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High energy nuclear collisions & nuclear equation of state

Pressure (atm)
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Temperature (°C)
Ref.: https://www.expii.com/t/phase-change-diagram-of-water-overview-importance-8031

Ref.: https://en.wikipedia.org/wiki/Atomic_nucleus
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Evolution of the nuclear medium

Relativistic Heavy-Ton Collisions
made by Chun Shen
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The nuclear fluid is created during pre-
equilibrium dynamics stage, where most of
the collision’s T*V will be in the fluid.

Hydrodynamical stage (Temp ~ 10% MeV):
Strongly coupled quark gluon plasma (QGP)
- Equation of State (EoS) computed via

Lattice QCD

Molecular dynamics stage (Tfemp ~ 10 MeV):
Amicro ~ Lnydro, Simulation switches to
Boltzmann transport

Following free-streaming, soft hadrons (pr <
3 GeV/c) carry most of the medium’s T*" to
detectors.



EM sources in the QCD plasma
* Why study electromagnetic probes of the QGP?

* Emitted at all stages of a collision (w/ negligible re-scattering) = precise information about the QGP
 Virtual photons/dileptons are particularly interesting because of their invariant mass M
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* In experiment however...

C/“: 102 ;F T T | T T T T T T T T T T T T | T T T T T T T T T T T E
3 = ALICE, pp e Data 3
& 10 L V5=502TeV,Inl<08  — Cockail sum _
IE F 02<p, <10GeVic — Light flavor 3
= P <8 GeVic -- T — e'e (POWHEG) |
3 - E
o|g + 3.2% norm. uncertainty  ---bb — e*e” (POWHEG) E
5 3
© 107 B —Jly —e'e,Jly —» ye'e |
10 E
10° =, =
e .
10— ‘; Il | Il ! | ?%
= 15F —
E g E . ' —%— = = | 3
8 3 1# . '+I * el
O o05F
0 05 1 15 2 2.5 3

&
Sgnl_uj;

M[



EM sources in the QCD plasma
* Why study electromagnetic probes of the QGP?

* Emitted at all stages of a collision (w/ negligible re-scattering) = precise information about the QGP
 Virtual photons/dileptons are particularly interesting because of their invariant mass M

M = 1 GeV direct “clean” QGP radiation

e M < 1 GeVin-medium hadronic radiation (chiral symmetry breaking/restoration)

* In experiment however...

ﬁ\ 102 ;F T T T | T T T T T T T T T T T T | T T T T E L 1 02 T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T I§
§ = ALICE, pp e Data 3 ) ALICE Preliminary - gg;a{ta” 3
8 1oL Vs =502TeV, In]<0.8 = Cocktail sum _ > [ 020% Pb-Pb y5,=5.02TeV — 70 syete .
IE 02<p,  <10GeVic — Light flavor 3 O 108, p;,<8GeV/ic, In,| < 0.8 —— NYee i 3
. T < B — n'—oye'e, N'—oe'e 3
< P, <8CeVic -- T —e'e (POWHEG) | & H p._<8Gevc AL ]
@ . E| ’ P e
o|g +3.2% norm. uncertainty  ---bb — e*e’ (POWHEG) 3 = 1B — o—e'e, wonle'e oo =
Tlo n : O = o—e'e, pone'e, oonlete E
10+ —Jly —e'e,Jly —» ye'e | o — ct—e'e (PYTHIA 6 + EPPS16) x N3
g E & — bboe'e (PYTHIA 6 x Ny) .
E ] < 4o — Jy—ete, Jyoyete -
102 = :
E ] 102 |
107, = 3
& - " .
10—4 L_] — 1 O ;
= 3 i —=
= = [ b
s l 3 3 E
1 0_ ‘; Il | | | Il Il 75 E :
— E ' E 8 i
o OF L1 S ° ?
e Anmam e I :
O o05E E S -
0 0.5 1 15 2 25 3 35 0 0.5 1 1.5 2 2.5 3 3.5 4
M [GeV] M [GeV]




EM sources in the QCD plasma
 Why study electromagnetic probes of the QGP?

* Emitted at all stages of a collision (w/ negligible re-scattering) = precise information about the QGP
 Virtual photons/dileptons are particularly interesting because of their invariant mass M

M = 1 GeV direct “clean” QGP radiation

e M < 1 GeVin-medium hadronic radiation (chiral symmetry breaking/restoration)

* In experiment however...

