 10 pp, /=200 Gev [
=15 & -~ _® N 10
T e pr>04GeV/c & F
mpr > 0.6GeV/c ] >"]0*25—
apr >08GeV/c ] o E
vpr > 1.0GeV/c 3 Z 103l Mo “?'f(: o
«pr > 1.2GeV /¢ ] © E —hacD. \: 2760 GeV
> pr>14GeV/e ol e R
102 E 1 1 1 11 || \l Il 1 1 111 ||| 1 1 1 11 || ||
10 10° 10°
Nnart chthn |l]:=0

A Jetmedium photons include medium effects to improve prompt photor
A Calculate centrality dependence ather production mechanisms

JeanFrancois Paquet (Duke) 15



Ref.: Charles Gale, Sangyong Jeon, Scott McDonald (McGiHlrrdeaais
Paquet (Duke) & Chun Shadyne State/RIKEN BNIn preparation

Questions?

JeanFrancois Paquet (Duke)
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Thermal EM probes: thermal rate

d* N ;1- %l RN
déf;ﬂ _f{j4X ,;glf;iﬂ (K7 u"(X), T(X), =" (X),1I(X))

Effective hadronic models
Gas of hadrons: ~100 MeV

Texas A8M/McGill rates; Stony Brook rates; ...

Deconfinement: ~160 MeV

AdS/CFT and other
holography

Max T at RHIC: ~400 MeV

Effective QCD models

Max T at LHC: ”600 MEV: Caron-Huet et al (AdS/CFT); Finazzo and Rougemont

(bottom-up holegraphy), BNL et al (semi-QGP), ...

Toward asymptotic QGP * l Perturbative QCD

_ Amold. Moore, Yaffe (AMY). Ghiglieri. Teaney; Laine, ...

Jean-Francois Paquet (Stony Brook) 17
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: TP Ay Preliminary
J
Photon vs pion multiplicity using/ e B
T U bcentrality;b D
B pr>0.6GeV /;op{/ ! ®m pr>0.6GeV Slopes
101 * pr>1.0GeVv _ 1] = pr>1.0GeV
{ v pr>1.4GeV /-‘1 a1 10 1 v pr>1.4GeV
| A pr>1.8GeV 77 4™1.68 | A pr>1.8Gev __mm0.47
100 : Thermal Y ,-.. /,, v,1-97 100 4 Prompt Y --‘—’ %21.32
> ] | i S, ] P
T & A2.28 S 7 Y185
;-- ‘,“ ",// ,, ;:- }*’z /’,£,A2.36
% 10—1 ,'y // % 10—1 * V/’/’
v ¥ A/
/A’ V, A7
102 £ 102 &
A
] 0 - 5% centrality only ] 0 - 5% centrality only
1073 T ——— 1073 1 o
101 102 103 10 10 10
dN"/dy dN"™/dy

Thermal photons

Difficult to draw conclusion from slope

Prompt photons

19



Thermal photons

] m pr>0.6GeV Slopes
101 . ®  pr>1.0GeV 1.41
i Y pr>1.4GeV /I‘ ]
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2 1 L
e 107" Yy
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Sart(s)

Preliminary
results
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101 102 103
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Centrality




Prompt photons

| ® pr>0.6GeV Slopes
101 ] % pr>1.0GeV
1 Y pr>1.4GeVv
| A pr>1.8GeV ‘._10.47
0| % o
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A
v a7
10_2 E ,/‘
A
3 ] 0 - 5% centrality only
10~ —
10? 102 103
dN™/dy

Sart(s)

Preliminary
results
1 ®m pr>0.6GeV Slopes
101 l %  pr>1.0GeV
1 v > 1.4GeV
] P 1.35
] A pr=> 1.8GeV /.,.
0. Prompt y A 135
10 E ,,. ’/* 1.35
- N
“’ ,' 1-35
B giie ,V",i
1071 w7 YA
/,, ’,{”v/",
[ | /x”,v”,l
| ,/ ” ,‘/
1072 e
] v -
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10 102 103
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v 4 dependence

