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Direct probes of the QCD medium
* Why study electromagnetic probes of the QGP?

* Emitted at all stages of a collision (w/ negligible re-scattering) = precise information about the QGP
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 Why study electromagnetic probes of the QGP?
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 Detailed study of QGP: measure dN /dM and v,(M), especially M = 1 GeV! :
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Direct probes of the QCD medium

* A high precision measurement of dileptons: NA60 dimuon experiment
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e Described by theory (via blast wave), but can do better:
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Direct probes of the QCD medium

* A high precision measurement of dileptons: NA60 dimuon experiment
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e Described by theory (via blast wave), but can do better:

* Improved hadronic/partonic dilepton rates /
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Direct probes of the QCD medium

* A high precision measurement of dileptons: NA60 dimuon experiment
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1 * Described by theory (via blast wave), but can do better:

* Improved hadronic/partonic dilepton rates /

e Better simulation of QCD medium /

= Hydrodynamics, hadronic transport, ...
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Direct probes of the QCD medium

* A high precision measurement of dileptons: NA60 dimuon experiment
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* Improved hadronic/partonic dilepton rates /

e Better simulation of QCD medium /

= Hydrodynamics, hadronic transport, ...

e Can ask detailed questions v/

e.g. shear viscosity (n)?

1 * Described by theory (via blast wave), but can do better:
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Direct probes of the QCD medium

* A high precision measurement of dileptons: NA60 dimuon experiment
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* Exploring sources of EM radiation
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Figure ref. J. Bernhard,

H. Elfner (Petersen),
MADAI Collaboration

1<0.1fm/c

T ~ 100 fih/e

Sources of EM probes

* Onset of collisions:

* Prompt photons [C. Sirimanna, Wed 18:42; R. Modarresi-Yazdi, Thu 18:10]
* Drell-Yan dileptons [M. Coquet, Wed 19:06]

* Heavy Quarkonia

* Open Heavy Flavor

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

Nucleus

) 23

Nucleus

[J.-F. Paquet, Wed 18:34; C. Sirimanna, Wed 18:42; S. Park, Thu 16:00; R. Modarresi-Yazdi, Thu 18: 10]

Hydrodynamical evolution
* EM production coming from partonic and hadronic processes

[J.—F. Paquet, Wed 18:34; G. Jackson, Wed 18:46; T. Nishimura Wed 19:02;
S. Floerchinger, Wed 19:18; P. Dasgupta, Wed 19:26; C. Nonaka, Thu 18:30]

Transport evolution

* EM production from hadronic interactions
[O. Garcia-Montero, Wed 18:58; R. Hirayama, Wed 19:10; M. Wiest, Wed 19:14]

(a)

p,w, ¢>
—nm




Figure ref. J. Bernhard, E M p ro beS a n d th e 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.

1<0.1fm/c

T ~ 100 fih/e
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EM probes and the QGP

Figure ref. J. Bernhard,
H. Elfner (Petersen),
MADAI Collaboration
e Bayesian analysis simulating various stages for soft hadronic observables

are starting to inform us about transport coefficients.
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EM probes and the QGP

Figure ref. J. Bernhard,
H. Elfner (Petersen),
MADAI Collaboration
e Bayesian analysis simulating various stages for soft hadronic observables

are starting to inform us about transport coefficients.
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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.

1<0.1fm/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 g,g
19
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Dilepton emission



Electromagnetic radiation from QCD medium

* Finite Temperature Field Theory
* Dilepton production rate

d*R 5 )
ﬁ 0§ _aEMIm ,.Y ,y
k*=M?=0
_ > Im = EM Spectral Function
* Photon production rate g Y
o, @°R
k ﬂ X —C(EMIm A Ny

k*=M*=0

_/
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Electromagnetic radiation from QCD medium

* Finite Temperature Field Theory
* Dilepton production rate

d*R 5 )
ﬁ 0§ _aEMIm ,y ,7
k*=M?=0
, > Im = EM Spectral Function
* Photon production rate g Y
o, @°R
k ﬂ X —C(EMIm A Ny

k*=M*=0

_/

* EM spectral function in pQCD or on the Lattice

cosh{k®[1/(2T) — 1]}
sinh(k°/2T)