ﬁ\ 102 ;F T T T | T T T T T T T T T T T T | T T T T E L 1 02 T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T I§
§ = ALICE, pp e Data 3 ) ALICE Preliminary - gg;a{ta” 3
8 1oL Vs =502TeV, In]<0.8 = Cocktail sum _ > [ 020% Pb-Pb y5,=5.02TeV — 70 syete .
IE 02<p,  <10GeVic — Light flavor 3 O 108, p;,<8GeV/ic, In,| < 0.8 —— NYee i 3
. T < B — n'—oye'e, N'—oe'e 3
< P, <8CeVic -- T —e'e (POWHEG) | & H p._<8Gevc AL ]
@ . E| ’ P e
o|g +3.2% norm. uncertainty  ---bb — e*e’ (POWHEG) 3 = 1B — o—e'e, wonle'e oo =
Tlo n : O = o—e'e, pone'e, oonlete E
10+ —Jly —e'e,Jly —» ye'e | o — ct—e'e (PYTHIA 6 + EPPS16) x N3
g E & — bboe'e (PYTHIA 6 x Ny) .
E ] < 4o — Jy—ete, Jyoyete -
102 = :
E ] 102 |
107, = 3
& - " .
10—4 L_] — 1 O ;
= 3 i —=
= = [ b
s l 3 3 E
1 0_ ‘; Il | | | Il Il 75 E :
— E ' E 8 i
o OF L1 S ° ?
e e - B :
O o05E E S -
0 0.5 1 15 2 25 3 35 0 0.5 1 1.5 2 2.5 3 3.5 4
M [GeV] M [GeV]




EM sources in the QCD plasma
* Why study electromagnetic probes of the QGP?

* Emitted at all stages of a collision (w/ negligible re-scattering) = precise information about the QGP
 Virtual photons/dileptons are particularly interesting because of their invariant mass M
M = 1 GeV direct “clean” QGP radiation

e M < 1 GeVin-medium hadronic radiation (chiral symmetry breaking/restoration)

* In experiment however...

\ T T — I B T - < - ' [ ' ' ' ' ' '
.G;* N @ e = ‘I;iji‘bﬂ% i % 10l Au + Au \s,, =200 GeV (MinBias)
; 102 — e ee- ¢€ — ee (PYTHIA) —] g p$'>02 GeVie 7°, o, Jyp, ¢’
8 —eep—ee s bb — ee (PYTHIA) No B mnel<i | <t , _
EJ o —ee & o —x'ee sum B noi<i,ly,J< n, n’, o, bb, DY
= STAR Preliminary 1 g0 —— cEPYTHIA
% —— p+p@200GeV Run12 o [ Cocktail Sum
E pET>0.2 GeVie nf<1 |yee|<1 L) g .
RS, L
x| o
= Z 1071 4o f
-c f T‘ a. P
= 105 AT
© [ |- ] I | T~ ]
___________________________ E ! 1 1 I I
_ 8 25 (b) Rapp: broadened p +QGP
-
8 QO 21 et - PHSD: broadened p +QGP —|
=<
Q
) o =
2 ; — | S15
--('..)._ 1'%—4 $ i *_ — 1
8 = (4]
| L | . | L | L | L L |
S 0% 0.5 1 15 2 25 3 @ 0.5 0 1 2 3 4
M. Gevic?) M [GeV] M [GeV]

10



e M <

* In experiment however...
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Figure ref. J. Bernhard,

H. Elfner (Petersen),
MADAI Collaboration

T<50.1fm/c

Sources of EM probes

* Onset of collisions:
* Prompt photons
* Drell-Yan dileptons
* Heavy Quarkonia
* Open Heavy Flavor, ...

Pre-hydrodynamical evolution/jet-medium interaction
e EM production coming from various partonic processes

Hydrodynamical evolution
 EM production coming from partonic and hadronic processes

Transport evolution
 EM production from hadronic interactions
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Figure ref. J. Bernhard, E I\/I p ro beS an d th € QG P

H. Elfner (Petersen),
MADAI Collaboration

* Bayesian analysis simulating various stages for soft hadronic observables
are starting to inform us about transport coefficients.

T<50.1fm/c
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EM probes and the QGP

Figure ref. J. Bernhard,
H. Elfner (Petersen),
MADAI Collaboration

* Bayesian analysis simulating various stages for soft hadronic observables
are starting to inform us about transport coefficients.
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Bayesian Analysis by the JETSCAPE Simulations Group
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EM probes and the QGP

Figure ref. J. Bernhard,
H. Elfner (Petersen),

MADAI Collaboration ] ] ) ) ] ]
* Bayesian analysis simulating various stages for soft hadronic observables

are starting to inform us about transport coefficients.

T<50.1fm/c
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Bayesian Analysis by the JETSCAPE Simulations Group
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Figure ref. J. Bernhard, E M p ro bes an d th € QG P

H. Elfner (Petersen),
MADAI Collaboration

e Bayesian analysis simulating various stages for soft hadronic observables
are starting to inform us about transport coefficients.