Ref.: Gale, Jeon, McDonald, Paquet, Shen, in preparation

Preliminary

results
2 ET LN L L LA LR AL LA L L L L |
= o 10 ALICE (2015) =—e— }
5020 =i m m S 101 Thermol-l-T%recm%’? : ]
2760 mjl = $ g Prompt *+
S = 10% Pb-Pb 20-40%
v O i Vs=2.76TeV ]
O ~ -1 L ]
~ > ]0 E
IE 200 = [ ] [ ] [ ] [ ] ,_-CZ)\ 10_2_ _:
62.41m q *%
39 = 5 ]0_3 1 "~ "~
19.6 1 = : 10_4
0 10 20 30 40 50 60 70 0 05 1 ]G-5V 2 25 3
Centrality (%) pr (GeV)
10!,
| = Prompt Careful with Iow_ju, 10* o
- Th [ » romp )
% : erma /} prompt photon — « Thermal P
1 0 S . S s
E 0 ] slope ~1.68| ,’x CaICU|at|0nS g 10° - ’/’* Ja
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’L Ay (large uncertainty)| - e P
s 10-1 vl ) y’ ;’j
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S Centrality 3 " [erope =135
® Loz| s contratityanty dependence under 2 s ol
| - better control 10-2 BNA W GeV
10! 102 103 — -
dN™/dy JeanFrancois Paquet (Duke) 10* 10° 10°



Centrality&/ v 1 dependence of poton production

Photon multiplicity @bover) cutoff)
vshadron multiplicity (proxy for entrality&,/i )

Ref.: Gale, Jeon, McDonald, Paquet, Shen, in preparation.

107
z { =  Prompt
5020{s = = = = = = = | = Thermal >
2760im m = n n n S“ ] $“”
] m 0 ®
10 . 7 a
< S : slope=1.53*¢; .,r
Q A ]
o | - &
§ 200 {=m ] ] ] ] % 10 1 el )
n - //
E E /“"r slope = 1.29
62.4m E /,.l
39 = 3 _ a(i'
19.6 = 1
| | | | | | 1072 -
0 10 20 30 40 50 60 70 ] — —_—
Centrality (%) 10! 102 103
) _ : dN™/dy
RHI/N % 4=19.6, 39, 62.4& 200GeV,
LHON w 4I'27608& 5020GeV ] -,-(¢ )x VE o gC

JeanFrancois Paquet (Duke)



Centrality&/1vw 4 dependence of poton production

Photon multiplicity @boven cutoff)
vshadron multiplicity (proxy for entrality&/i )

[fixed & very low cubff for hadron multiplicity]

PHENI2018[arXiv1805.0408%

[dy (pT > 1.0 GeV/c)

dN,

10%
E AtAlpip =7 +X o=1.25
- [#1 Pb+Pb, sy, = 2760 GeV PHENIX
10 W AurAu, |5, = 200 GeV
E ® AutAu, |5, = 624 GeV e |
I [8] AutAu, 5, = 39 GeV *_,n"
E ¥ CutCu, {5, = 200 GeV T
E © p+p, {s =200 GeV
107
1072
- N, scaled prompt photons
1073 p+p fit, 15 = 200 GeV
E =pQCD, s = 2760 GeV
= —pQCD,; Vs = 200 GeV
4l =pQCD, s = 62 GeV
10 E 111 | 1 1 1 | I | | 1 1 1 L1111 |
3
10 4N Jn| 107 10
c M=0

Measured photon multiplicity in
Pb+PbAu+Auand Cu+Cunasslope

X

8 vscharged hadron multiplicity

dNY/dy(pr > 1GeV)

Ref.: Gale, Jeon, McDonald, Paquet, Shen, in preparation.
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JeanFrancois Paquet (Duke) 24



Photon vs pion multiplicity using centrality] Preliminary
results
What does the data say?
(few centralities and large uncertainties) = pr>0.6GeV slopes
101 |l = pr>1.0GeV
Y pr>1.4GeV
@ V -D -D A pr>1.8GeV
l C T[ e , 100_ 1.40
“ > |Prompt _=~
;. ,.’1 ’} 1.40
®E pr>0.6GeV Slopes % 1071 w’ {,x”'/v 122
101 ]l =% pr>1.0GeV « ,x"r" '
| v pr>1.4GeV 102 - v/':f‘/
| 4o pr>1.8Gev 1.49 x”
100 Thermal_Prompt \ﬁ"-’ 1.56 10-3 I‘/m= 200 Gev ?"Iy
2 : S 10* 102 103
N ] . x 1.59 Npart
2 10-14 x> X 1.60 _
5 107 e Ref.: PHENIX PRC(2015
4 ’, x,
1 v A” min
-2 | . pr .
107 « (GeV/e) Slopes v§
_ /S = 200 GeV only 0.4  1.36+0.08%0.08
1073 1 ————— 0.6  1.41+0.1440.12
10 10 10 0.8 14240074011
Npart 1.0 1.35+0.06 «+ 0.07
1.2 1.36£0.09 £ 0.07
Note: STAR also has data [PRB(2017) 451] P I P