Kk 1) =

* Hadronic sector, sensitive to chiral symmetry breaking

22
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Dilepton production from pQCD & lattice QCD v/

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

¥ =10y ciNa=—()
c

[G. Jackson, Wed 18:46]
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* Entering the era for precision calculations of EM spectral functions; with extension to ug > 0.
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Im

Dilepton production from hadronic interactions
* EM spectral function via vector mesons

* Many-body effective Lagrangians

Im|D,| = Im
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Baryons
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Dilepton production from hadronic interactions v/

* EM spectral function via vector mesons 10
ol —— vacuum \
-—— T=120MeV ||
Im A =Im T, —— T=150MeV |, |
R T=180MeV |/ \|
= 1t5=330MeV /’ \
. . = | -~
* Many-body effective Lagrangians E \

B Mesons s RN
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* Many-body effective Lagrangians now include ~ A(\/\ |
the chiral partner of p, the a4 T | TR ! T |
. . 2 006 — Vecftor 1 — Ve?tor T — Vec.:tor
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understanding chiral symmetry restoration . ,AQ\ A /\§/~’_
. . e '
from a hadronic perspective. wbo o . . e o




Dilepton production in a viscous medium v/
* Theory = Experimental observables

IV [ SR sy, 70, v o), o)
1244 Uv Uv f d3k U1, V[,eq shear bulk
Toq +mHY —TIA =J (27T)3k0k kV[n®? + én + dnPu]

* Dileptons from (hadronic) scattering theory
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Dileptons as “timer”, thermometer & viscometer
+ Size of [< €0.3 <M < 0.7 GeV

 Slope of 2_11\\/; ELS5 < M<25GeV

STAR Au+Au 54.4 GeV (0-80%)
—— STAR Au+Au 27 GeV (0-80%)

-l
<
)]

#,* fit by M*? x &7

R Toie %V = 338 + 59 MeV

‘ %ﬂ‘— TaroeV = 301 = 60 MeV

ch
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[Z. Ye, Thu 15:40]
STAR Preliminary
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Dileptons as “timer”, thermometer & viscometer
+ Size of [< €0.3 <M < 0.7 GeV

Slope of Z—Z ELS5 < M<25GeV

Size of v,(M) [or v,(M)]
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Dileptons as “timer”, thermometer & viscometer
+ Size of [< €0.3 <M < 0.7 GeV

Slope of 2—1\1\; ELS5 < M<25GeV
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Dileptons as “timer”, thermometer & viscometer
+ Size of [< €0.3 <M < 0.7 GeV

Slope of Z—Z ELS5 < M<25GeV

Size of v,(M) [or v,(M)]

—
n/s=1/4n

= —— n/s=0.1986(T/Ty-1)?+1/4m E

3 N/s=0.4513(T/Ty-1)2+1/4T E

EL o+ v 4 4 1 | T T S T | | E

0.15 0.2 0.25 0.3 0.35 0.4
T [GeV]

n/s

0.4

0.3 A

0.2 5

0:l

0.0 -

90% ClI Prior
90% CI Posterior

T T *
0.15 0.20 0:25 0.30 0.35
T [GeV]

V,Y (M) (HM+QGP)

n/s=1/4n
Nn/s=0.1986(T/Ty-1)2+1/4m
Nn/s=0.4513(T/Ty-1)2+1/41
PR TR T RN T SR TR S N TR S

V3w = 200 GeV ]

Au-Au E
20-40% 1

0.4

0.6 0.8

M [GeV]

* A joint Bayesian analysis (dileptons & hadrons) to help constrain on (n/s)(T).