T<50.1fm/c
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Bayesian Analysis by the JETSCAPE Simulations Group

* v, of EM probes = directly probe microscopic d.o.f. of nuclear matter

and can better constrain Q,E

S S 17

W WV
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EM Rates and Simulations



Electromagnetic radiation from QCD medium

* Finite Temperature Field Theory
* Dilepton production rate

d*R )
Tk X —agyIm ~y Y
k?=M?*>0
_ > Im = EM Spectral Function
* Photon production rate Y Y
d3
k? FEPRS aEMIm[M}

k?=M*=0

_/
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Electromagnetic radiation from QCD medium

* Finite Temperature Field Theory
* Dilepton production rate

d*R )
Tk X —agyIm ~y N
k?=M?>0
, > Im = EM Spectral Function
* Photon production rate Y Y
d3
k° 3k X aEMIm[M}

k? =M? =0

_/

* High Temperature EM spectral function: in pQCD and on the Lattice QCD

B dkO . cosh{k0 1/(2T) — 7}

* Low Temperature EM spectral function: hadronic effective Lagrangians
* sensitive to chiral symmetry breaking/restoration

20
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Dilepton production from pQCD & lattice QCD v/

* Quite good agreement between pQCD and lattice QCD in the (un-)guenched.

continuum

® © © o o ¢ o o o o o

T=470 MeV

Nf=0

k/T=1.57
kiT=3.14
k/T=4.71
k/T=6.28
k/T=7.85
k/T=9.42

-0.2

0.1 0.2
Tl

-0.1 0

2

N=2+1

K/T
K/T
K/T

0.4 0.5

* Entering the era for precision calculations of EM spectral functions; with extension to ug > 0.

21



* EM spectral function via vector mesons

Im

Dilepton production from hadronic interactions

2
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* Many-body effective Lagrangians
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Dilepton production from hadronic interactions v/
* EM spectral function via vector mesons e

Im \/\.\m =Im
Y 8

2 e =
III" / \

.

o ‘ -

* Many-body effective Lagrangians

Im[D,] = Im

* Many-body effective Lagrangians now include

Py gy
B .

Mesons
P LE

Baryons

the chiral partner of p, the a4

* p & aq agree at high T = encouraging for
understanding chiral symmetry restoration
from a hadronic perspective.
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Dilepton production in a viscous medium v/
* Theory = Experimental observables
d4_N: rd4xd4_R
d*k d*k
r d3k
J (2m)3k°
* Dileptons from (hadronic) scattering theory

[uh (x), T (x), " (x), TT(x)]
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* Dileptons from LO pQCD _
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Dileptons as “timer”, thermometer & viscometer
+ Size of [*2 € 0.3 < M < 0.7 GeV

 Slope of Z—Z ELS5<M<25GeV
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Dileptons as “timer”, thermometer & viscometer
+ Size of [*2 € 0.3 < M < 0.7 GeV

Slope of Z—Z ELS5<M<25GeV
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Dileptons as “timer”, thermometer & viscometer
+ Size of [*2 € 0.3 < M < 0.7 GeV

 Slope of Z—Z ELS5<M<25GeV
e Size of v,(M) [or v,,(M)]
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Dileptons as “timer”, thermometer & viscometer
+ Size of [*2 € 0.3 < M < 0.7 GeV

 Slope of Z—Z ELS5<M<25GeV
e Size of v,(M) [or v,,(M)]
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* A joint Bayesian analysis (dileptons & hadrons) to help constrain on (n/s)(T).
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n/s

Dileptons as “timer”, thermometer & viscometer v
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* A joint Bayesian analysis (dileptons & hadrons) to help constrain on (n/s)(T).

« An accurate measurement of dilepton v, is needed at high /s = possible following ALICE upgrade
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Dilepton yield and v, at intermediate M

* Importance of semi-leptonic decays of open heavy flavor to explaining the data

dN/dMdy at y=0 (GeV')

p;.>0.2GeV
n |<1

Yool <1

Au+Au 0-10%

VSNN = 200 GeV

— Cocktail+HM+QGP+Charm w/ Langevin
Cocktail+HM+QGP+Charm w/o Langevin
x__STAR data

] 1 | L ] L L ] L | L ] L
04 06 08 1 12 14 16 18 2
M (GeV)

0.02

0.015

N
S 001

0.005

— Viscous HM+ QGP
=— Viscous HM+ QGP + Charm w/ Langevin
— Viscous HM+ QGP + Charm rescaled p+p
— |- = Charm w/ Langevin

 RHIC data is better described
1 if charm exchanges energy &
1 momentum w/ QGP

.=
o o w s

1* Charm’s interaction w/ QGP

Au+Au 0-10% - :
Jsmm = 200 éev- generates dilepton v,.

R e
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Dilepton yield and v, at intermediate M

* Importance of semi-leptonic decays of open heavy flavor to explaining the data

1()_1 T v v v v v T T 0.02 T T T T T y T

dN/dMdy at y=0 (GeV')

py>0.2GeV | [= VEewmgar |* RHIC data is better described
10” nJ<1  Viscous FIM+ OGP + Charm rescaled p+p if charm exchanges energy &
. Y.<l 0.015F |+= Charm w/ Langevin - momentum W/ QGP
10~ . . .
. .  Charm’s interaction w/ QGP
10°F Au+Au 0-10% S 001 Au+Au0-10% 1 generates dilepton v,.
ESww = 200 GeV VSnn = 200 GeV
10
— Cocktail+HM+QGP+Charm w/ Langevin 0.005
107 Cocktail+HM+QGP+Charm w/o Langevinll | \7/| N~ =77
~  STAR data = ~
10-7 | I N R U RRU T ST R R 0 2
04 06 08 1 12 14 16 1.8 2 05 1 15 p
M (GeV) M (GeV)
dN . . . .
* and v, in 1 < M < 3 GeV must be consistent with heavy flavor (HF) R4 4 and hadronic HF v,.