but uncertainties too large




Photon vs pion multiplicity using centrality

What does the data say?
Few centralities and large uncertainties

Preliminary

results
1 | 4

10 3 - - ;[ E
-¥ _ : 3

0 -7 - _ 4 |
, o i

%La.lofl ‘s

10—3
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103 — —
10 102 103
dN"/dy

Note: STAR also has data [PRB(2017) 451]
but uncertainties too large

Nnart

Ref.: PHENIX PRC(2015

min

PT .
_(Gev/e) Slopes vs

0.4 1.36 = 0.08 £ 0.08
0.6 1.41 £0.14 £0.12
0.8 1.42 4+ 0.07£0.11
1.0 1.35£0.06 £ 0.07
1.2 1.36 =0.09 £ 0.07
1.4 1.40 £ 0.06 £ 0.10




Differential spectra & yin RHIC beam energy sce

Ref.: Gale, Jeon, McDonald, Paquet, Shen, in preparatior

Energy & baryon numbeleposited
over extended timeperiodat lower

Nw 4

|

I

0-5% Au+Au @ 19.6 GeV /7,
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\\

AL
deposition
] 0.12

] 0.1 Thermal+prompt
] "' Rapidity y=1 ]
. d o 008 /-7
A (fm) Figure ref.: Modified from@&enke 006_ E
and Shen i
. . A ~ 0.04 - L A
14 A4 n . L . \v4 14 i \\ —A O OO_
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high collision energy limit
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Centrality&/1vw 4 dependence of poton production

Another approach: integrate photon spectr@ oIy} abover) cutoff &
plot with respect to hadron multiplicity(proxy for entrality&/i )

Ref.: QM015proceedings1704.07842 Ref.: Gale, Jeon, McDonald, Paquet, Shen, in preparation.
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Photon vs pion multiplicity using centrality| Preliminary
results
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Figure A.1: Direct photon spectrum measured in /syy = 200 GeV proton-proton collisions
1t RHIC compared with (a) perturbative (QCD calculations made with different scales @) (b)
normalised perturbative QCD calculations (Equation A.1)
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ALICE —=— -

Q=0.5p7, norm'ed
Q=1.0pt, norm'ed ------ :
Q=2.0pT, norm'ed E
Q=4.0pt
Q=8.0pT, norm'ed

pr (GeV)

(a) (b)

Figure A.2: Same as Figure A.1 for pions measured in /syy = 2.76 TeV proton-proton
collisions at the LHC
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PHENIX
collaboration

Beam-energy and centrality dependence of direct-photon emission from

ultra-relativistic heavy-ion collisions
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A NEW CRITICAL STUDY OF PHOTON
PRODUCTION IN HADRONIC COLLISIONS
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Prompts
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Prompts
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More about photons in BES



Medium properties for Au+Au at low V. SNN

Centerof-mass energy of collision

Centerof-mass energy of collision

25

-2.5

Spatial rapidity of plasma

5.01

= 0.01

-5.01

0.

e
.
— e —
—
19.6 390 624 200.0
VSNN

I
05 0.07 009 0.11 0.13 0.15 0.17
Average temperature (GeV)

Temperatureaveraged over

the plasma& lifetime
(depends on freezeut energy
density)

ewse|d jo Aupidel [eneds

Baryon chemical potential to
temperature ratio

(markers at pip /T=1and up/T=3 to guide the eye)
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Spacetime description at low V SNN

Thermal photons a| Spacetime evolution of plasma described with
radiated by the hot plasm hydrodynamic model
SeeChun She® talk on Wednesday at1h30
dgk fdd{X@(k T(X), UM(X) ) (Collective dynamics Ill Session)
Spacetime profile of . . ,
g plas'ma o - Viscous 3+1D hydrodynamics with conserved baryon
hydrodynamic simulation current Ref.: Denicol, Gale, Jeon, Monnai,
Schenke, Sher2Q18

