Dilepton and Photon production in
heavy-ion collisions

International School "Relativistic Heavy lon Collisions,
Cosmology and Dark Matter, Cancer Therapy"

Oslo 22nd May 2017

A. Marin



Outline

Introduction
Thermal radiation
Experimental results on photons

Experimental results on dileptons



Phase diagram of QCD matter

At high T/density

The Phases of QCD - .
F LHC Experiments Transition from hadronic to quark matter

Deconfinement

l Early Universe

Chiral symmetry restoration

Observables:

Photons

Dileptons (ete’, utu’)
Critical Point - _—

Al lC Superconductor

Mattor _ Noutron Sars,_ No strong final state interaction
900 MeV

areleacl Directly probe the entire evolution of the fireball

(Convoluted with the entire space-time evolution

of the collisions)



Thermal electromagnetic radiation

Thermal emission rates:

2
cg}e = _30]{‘;“2 FA(MImI1, (M,q) Depends on the mass
q JU
dR}’ —Ue B
" 7 = - 7(T)ImIIen(g = go) M-0, depends only on g

Low mass is p dominated:
ImIT,,,, ~ [ImD,+ ImD, /10 + ImD, /5]

Photons: py
Dileptons: M, p;

pr : sensitive to temperature and expansion velocity,
affected by “Doppler” blue shift
M: only sensitive to temperature (Lorentz invariant)



Chiral Symmetry restoration

The QCD Lagrangian

Zacp = q(iP — 1hg)q —

with D, =38, +1ig
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Spontaneous symmetry breaking
gives rise to a nonzero order parameter

Chiral- multiplets:
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PHOTONS



Heavy- 1on collisions
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Photon sources

* Decay photons:
® %N w

Hadron Gas Thermal T,

* Direct photons:
® Hard:
® Direct:
¢ gg Compton Scattering
® qqg Annihilation
®* Fragmentation

QGP Thermal T,

“Pre-Equilibrium™?

o Jet Re-interaction V(T.xVs
® Pre-equilibrium ok

® Thermal: pQCD Prompt xvs
° QGP E

Y
® Hadron Gas _

Emission time

® Hard+thermal:

e Jet-y-conversion: Figure from P Stankus
® Jpargt doee 2 Y+ 4
® Qhargt dogp 2 Y+ 8 Large background from decays.

® Medium induced y bremss. Difficult measurement



Photon production: Feynman diagrams

q 7 q 7 / 4
QGP: |
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Phys Rev. C 93 (2016) 044906

’hoton rates and photon yields
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FIG. 3. Ideal QGP and hadronic photon rate near the cross-over
region.

Photon rate QGP (lowest order)

Includes lowest-order Compton and annih.
graphs, and lowest order HTL cutoff
(Braaten & Pisarski NP ‘88, PRL ‘89).
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- xpected photon yields

Integrated photon emission Phys. Rev. C 69 (2004) 014903
Prediction for RHIC and LHC energies

~ ! ' : 10" ¢ i
AN | i
10° g Central Au+Au (s"°=200AGeV) 10" | Cegltral Pb+Pb i
: 1/ !

: | s =5.5ATeV
. <N, >=800 10° | ]
— P i <N_>=3000 °
T lv1<0.35 S o | e i
) L S ..t 7 ~._ —0.9<y<0.5"
g‘ 10—3 bt 10 ; ’I” i -\'\. :
= ’ mc- =) ,'I N, \‘n? “““““ l
J T = 2 " Bt
E- r ,’I N :\‘ ~= E_ 107" " _____ : d HG \\\ ~
T L4 —--— Hadron Gas N ~] o el e
R A QGP (T=370MeV)  \ 1 o 10 | QGP (T=845MeV)
100 | - initial pPQCD (pp) Y i initial pPQCD (pp) N |
sum e 5 | sum B 7
. . L 1 " \\ . ] e i ey e Tt | e ) [ o e e i B S Sy LSy Lt Lo \.\4.
0 1 2 3 ¢ 0 1 2 3 4 5

q, [GeV] q, [GeV]

Thermal photons: 1.5-3 GeV/c vs 1.5-5 GeV/c 11



Photon measurements in AA
collisions
e Upper limits: HELIOS, WAS0, CERES

® Measured signal

e WA9S:
o Pb+Pb sy =17.3 GeV
o PHENIX:
* Au+Au Vs, =200 GeV
* Au+Au Vsyy = 39, 62.4 GeV
® Cu+Cu Vs, = 200 GeV
o ALICE:
® Pb-Pb Vsyy =2.76 TeV
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Methods to measure photons

® Electromagnetic calorimeter: WA98, PHENIX, ALICE
® Photon conversion method (y 2 e*e’): ALICE, PHENIX
® Virtual photons (y* 2 e*e’): PHENIX, ALICE
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Interaction of photons with matter