This is non-trivial as dileptons follow the HF pair traversing the QGP.

* Another handle on heavy flavor transport coefficients (e.g. Gocp). [Y. Chen, Tues 9AM]
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Dilepton yield and v, at intermediate M

* Importance of semi-leptonic decays of open heavy flavor to explaining the data

107 0.02
Pp.>0.2GeV
107 n /<1
2 Vool <1 0.015
S 107
T
(9\]
210°F Au+Au 0-10% S 001
§1()'5 vSyny = 200 GeV
E — Cocktail+HM+QGP+Charm w/ Langevin 0.005
= 10-6 —— Cocktail+HM+QGP+Charm w/o Langevin
STAR data
) I P PR B BRI T BPE P B
10770206 08 1 12 14 16 18 2 0
M (GeV)

dN
@

dM

T T T T T T T
— Viscous HM+ QGP

=— Viscous HM+ QGP + Charm w/ Langevin
— Viscous HM+ QGP + Charm rescaled p+p
— |- = Charm w/ Langevin -

Au+Au 0-10% -
VSNN = 200 GeV ]

Yoy Pt

.=
o o w s

This is non-trivial as dileptons follow the HF pair traversing the QGP.

RHIC data is better described
if charm exchanges energy &
momentum w/ QGP

Charm’s interaction w/ QGP
generates dilepton v,.

and v, in 1 < M < 3 GeV must be consistent with heavy flavor (HF) R44 and hadronic HF v,.

* Another handle on heavy flavor transport coefficients (e.g. Gocp). [Y. Chen, Tues 9AM]

* Dilepton v, is simultaneously sensitive to go¢p and viscosities!
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Photon production at intermediate pr
* Jet-medium EM production is directly sensitive to §,¢p, avoiding hadronization effects

e Jet-medium photons are composed of: conversion and bremsstrahlung.
Pb+Pb /s = 2.76 ATeV, |n| < 0.8, 20-40%

10-2;
. — Conv —— Prompt (nCTEQnp + BFGII) Photons 5 < Pt < 8 GeV:
10-3F -~ . —— Brem Pre-Eq. (KoMPoST) * Total yield dominated by
s K'_ prompt photons
Z 07 =, * Significant contribution from
}%105_ \\ — jet-medium = 30 %
gzi \\ t \{ Conversion = 12 %
ﬂ§10_6_ \ * Bremsstrahlung = 18 %
10~k \

Channel over
Total

0.0k
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Dileptons from transport

* At lower /sy, more dileptons from transport

ArKCl at 1.76A GeV
—_ all -- poyete

= — ] . 3 102 — — p—e’e -- worlete
G 1 Q#:/?uly@l <\?NN =19.6 GeV (Min. Bias) ] 3 et e AY pet o
E pe>0_§ GeV/c Coarse-graining  UrQMD § 10 o porete e AT Spete .
10" | s7AR data ZoThermalp wemfy o - 2 5aete  t 1 HADEs = [[N. Schild, Mon, 5:05PM]
s Multi-pion —.=. (fo) 7 SMASH
__'9_10 H = QGP ---lp(fO) 3 |
= =imin .

10° % coarse-grained —+

104k : UrQMD 33

10'5:EE\;/

107 0.5 1 1.5 2 2.5



Dileptons from transport & hydrodynamics
* At lower /syyn, more dileptons from transport & hydrodynamics at ug > 0 with 1t order PT EoS

Au+Au at 1.23A GeV

ArKCl at 1.76A GeV
— all --- poyete”

= P — . B ] 10-2 T — p;}CJrC* - wodlete — B LI L I B ]
<5 . Aeu+Au @ \s,, = 19.6 GeV (Min. Bias) = e wete A0 spet e I:Ic.> 2.4 o ired. SF rate -
- : <1, <1 = 3 ® L ]
E - :;]:L o_zlé‘ig\lﬂc Coarse-?r:aininlg UrQMD = 10 C p—ete Ei AT —pete _E 2_2:_ — qqrateat LO _:
: 1 N N .- erma p s JC . 0 + — HADES B a
:10 STAR data we w == Thermal @ «1e1e no _§I e e E o[- ]
s ., Multi-pion =.=. o (fo) SMASH e B -
__-9_10 : m— = QGP ---lp(fO) E: | *é B i
Z S 3 = 1.8~ -
10° coarse-grained S L4 .
© . —
UrQMD = ]
(E _
LS -]
u) —
S ]

w

10
1.2
F : G Ideal hdyro+1°%t order EoS Y
10° I B L ’ r % S Ly coo b b e b e by
0 0 ! 19 2 M., [Ggﬁczl 1.2 b 02 04 06 08 1 12 14
M., (GeV/c?)
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Dileptons from transport & hydrodynamics
* At lower /syyn, more dileptons from transport & hydrodynamics at ug > 0 with 1t order PT EoS

ArkCl at 1.76A GeV
— all --- poyete”

= — ] . 3 102 — — p—e’e -- worlete
N§ | Q:Il:?uly@l <\?NN =19.6 GeV (Min. Bias) 3 . — woete A’ Snete
3 | 0.2 GaVic Coarse-graining  UrQMD 3 10 Cpele AT —pe’e
= 1 T N N .- Thermal p winnmn JC ] - 0 + .~ HADES
:10 STAR data wmm == Thermal @ 10100 ]’]0 EE 104 T e e }
s | Multi-pion =:=:® (fo) - SMASH
_'9_10 : — == QGP ===up (fO) _§' 1
% , - IIIII\I.(D .