- Finite g equation of state
- Dynamical initialization of hydrodynamics over

extended period of time (at small \/SNN) using
sources: d,T" =§"

0 =
- Freeze-out at constant energy density 0.16 GeV/fm?
- Tuned to soft hadron data

Ref.: Shen & Scheni2€18
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Photon thermal rates

100MeV

180MeV

300+ MeV 1 Temperature -sof

Photon rate from
hadronic degrees of
freedom

Y
Photon rate from quark and

gluon (QGP) degrees of
freedom

5.0 T
[— | ] I
251 | ] —
0.0 /—
-2.51 B —]
|—— —
I [T ]
i i [
19.6 39.0 62.4 200.0
VSNN

Baryon chemical potential

QGP rate: Compton scattering, gq annihilation & bremsstrahlung (with LPM) at finite g
Refs.: Traxler, Vija, Thoma (1995); Gervais, Jeon (2012); This work

Hadronic rates: meson interaction, baryon interaction (at finite up)
Refs.: Turbide, Rapp, Gale (2004); Heffernan, Hohler, Rapp (2014); Holt, Hohler, Rapp (2016)
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Effect of finite up on thermal photon rate

QGP photon rate Hadronic photon rate

4
102 oo 10 e
f o = = 105 | 4 /=2 = = |
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1 Baryon chemical potential i increases the photon rate at low momenta
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-
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Photon production in low V syy collisions

Vs
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Photon v, in low V syy collisions
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Probing the dynamical plasma

Energy & baryon number deposited over
extended time period at lower Vsyy

B e

\ \ 0-5% AutAu -
R NN\

dnstantaneous energy deposition
(high collision energy limit)

JeanFrancois Paquet (Duke)

out) versus time

Spacetime 4-volume (above freeze

Energy

deposited
instartapgously

dyﬁamica(PIy
b

(fm)

8

Instantaneou

Dynamic

Cooling




Early plasma dynamics at low V. syy (19.6 GeV)

Thermal photons
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At low v syy (19.6 GeV): thermal+prompt

Thermal+prompt photons
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Effect of energy deposition (instantaneous vs dynamic) visible in photons
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At low syy (19.6 GeV): away from mid-rapidity

Thermal+prompt photons

10 ) _
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Effect of energy deposition (instantaneous vs dynamic) visible in photons
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At high sy (200 GeV) & high rapidity

Thermal+prompt photons

& Dynamic energy deposifion s 0.1 [ — Dlyncmlwic er‘wergy‘ dep‘osi‘rioln
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At high V. sy, effect of dynamic energy deposition visible at higher rapidity
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Summary

ASignificant thermal photon signal at low V SNN

* Small effect of g on photon rate;
dominant effect is distinct spacetime profile of medium

* Early initial conditions can be studied
with photons using

* Low \/SNN collisions @ 00—
+ Rapidity y = 2 for higher V'syy collisions 25

Photons are unique direct probes
of complex dynamics of

low \/SNN collisions
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Contributions to v,



Simple derivation

[d qb dN Sn(9-¥,) AN dNthT>180MeY R ANThT<180Me — gyprompt
T dp " dg
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fd¢ﬁ
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R
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Comparison with available
data



Spectra a200GeV
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v, at 200GeV
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Spectra at39 & 62.4GeV.:
0-40% centrality calculation v8-86% data
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Transition temperature for
photon rates



QGP vs hadronic photon rates around T
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Photon production for different transition T
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Thermal EM probes: thermal rate QM2017

d*N_ -
H =] X T (P (), T (X). 7 () 1))

Effective hadronic models

Gas of hadrons: ~100 MeV

Deconfinement: ~160 MeV

Texas A&M/McGill rates: Stony Brook rates: ...

AdS/CFT and other
holography

Max T at RHIC: ~400 MeV

Max T at LHC: ~600 MeV:

Effective QCD models

Caron-Huot et al (AdS/CFT); Finazzo and Rougemont
(bottom-up holography), BNL et al (semi-QGP), ...

Toward asymptotic QGP * l Perturbative QCD

Amold, Moore, Yaffe (AMY); Ghiglieri, Teaney; Laine., ...

Jean-Francois Paquet (Stony Brook)
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