-Photoelectric effect | .M/’Si“"”
. incident
Compton scattering

sermmeTrey @nucEeus
Pair production: Ey>1.02MeV >

e electron

*Electromagnetic Calorimeters:

The complete photon energy is
deposited in the detector (electromagnetic shower)

Photon measurement via conversion electrons:
Determine photon momentum and direction by measuring e*/e
from a single conversion in tracking detectors



Methods to measure direct photons

e Statistical subtraction method

® Measure inclusive photons and subtract photons from hadron
decays

® Virtual photons (y* 2 e*e’): PHENIX
® |solation + (shower shape in case calorimeter is used)

® Tagging method
® Remove decay photons by tagging decay photons

e Hanbury Brown-Twiss Method
® Bose-Einstein correlation expected for direct photons
® Direct photon yield from correlation strength

15



Direct photons: statistical subtraction
method and double ratio

Subtraction method:

}/decay

1
)')/inc = (1 - _)'yinc

ydirect = )/inc - J/decay = (1 - ’)/l.nc Ry

Inclusive photons: All produced photons
Decay photons: Calculated from measured particle spectra with photon

decay channels (%, n,...)

Double ratio:

)/inc / )/decay ~ Yinc
0 0
7T 7T )/decay

param

>1 if direct photon signal

Advantage: Cancellation of uncertainties

To obtain y direct spectrum add systematic
uncertainties of the inclusive photon
spectrum which canceled in the double ratio
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Cocktail generator: v gecay

Y decay

Fit to the measured x°

Other mesons using m,-scaling
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0-20% Pb-Pb {s,,=2.76 TeV  Monte Carlo simulation
|

. obtained using a cocktail generator

Meson (Cp,) Mass Decay Branch B. Ratio
w° 134.98 ~y 98.789%
ete 1.198%
n 547.3 Yy 39.21%
T 4.77%
(0.48) eTe 4.9.10"3
P0 770.0 Ty 9.9.10" 3
(1.0) 70 7.9-1074
w 781.9 w9~ 8.5%
(0.9) ny 6.5-10" 4
n’ 957.8 PO~ 30.2%
wry 3.01%
(0.25) Yy 2.11%
I 1019.5 nYy 1.3%
70~ 1.25-10—3
(0.35) wy < 5%

Phys. Rev. C (arXiv:1110.3929)
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(Y/no)Observed / (y/no)Background

Early Fixed-Target Photon Results

13

12

1.1

0.9

0.8 B+
1.3

VOLUME 76, NUMBER 19

PHYSICAL REVIEW LETTERS 6 MAY 1996

Limits on the Production of Direct Photons in 2004 GeV 32S + Au Collisions
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WAO98 experiment

highly segmented Lead-Glass Calorimeter
(identification of photons, = and n -mesons)

|

Forward-
Calorimeter

Time of Flight (#2)
(PID of positive hadrons) Had.-Calorimeter

(transverse energy)

highly segmented Photon-

U Ty Multiplicity-Detector

Pad Chambers

<\
Charged Particle
Veto-Detector

Time of Flight (#1)

Goliath Magnet

o

(.ns.d: ;.';’;-Ba,., n® (PID of negative hadrons)
Multistep Avalanche Chambers
g‘:ur:mr - with CCD-readout (tracking of
o© charged particles)
<&t
Plastic-Ball

(. p, ... He in Silicon-Pad and
il Silicon-Drift Detectors
target region)  (pse iditx-dist. of
cha particles)
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(VI 11lo)meas I (V/ no)calc

WA9S: Direct photons

Phys. Rev. Lett. 85: 3595-3599 (2000)
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Direct photons WA9S8

g, dN/dq [GeV ]
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Phys. Rev. C69 (2004) 14903
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Fireball evolution
Photon emission from QGP and HG
The contribution from QGP is small
To reproduce the data:

« Higher initial T

« Higher intrinsic kT
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Direct y yield from HBT

M.M. Aggarwal et al.,

S | Phys. Rev. Lett. 93: 022301 (2004)
100 < K, <200 MeV
o N Ndirect /total — 3} = \/S)qm,KTRO /NTEfQKTR).
% % N% 102 l ............................................................. Correlation method
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PHENIX experiment

2007 PHENIX Detector

West Beam View East

Fig. from D. Sharma QM17/
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Direct photons at RHIC

B 200 GeV Au+Au Direct Photon PHENIX Coll.:
<N,> scaled NLO QCD Phys. Rev. Lett. 94, 232301 (2005)
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The Idea: Kroll-Wada formula

Any source of real y produces virtual y with very low mass
Relation between photon production and associated e*e:

1 dN 2a 4m 2m2 1
= = <1+ . <) S
N}’ dmee 3'7[ mee mee mee
2
= ‘F(mz )2 a _&)3 = S=1 for direct photons and m,.>>p ;
ee M2
| dalitz shape |
10°
70 Dalitz
102_ n Dalitz
E direct y internal conversion
105—
1"‘ There are 0.002 e*e’ pairs
-l with 80 < m,, < 300 MeV
for every real photon
102
10'30:

1 1 I0-1I 1 1 Io-zl 1 1 I0-3I 1 1 Io-4l 1 1 Io-sl 1 I06
M,, (GeV)



2 .
dN/dm,,. - (c/GeV) in PHENIX acceptance
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Direct photons at

RHIC

Phys. Rev. Lett.104 (2010) 132301

fm,)==1)f (M) + 71, (M)

AN (pT) =7.dN™ (pT)

m,..- (GeV/c)

Fit range: 0.12 < m_<0.3 GeV/c?

Au+Au (Min. Bias) 1.0<pT<1 .5 GeV/c

cocktail components f dir(m )

L ee
e f(m,)

= oo — (1-Of (m_)+rf (M)
[ r = 0.189+0.0213
B ¥%/NDF = 12.2/6
2
=
EI“ L 1 I_ 1\‘L‘J~| 1l o LLL‘L--l’L-l~‘.J'].I"-'l‘r'i'L'LL_LlJ Lo dag |
0 0.05 0.1 015 02 025 03 035 04 045 0.5

Cocktail normalized to data
for m_,< 0.03 GeV/c?
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direct y/inclusive y

r

Direct photons at RHIC

PHENIX Coll.:
Phys. Rev. Lett. 104(2010) 132301

— a10%E
l I | o c 4 4 AuAu Min. Bias x10*
L (a) p+p 1 (b) Au+Au (Min. Bias) * ] > 1035
02 -+ y 8 = @ *  AuAu0-20% x10
g 102:5'-. O ®  AuAu20-40% x10
0.15 t:; 1 0 :E k gp v p+p
T =\ PN, N — Turbide et al. PRC69
ﬂb 1 B T
0.1 B EE
5107 ™
0.05 ':;)10_2'%_ """"""
S10°F
=10"¢
)i I
1 210"
o C
w10°e
-pp consistent with NLO pQCD 10°F
Ca|CU|at|0nS 10.7:| cr b b b by |‘T| LT
. 1 2 3 4 5 6 7
*AuAu larger than calculation for p, (GeVic)

pr<3.5GeV/c Excess exponential in pr (0-20%):

T =221 + 23 (stat) £ 18 (sys) MeV



Initial T
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T.=300-600 MeV



Tagging method

Combine photon conversion with photon in calorimeter

N}i’ncl
yincl <8)’ f>(N)J/rU.tag Data
R, = =
4 hadron y hadron

incl incl
Ny = Egelee CY s

0 0
N;r lag __ Eeelee C(“-:’\}’.f)yrr ’
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Direct photon yields vs N

part
1025_ ~—
= PH “ENIX
- preliminary
- Aut+Au—-> v+ X, lyl<0.35
10 ™ Yar Ypromp @t |Syy =200 GV PRC 91, 064904
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> ~ A Yy, at \s,, =39 GeV ‘
-Q 1 Cu+Cu—- v+ X, lyl<0.35 f
Z = vy y,-v. at|s,,=200GeV ? -
o) - dir “prompt — I NN o .- -
107
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v detection in ALIC

® PHOS calorimeter:
PbWO, crystal
3 modules at 4.6 m from the ALICE IP,
| n1<0.13, 260°<¢p<320°

e EMCal/DCal calorimeter:
/7 layers 1.4 mm lead + 1.7 mm scintillator
10 modules at 4.4 m from ALICE IP.
EMCal:| n |<0.7, 80°<gp<180°.
DCAL:0.22<| 7 |<0.7 ,A ¢=67°

® Photon Conversion Method (PCM):
Photon conversion in detector material
ITS and TPC (X/X;=11.4+0.5 sys %)
| 7 1<0.9, 0°<p<360°. n

-100 =

-200 =

-300

-400 =
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v-ray image of ALICE

T T 1 1 T 1 1 T T T T 1 T T T 1 T 1 T | —
= I I | ]
O Data . . 1
— 100F ; ———— MC conversion candidates

MC true primary conversion |
[ MC true secondary conversion|
§2522525 MC true n° Dalitz
7773 MC true ) Dalitz
[ MC true combinatorics
I MC true hadronic bck

R L2
Pipe & SPD

\\I\l\l‘

ayer + Support Structures

—— TPC
SPD drift gas

10018 TPC inner TPCinner -
' field cage containment
vessel TPC Rods vessel

-100 -50 0 50 100 . 0 20 40 60 80 1100 120 140 160 180
ALI-PUB-72606 X (Cm) ALI-PUB-72610 R (cm)