10° _ coarse-grained

10-4 '—-' , - UrQ'VID é

10° :

10_5 ;I 1 1 L1Y | eal -9 L ) “",_ i B

0 0.5 1 1.5 2 M. [Ggﬁczl 100 02 04 06 08 10 1z

m,, [GeV]

spectra ratio: with PT /no PT

1.4F

_ Au+Au at 1.23A
1.2~

— inmed. SF rate

— qqrateat LO

Ideal hdyro+1°%t order EoS

GeV

I B RN R
b 02 04 06 O

8 1 12 14
M., (GeV/c?)

* Consistent description at all beam energies = combining transport & hydrodynamical calculations.
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Dileptons from transport & hydrodynamics
* At lower /syyn, more dileptons from transport & hydrodynamics at ug > 0 with 1t order PT EoS

ArKCl at 1.76A GeV
— all --- poyete”

= — — 3 10 — — poele -- wonlete | T T ]
NSQ 1 Q:r:?uly@l <\?NN =19.6 GeV (Min. Bias) . , — w—ete” A’ —nete” Dc; 2'4:_ — inmed. SF rate _:
8 ) pt > o_é G‘{:wc Coarse-graining UrQMD § 10 v p—ete” - AT pete __‘_:_ ol — qqrate at LO .
: 1 T N N .- Thermal p s JC - 0 + — HADES : :
=10 STAR data == Thermal @ w1 3 10" ®oete b4 R E
s ., Multi-pion =.=.® (fo) - SMASH e B -
T107¢ m— = QGP ===xp(fo) | = i ]
= mimi o . = Relp ]

T, 3 s . 3 g
10° _ coarse-grained S ]
- T 1 E
10* P UrQMD é o f -
-, 7 (S B
10° : 2 [ AutAuatl1l.23AGeV Z

. [7)] 12_ t
) : - ldeal hdyro+1st order EoS Y
10- = : : : i V : -9 | L L ‘\"'- ':- Il .: _I 1 1 | 1 1 L | 1 L 1 | L 1 1 | 1 1 1 | 1 1 1 | L 1 1 ‘ I_
. . 10 .
0 0.5 1 1.5 2 M. [GaIe 00 02 04 06 08 10 1 b~ 02 04 06 08 1 12 14

m,, [GeV] M., (GeV/c?)

* Consistent description at all beam energies = combining transport & hydrodynamical calculations.

* No more jets at lower /syy: only penetrating probes sensitive to QCD dofs are EM.
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Dileptons from transport & hydrodynamics v/
* At lower /syyn, more dileptons from transport & hydrodynamics at ug > 0 with 1t order PT EoS

ArkCl at 1.76A GeV
— all --- poyete”
— A +A — 196G V M- B- = 10-2 . - p*}CJrCi - wg}ﬂ_ﬂe+ef E 24_I LI L B L B ) B B ]
5‘-2 13 |nel|1< 1 u|y@| <\?NN - . eV (Min. Bias) _; 3 — woe'e A" —nete” o R — inmed. SF rate .
8 ) pt > o_é GeV/c Coarse-graining UrQMD 3 10 e el e s AT spete _E - — q@rateat LO ]
: 1 T N . .- Thermal p s JC ] - 0 + .- HADES - : :
=10 STAR data == Thermal @ w1 3 10" ®oete b4 R E
=P Multi-pion =:=.® (fo) SMASH = i ]
T107E m— = QGP ====p(fo) 3 | = _ ]
% i miimin U> E ? b - __
10° - coarse-grained S ]
() m . —
" g 14 g
10° : 2 s o Au+Au at 1.23A GeV I
s : ® “  Ideal hdyro+1%t order EoS i
10- - ! ! ! ' ' 1] ; -9 1 1 1 .\"'- ':- L "‘ _I 1 1 | 1 1 L | 1 L 1 | L 1 1 | 1 1 1 | 1 1 1 | L 1 1 ‘ I_
. . 10 -

0 0.5 1 1.5 2 M. [Gg\ﬂczl 00 02 04 06 08 1.0 1.z D02 0z 06 08 1 12 14

m,, [GeV] M., (GeV/c?)

* Consistent description at all beam energies = combining transport & hydrodynamical calculations.
* No more jets at lower /syy: only penetrating probes sensitive to QCD dofs are EM.