1
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Dileptons as “timer”, thermometer & viscometer v
+ Size of [< €0.3 <M < 0.7 GeV

 Slope of 2—1\1\; ELS5 < M<25GeV
e Size of v,(M) [or v,,(M)]

0.8 Er 7T T E 005 SRR R AR S L E
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0.6 é— n/S:0.4513(T/Ttr-l) +1/4m —é 0.3 | = E 20_40% é
: E o : ]
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204 3 & 0.2 1 z g
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01E = 0.0 - Nn/s=0.1986(T/Ty-1)2+1/4m
] | 1 . | . , ,  — —— F— n/s:O.4|513(T/Ttr-1)|2+1/4n | | el
OB L e e e L S I
0.15 0.2 0.25 0.3 0.35 0.4 0.15 0.20 0.25 0.30 0.35 0.4 0.6 0.8 1 1.2 1.4
T [GeV] T [GEV] M [GeV]

* A joint Bayesian analysis (dileptons & hadrons) to help constrain on (n/s)(T).

 An accurate measurement of dilepton v, is needed at high v/s = possible following ALICE upgrade
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Dileptons from transport

* At lower /sy, more dileptons from transport

ArkKCl at 1.76A GeV
102 — fee p—ete e Multi—n

— - - = 7 Srete” — all
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-6 El % L l: Ll ¥ 2% 3 A -9 | ! \"‘. “““ L el X .'"-
107 0.5 1 15 2 25 1090 02 04 06 08 10 12
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[R. Hirayama, Wed 19:10]



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

ArKCl at 1.76A GeV Au+Au at 1.23A GeV
1072 I RS p—ete e Multi—7 urAuat L. €

= A E ' —yete = all o 24~ =
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A M A 3k e sk .
10-5E‘§\f ~ 7 10 @ 120 |deal hdyro+15t order EoS .
E L] Dol e, e, MMM L e : _l L L I | - - I 1Ll 1 l 1 Ll I ) I | - I 1 Ll I l_

10—l C AT 10° ‘ ‘ ‘ TEERA v 02 04 06 08 1 12 14
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M. [GeVicT] m,, [GeV] [M. Wiest, Wed 19:14] ™ee

[R. Hirayama, Wed 19:10]
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Dileptons from transport & hydrodynamics
* At lower /sy, more dileptons from transport & hydrodynamics at ug > 0 with 1t order PT EoS

ArKCl at 1.76A GeV Au+Au at 1.23A GeV
102 — | p—ete e Multi—= urAuat L. €

= - - 3 0 —rete” — all E 2 4 | | | . | l "
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\: MLA E o T ]
10-55‘3\.; ~ 7 @ 127 |deal hdyro+15t order EoS )
- E ] -; s 177 Ne o b by b b by 1
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M. [GeVicT] m,, [GeV] [M. Wiest, Wed 19:14] ™ee

[R. Hirayama, Wed 19:10]
* Consistent description at all beam energies = combining transport & hydrodynamical calculations.
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Dileptons from transport & hydrodynamics
* At lower /sy, more dileptons from transport & hydrodynamics at ug > 0 with 1t order PT EoS

Ml <1, 1y, | <1
pi > 0.2 GeVic

STAR data

dN/dM [1/(GeV/c?)]
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[R. Hirayama, Wed 19:10]
* Consistent description at all beam energies = combining transport & hydrodynamical calculations.

Au+Au at 1.23A GeV

2.4

spectra ratio: with PT /no PT
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— inmed. SF rate

— qqrate at LO
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[M. Wiest, Wed 19:14]

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

dN/dM [1/(GeV/c?)]
o

Au+Au @ \s,, = 19.6 GeV (Min. Bias)

Ml <1, 1y, | <1
pi > 0.2 GeVic

STAR data
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[R. Hirayama, Wed 19:10]
* Consistent description at all beam energies = combining transport & hydrodynamical calculations.

Au+Au at 1.23A GeV

spectra ratio: with PT /no PT

| |

1 rrrJrTrrJrtrtrJrrr]rrrrrrrrr

— inmed. SF rate

— qqrate at LO

- ldeal hdyro+1°%t order EoS

M | |

IllllII|III|III||IIIIII|I

[M. Wiest, Wed 19:14]

* No more jets at lower /syy: only penetrating probes sensitive to QCD dofs are EIM.
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1O 0.2 O. 06 038

1 12 1.4
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* 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
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0 (GeV

dN/dMdy at y

i

6

10

107

Dilepton calculations compared to data

 Comparison with data

“E Au+Au 0-10%
EVSNN == 200 GeV
E,

dN**/dM (GeV™)