* Bayesian comparisons of dileptons at various /sy = learn more dilepton production mechanisms

* Exclude rates w/o chiral symmetry restoration by comparison with data?
* Determine uncertainties of calculations & accurate measurements 38



Summary & Outlook

v Improved rates
* NLO pQCD comparable with lattice QCD
e Hadronic rates are now including chiral symmetry restoration effects

v Better medium simulations

e Hydrodynamic production of EM probes include off-equilibrium dynamics (i.e., viscous effects) and many
different sources of EM production are included.

v'"What was/can be done

* EM probes possess simultaneous sensitivity to hydrodynamical transport coefficients (e.g., {,n, T, ...)
and jet-related transport coefficient §o¢p (via jet-medium photons and open heavy flavor dileptons)

* Dynamics of quark generation during the creation of the QGP can be explored via EM probes

» Future directions

* Determine uncertainties of EM probes calculations (e.g. viscous corrections) for better estimation of
transport coefficients be it first order (e.g., {,n,q ...).

* Bayesian analysis using hadron & EM probes with more precise data
* More measurements of dilepton v, needed
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Questions?
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e Sensitivity to second order transport coefficient

EM probes sensitivity to other transport coefficients

T = ban/(e + P)

V.Y (HM+QGP)

v, (M) (HM+QGP)
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* Sensitivity to chemical equilibration
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EM probes sensitivity to transport coefficients

e Sensitivity to second order transport coefficient e Sensitivity to electrical conductivity using
Tr =byn/(e+ P) spectral function from EM current in hydro
--——-'--'-'--l-'_'_"_'_____I'-."I T T rorTTTTs
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* A heavy flavor tracker can reduce/remove HF signal exposing direct QGP radiation (M = 1 GeV)

=0 [GeV]

(dMdy)lly

dN/

heki

Dilepton flow at M = 1 GeV as probe of QGP

dN
* Need to measure Ty and v,!
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Dilepton calculations compared to data

 Comparison with data

10 T T T T 1 10 T T T 1
Py >0.2GeV p; >0.2GeV ]
107 S 107 m <1 .
> C ly |<1 >
(D] _’; ol ee 8 -3
107k < 10 S
o F o ; ‘o \ >
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= 10 = 10~ F[= == STAR Cockail (0-10%) 1
% _— Cocktai1+HM+QGP+Charm w/ Langevin ; [ Cocktail+Open Charm w/ Langevin ]
o 10_6 Cocktai1+HM+QGP+Charm w/o Langevin o 10_6 %gfalﬁa(l“l;c\l/{lticiﬂl\s}gtlzlglrll;]%'lhemml—()pen charm w/ Langevin
= STAR data F x  STAR data a
-7 | T R T RN ST ST T BT 1 0-7 | I I RENEN R R ST S S
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1 Cocktail+Thermal nor

Cocktail+Charm w/ Lagenvin

1 are not enough to explain data

E
1 = all three are sources

needed, in fact...
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Photon sources
* Photons probing early dynamics:
* Primodial photons / Jet-medium photons

d°0pray+x d3641pocty(QFen)
kS c;rSker - Z fa/A(xa' Q}%act)®fb/A(x6_I' Q]%act)®k0 = dc3;cy —
ab,c
d36a+pc+a(QFen)
+ z fa/A(xa: Q]%act)®fb/A(xc_p szcact)®k0 = dc?)k L ®Dy/c(Q]%rag)

a,b,d
* Photons from jet-medium interaction

* Photons emitted during hydrodynamics

7,7 v ) ) a ¢ q
* Photons from hadronization - L !
0.q ; . !
g q,q o q g /q—/ b

e Photons from hadronic transport

e Same photon matrix elements as in
hydrodynamical calculations
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Photon/Dilepton calculations vs data & Bayesian analysis
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Photons are sensitive
dynamics of quarks production
CGC — hydrodynamics

Different sources are
continuously being included,
need to include theoretical
uncertainties

Bayesian Analysis using EM &
hadron probes can hopefully
constrain better the transport
coefficients of QCD
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Dilepton calculations compared to data

 Comparison with data

Au+Au, 200 GeV, min-bias
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Dilepton calculations compared to data

 Comparison with data

STAR 0-10% Data s=—tt=—
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NLO pQCD dilepton rates are needed to explain the data.

49



dN/dMdy [GeV 1]

NLO dilept lculati
001} —
— ;
L, 0001
w E
O, i
> 0.0001 E . 4
S i TS
= - —— STAR 0-10% Data SIS
> 1e-05 | —— Charm+Cocktail+HG+QGP Born ]
© - —— Charm+Cocktail+HG+QGP NLO 3
[ —— Charm+Cocktail+HG+QGP NLO w/ LO LPM ]
1e-06 - —— Charm+Cocktail+HG+QGP NLO w/ NLO LPM w/ exp =
0.1 i [ R A ] - - - - - Charm+Cocktail+HG+QGP NLO w/ NLO LPM w/o exp :
L ] cocktail
L 19-07 e e e e e e b e e b e e e b e e e e e e e e e by
r 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
I M [GeV]
0.01 = 10
meemSNNTTIETT 10
F T =
H>— STAR 0-10% Data 2 10
0.001 - —— Charm+Cocktail+HG+QGP Born e ‘5
- — Charm+Cocktail+HG+QGP NLO S g
- —— Charm+Cocktail+HG+QGP NLO w/ L > 2110
. —— Charm+Cocktail+HG+QGP NLO w/ NLOLPM w/ exp g
- - - -~ Charm+Cocktail+HG+QGP NLO w/ NLO LPM w/o exp = 5
cocktail = 10 E [—— = STAR Cocktail (0-10%)
0.0001 L P T T | 1 | 1 L 1 | R T B 1 | L E E | n —— Cocktall_OPen Chalm \V},( Lange‘;ln
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 Z 6l Cocktail+Viscous Thermal
o Total: Cocktail+Viscous Thermal+Open charm w/ Langevin
M [GeV] x  STAR data