F|— Cocktail+HM+QGP+Charm w/ Langevin
Cocktail+HM+QGP+Charm w/o Langevin

F x  STAR data

| - | 1
04 0.6 038

1

PR | 1 L
1.2 14 16 18 2
M (GeV)

Au+Au, 200 GeV, min-bias

@ STAR PHSDZ
0 q+g->e'e
Pr >0.2GeV . og+g->gte'e

In <1

—=e=q+g->qte'e
DD
=--=BB

0
i oD~ - -A
———— o —-—- a1
s ML)
— )

aunl

momentum w/ QGP

e RHIC data is better described
if charm exchanges energy &

37



Dilepton calculations compared to data

 Comparison with data

10 107 T T "~ T 1
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~107 107 n /<1 :
> : >
Lf 8 S
210 C107F s
- 2 o F ‘o :
o LF . L 4 Au+Au0-10% S~ o | &R,
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10°704706 08 1 12 14 16 1.8 2 04 06 08 1 12 14 16 18 2

M (GeV) M (GeV)

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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 Comparison with data
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Dilepton calculations compared to data
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NLO pQCD dilepton rates are needed to explain the data.

39




Dilepton yield and v, at intermediate M

 Comparison with data

1 O- 1 L] L] L] L] L] L] T L] O _02 I L l I
= Viscous HM+ QGP

P — Viscous HM+ QGP + Charm w/ Langevin
=10 3 — Viscous HM+ QGP + Charm rescaled p+p

% F 0.015F |- = Charm w/ Langevin

3
2 10
-

“E Au+Au 0-10%
E VSNN == 200 GeV

dN/dMdy at y
=

Au+Au 0-10%

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

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

F
— Cocktail+HM+QGP+Charm w/ Langevin 0005
10°H— Cocktail+tHM+QGP+Charm w/o Langeviny | \/{ N =" =77
F x STARdata ~  H  [-c..c..=-
10-7|.|.|.|.|.|.|.|.| 0 L
04 06 08 1 12 14 16 1.8 2 05 I 5
M (GeV) M (GeV)
dN : : :
T and v, in1 < M < 3 GeV must be consistent with heavy flavor R4, and v,.

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

* Another handle on heavy flavor transport coefficients (e.g. §ocp)-
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Dilepton yield and v, at intermediate M

 Comparison with data

10 0.02 T T I T I ' T . ]
’ — Viscous HM+ QGP * RHIC data is better described
) — Viscous HM+ QGP + Charm w/ Langevin : f h h &
10 E — Viscous HM+ QGP + Charm rescaled p+p IT Charm exc anges energy
= F 0.015F |-= Charm w/ Langevin 1 momentum w/ QGP
S 10
< e Charm’s interaction w/ QGP

“F Au+Au 0-10% AutAu0-10% 1 generates dilepton v,.

- /Syy = 200 GeV
F
F[— Cocktail+HM+QGP+Charm w/ Langevin

-6l1— Cocktail+HM+QGP+Charm w/o Langevin

0.005

LELI R

dN/dMdy at y
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- F x STARdata ~  H  [-c..c..=-
10-7 | N R NN ST ST NI NI R 0 L
04 06 08 1 12 14 16 1.8 2 05 I 5 2
M (GeV) M (GeV)
dN : : :
T and v, in1 < M < 3 GeV must be consistent with heavy flavor R4, and v,.

This is non-trivial as dileptons follow the HF pair traversing the QGP.
* Another handle on heavy flavor transport coefficients (e.g. §ocp)-

* Dilepton v, is simultaneously sensitive to gg¢p and viscosities!
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Dilepton flow at M = 1 GeV as probe of QGP

* A heavy flavor tracker can reduce/remove HF signal exposing direct QGP radiation (M = 1 GeV)

dN
* Need to measure Ty and v,!
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= 0.04 | DILEPTONS FROM
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EM probes sensitivity to transport coefficients

* Understanding (non-)hydrodynamical signal: better sensitivity to transport coefficients

* Sensitivity to 7, = b,n/(¢ + P) * Sensitivity to electrical conductivity using
spectral function from EM current in hydro
P B SRS S N T S ‘DUATANCS
e T : — e PHOTONS
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001 £ 2 i JVSwa = 5020 GeV
. =z r = o/T=01
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e E mm wm mm . em w 0.001 0.005 0.010 0.050 0.100 0500 1
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Photon emission



Photon sources
* Photons probing early dynamics:
* Primodial photons / Jet-medium photons [C. Sirimanna, Wed 18:42; R. Modarresi-Yazdi, Thu 18:10]

d3044 a0 d36 44 pciy (Qfen)
R0 A N (s Qe )@ (g Qe B e
a,b,c
d36_ b— d(Qz )
+ 2 fa/A(xa» Q]%act)®fb/A(x(j: Q]Zfact)®k0 2 d(:l-( = ®Dy/c(Qj%rag)

ab,d
* Photons from pre-hydrodynamics [J.-F. Paquet, Wed 18:34]

* Photons as probes of charge stopping [S. Park, Thu 16:00]

* Photons emitted during hydrodynamics @ : 8 v

q,q q,q

* Photons from hadronization [C. Nonaka, Thu 18:30]

* Photons from hadronic transport

e Same photon matrix elements as in
hydrodynamical calculations
[O. Garcia-Montero, Wed 18:58]
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Photon production at intermediate py v

* Conversion and bremsstrahlung photons contribute significantly at intermediate py
[R. Modarresi-Yazdi, Thu 18:10]

Pb+Pb /s = 2.76 ATeV, |n| < 0.8, 20-40%
—— Prompt (nCTEQnp + BFGII) Photons 5 < pr < 8 GeV:
Pre-Eq. (KoMPoST) e Total yield dominated by
ermal prompt photons
e Significant contribution from
jet-medium = 30 %

\{ Conversion = 12 %

Bremsstrahlung = 18 %

1072

— Conv.

W
)
/*
| |

|

(GeV™?)

dN7

1

—_

=
(=)
I

Channel over
Total

— w w : f w w w i i w w
10 12 14

0.0
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* Jet-medium photons are directly sensitive to §,cp, avoiding hadronization effects.



* Photons from SMASH

Photon production from hadronic reactions v/

S 1 _
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* Total photon yield from (Hydro+SMASH) is comparable
to that obtained from hydro running to lower
temperature (T=120 MeV).

[O. Garcia-Montero, Wed 18:58]

* Non-equilibrium dynamics increase v, (pr) at low pr
= better comparison with photon data, once a more
complete calculation is obtained.
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Photon calculations vs data & Bayesian analysis
e Match T*V(IP-Glasma) = TH"V (KeMP@ST) = TH" (Hydro)

A PHENIX
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* Photons are sensitive

[J.-F. Paguet, Wed 18:34]

A ——— Tahem =1 fm/c dynamics of quarks production
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e Match T*Y(IP-Glasma

Photon calculations vs data & Bayesian analysis

A

*

Au-+Au @ 200 A GeV
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[J.-F. Paguet, Wed 18:34]
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[S. Floerchinger, Wed 19:18]

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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Summary & Outlook

v"What was/can be done
* Dynamics of quark generation can be explored via EM probes

* EM probes possess simultaneous sensitivity to hydrodynamical transport coefficients (e.g. 1, ogy)
and jet-related transport coefficient §,¢p (via jet-medium photons and open heavy flavor dileptons)

v Improved rates
* NLO pQCD comparable with lattice QCD; hadronic rates agree with pQCD at high T
* Hadronic rates are now including chiral symmetry restoration effects

v'Better medium simulations
* Pre-hydrodynamical production of photons (dileptons to come...)
* Hydrodynamic production of EM probes include off-equilibrium dynamics (i.e. viscous effects)
* Off-equilibrium photon radiation from hadronic transport (improves v, at pr < 1.5 GeV)

» Future directions

* Determine uncertainties of EM probes calculations (e.g. viscous corrections) for better estimation of
transport coefficients such as viscosities

e Bayesian analysis using hadron & EM probes with more precise data
* More measurements of dilepton v, needed, and removal of HF signal in dileptons



Thank you

Questions?