=
R |

| 1 1 1 ] 1 1 L 1 1 ] 1 1 1 | 1 ]
04 06 08 | 12 14 16 18 2
M (GeV)

107



Vo' (M)

NLO effects on v,
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-Im I,/ T

EM spectral function from pQCD & lattice QCD
T=05GeV,N,=3
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Photon production from hadronic reactions v/
* Photons from SMASH

SMASH-2.0.1-1-0397f8f0

&M‘ 101_5 \ snes MUSICrs 150 Mev \\‘ mnns MUSICr > 150 Mev
I> X MUSICr> 150 Mev + SMASH ~\ MUSICr > 150 Mev + SMASH
8 100 .\ EE MUSICrs 150 Mev + MUSICr <150 mev ‘*_r MUSICr > 150 mev + MUSICr <150 Mev . .
=] * Total photon yield from Hydro+SMASH is comparable
N T to that obtained from hydro running to lower
$1& 10 { RHIC 10-20%._ LHC 10-20% . temperature (T=120 MeV).
~|& 175 £ 200 Gev ™. \2: ;%376 Tev I
(o] 20—3 -
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* Photon v,(pr) from Hydro+SMASH is comparable to
Rl i i that obtained from hydro running to lower
R B - temperature (T=120 MeV)
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Uncertainty from viscous corrections

0.20

0.25
T [GeV]

[D. Everett et al., Phys. Rev. Lett. 126, 242301 (2021)]
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15 |7 ]

(LO+NLO) / LO
17
=
+
=z
o
o

0.5 | el >

(LO + soft+sc)/LO

2 4 6 8 10 12 14
kK/T
[J. Ghiglieri et al., JHEP 1305, 010 (2013)]

 Sizeable cancellations in
photon rates between the
collinear (coll) contribution
and soft+semi-collinear (sc)
contributions

n/s

NLO calculations

10 e

1 [
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NLO w. gain —
0.1 Cnd il
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T [GeV]

NLO w. gain —

/—LEQC’D:Q"T T
LO —

0.2

[J. Ghiglieri et al., JHEP 1803, 179 (2018)]

1

10 100 1000
T [GeV]

* Large corrections to shear viscosity (n/s) and baryon
number diffusion (D) at NLO

[S. Caron-Hot et al., PRL 100, 052301 (2008)]

* Heavy-quark diffusion coefficient
acquires large corrections at NLO



Photon production from pQCD and lattice QCD

* Quenched and non-quenched lattice calculations consistent are consistent pQCD calculations,
though uncertainties are large.
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V," (HM+QGP)

Sensitivity of EM probes to transport coefficients

Photon & t; = b;n/(c + P) Dileptons & t; = b;n/(c + P) Hadrons & t,; = b;n/(¢ + P)
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Pre-hydrodynamic photon production

 KesMP@ST: Solving the Boltzmann equation in the linear response approximation.
v ~ (P > TexT Thydro .
! p— “ o " * Bridges the gap between the
- ~ i
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L [£206 | 7 N e IP-Glasma — free-streaming and
Kol ‘ n/s =016 062 Py . 2+1D hydro, hydrodymamics — thermalization
3 (Pr)
I .. kinetic theory A = 10 s © ’
o| 3021 : kinetic theory A = 25 I Kinetic theory
¥ 2nd order hydro = = - K N
0 Lo __free streaming .- _, [[2+1D Yang-Milis |
0.1 t 1 1Ty 10 0.01 0.1 1
AmTy _ 4mn/s 7 (fm)
e Match T*V(IP-Glasma) = T" (KesMP@ST) = T"V (Hydro)
1 L 1.0
(¢ O e .
0.8 | i . 08
07 L : g.g i g ././ 1] %
06 | YR IR I 5.
‘3‘; 0.5 : g[z] i ,’/ -1 = 5 06
© 04 10° 10t 102 10® 10*+Q f ]
0.3 e n/s(A = 20) ~ 0.4 “ %U'd
021 T o8 ] 3 o]
0 05 1 1.5 2 25 3 35 4 U'OO.U 012 0:4 016 0:8 o
T/TR (T = Texr) 58

(Thydro — TekT)



v

0.08 g

0.07

0.06

0.05

0.04

0.03

0.02

0.01

0.12

0.1

0.08

0.06 E
0.04 £

0.02 E

HM+QGP+Cocktail w/ off-shell vac. p+res. decays p
1 1 1 I 1 1 I 1 1 1 I 1 1 1 1 I

E(b)

(©/s)(T)*[n/s=0.06] —+—- }

- 1/s=0.06 =
A Au-Au 20-40%
3 - A Vs\N=200 GeV

-, S \ 3
_ 4 ) ! Tow=165MeV
3 o ! . E
 HM+QGP - ~ \
= ./ - _:
; ,./“" \’ 3
= \ 3
N,

E '\“ =
= QGP Semi
| | | | | |
0.4 0.6 0.8 1 1.2 1.4
M [GeV]

Fr 1 T T L T B
£(C) (/s)(T)+[n/s=0.06] —— :

n/s=0.06

AuU-Au 20-40%
\/SNNZZOO GeV 3
Tgw=165 MeV -

0.4 0.6 0.8
M [GeV]

1 1.2 1.4

v

01 F

0.08

0.06

0.04 £

0.02

012

0.08 E

0.06

0.04

0.02

01 F

= HM+Q

GP+Cocktail w/ off-shell vac. p+res. decays p
R TR RN T TR SN TR S S T TR S

(b) (Us)(T)+[n/s=0.095] ==« 3
R .-\ n/s=0.095 E
: (;\ ) N/s=0.16 — = 3
FHM+QGP LSRN "\ E
: - \ Vv’ R Pb-Pb 20-40%
e L tadd |\ s\ n=2.76 TeV :
=5 AN Tew=145MeV 3
C ‘ " E
3 W, E
: NON
;Q(EP- T B R R T — T — \"\“?v.‘_ E
------------------- Ce LT
| | | | ! ! M| |
0.4 0.6 0.8 1 1.2 1.4
M [GeV]

ML T I L L B
 (d) (Us)(T)*[N/5=0.095] 3
3 n/s=0.095 E

n/s=0.16 ——

Pb-Pb 20-40%
Vsyn=2.76 TeV
Tow=145MeV 3

0.4

0.6

0.8 1 1.2 1.4
M [GeV]



	Slide 1:  Electromagnetic probes of the QCD Plasma
	Slide 2
	Slide 3: Evolution of the nuclear medium
	Slide 4: EM sources in the QCD plasma
	Slide 5
	Slide 6: EM sources in the QCD plasma
	Slide 7: EM sources in the QCD plasma
	Slide 8: EM sources in the QCD plasma
	Slide 9: EM sources in the QCD plasma
	Slide 10
	Slide 11
	Slide 12: EM sources in the QCD plasma
	Slide 13: Sources of EM probes
	Slide 14: EM probes and the QGP
	Slide 15: EM probes and the QGP
	Slide 16: EM probes and the QGP
	Slide 17: EM probes and the QGP
	Slide 18: EM Rates and Simulations
	Slide 19: Electromagnetic radiation from QCD medium
	Slide 20: Electromagnetic radiation from QCD medium 
	Slide 21: Dilepton production from pQCD & lattice QCD ✓
	Slide 22: Dilepton production from hadronic interactions
	Slide 23: Dilepton production from hadronic interactions ✓
	Slide 24: Dilepton production in a viscous medium ✓
	Slide 25: Dileptons as “timer”, thermometer & viscometer
	Slide 26: Dileptons as “timer”, thermometer & viscometer
	Slide 27: Dileptons as “timer”, thermometer & viscometer
	Slide 28: Dileptons as “timer”, thermometer & viscometer
	Slide 29: Dileptons as “timer”, thermometer & viscometer ✓
	Slide 30: Dilepton yield and v sub 2 at intermediate M
	Slide 31: Dilepton yield and v sub 2 at intermediate M
	Slide 32: Dilepton yield and v sub 2 at intermediate M
	Slide 33: Photon production at intermediate p sub cap T 
	Slide 34: Dileptons from transport
	Slide 35: Dileptons from transport & hydrodynamics
	Slide 36
	Slide 37
	Slide 38
	Slide 39: Summary & Outlook
	Slide 40: Thank you
	Slide 41: Backup
	Slide 42: EM probes sensitivity to other transport coefficients
	Slide 43: EM probes sensitivity to transport coefficients
	Slide 44: Dilepton flow at cap M greater than or equivalent to 1 , GeV as probe of QGP
	Slide 45: Dilepton calculations compared to data 
	Slide 46: Photon sources
	Slide 47: Photon/Dilepton calculations vs data & Bayesian analysis
	Slide 48: Dilepton calculations compared to data 
	Slide 49: Dilepton calculations compared to data 
	Slide 50: NLO dilepton calculations
	Slide 51: NLO effects on v sub 2
	Slide 52: EM spectral function from pQCD & lattice QCD
	Slide 53: Photon production from hadronic reactions ✓
	Slide 54: Uncertainty from viscous corrections
	Slide 55: NLO calculations
	Slide 56: Photon production from pQCD and lattice QCD
	Slide 57: Sensitivity of EM probes to transport coefficients
	Slide 58: Pre-hydrodynamic photon production
	Slide 59