Material thickness is X/Xy=11.4+0.5,,; %. ALICE material thickness
agrees within £4.59% with its implementation in GEANT simulations

“ALICE through a gamma-ray looking glass”, CERN courier, July 2013
“Performance of the ALICE Experiment at the CERN LHC”,
Int.J.Mod.Phys. A29 (2014) 1430044
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Large suppression in central collisions

36



PbPb@2011 Run

Large statistics of 2011 data, makes n measurement possible

as well as larger p; coverage

o 105 T T T T T T 5
) 3
> L pQCDNLO u=p
> 10 = &= for n°, MSTW &+ DSS14 5
S | = PRD 91 014035 ]
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my scaling if not measured !
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Direct photons @LHC ez

Inclusive photon spectrum
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Significance of the excess
for 0.9 < p;< 2.1 GeV/c:

2.6 0 for 0-209,
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Direct photons@

1.5

1.0

1.0

1.5

1.0

- o- 20% Pb-Pb |s,, = 2 76 TeV

- —— NLO pQCD PDF: CTEQ6MS5 FF: GRV
— 2 JETPHOX PDF: CT1O FF: BFG2

] ALICE

(all scaled by N,

coll)

[+ ALICE

20-40% Pb-Pb |s,, = 2.76 TeV

— NLO pQCD PDF: CTEQ6M5 FF: GRV
.......... 7 JETPHOX PDF: CT10, FF: BFG2

JETPHOX nPDF: EPS09, FF: BFG2

(all scaled by N,

coII)

H—+—t— : :
| 40-80% Pb-Pb Vs, = 2.76 TeV

# ALICE

- —— NLO pQCD PDF: CTEQ6M5 FF: GRV
= JETPHOX PDF: CT10, FF: BFG2

JETPHOX nPDF: EPS09, FF: BFG2

(all scaled by N

coll)

10
[ (GeV/c)

PDbPD

CD CD
RPQ e N Y pQ
)4 coll Vdecay

PLB 754 (2016) 235

pQCD agrees with data for p;r 2 5 GeV/c

Excess beyond known prompt yield
I<ps<4 GeV/c:
Increases for more central collisions
Consistent with thermal radiation

39



Comparison to models rie7ss (2016 235
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Companson to models remsteoees
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—HHW

| T

Paquet et al.
arXiv:1509.06738

--- Linnyk et al.

arXiv:1504.05699
v. Hees et al.
NPA 933(2015) 256

--- Chatterjee et al.

PRC 85(2012) 064910
+JHEP 1305(2013) 030

| | | |

1 111

Pb-Pb s, = 2.76 TeV
e 0-20% ALICE
"+ 20-40% ALICE
"+ 40-80% ALICE

] llllllll 1 llllJlll Il llJllllJ
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> <
— —
o, (@)

i

Il llllll 1 lllLllll 1 llllllll 1 llllllll Il llllllL[ 1 Llllllll

g

MLUJ

1

10
P, (GeV/c)

Models (all with QGP formation)
 Paquet et al.:

2+1 viscous hydro with
|P-Glasma initial conditions,

(z =0.41fm/c, Ty = 385 MeV)

« Linnyk et al.:
Off-shell transport, microscopic
description of evolution

« V. Hees et al.:
|deal hydro with initial flow,
('L' =0.2 fm/C, To_zo% = 682 MeV)

« Chatterjee et al.:

2+1 hydro, fluctuating initial
conditions,

(7 =0.14 fm/c,Tg 50, = 740 MeV)

Currently not possible to rule out one or more of these models
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Direct photons: LHC vs RHIC

= T I 1 I I I I I I I I I I 1 | I 1 I I I I I 1 I I LI — T T 17 ] LI T I T T T T I T T 17T [ T 17 17T ] T T
‘:6 - [9] . R :'6 10 =
% L e |ALICE | % 2 |+ |ALICE ]
o 10 0-20% Pb-Pb |5, =276 TeV 3 o - 20-40% Pb-Pb |5y = 2.76 TeV -
NS \ — Aexp(-p/ T ) N NS — A exp(-p/T ) .
Pl PO To=304 £11°% £407 MeV | [0 4| Tep = 407 £ 61°% £ 967" MeV _
% [C- 1EF "o | PHENIX 4 %[O f o |PHENIX ]
Q@ 0-20% Au-Au s, =02TeV QT 20-40% Au-Au |s,, =02 TeV
> B g 2 L —_— - -

12T — Aexp(-p/ Tey) - ] 2 A exp(-p_/T ) T

N Toq=239+25% + 77 MeV | o107 Tor = 260 £33 + 87 MeV |
«10E ER 5
- Il ] : .
i 1oL i i i
102 hm = 102} o) <
: (o] ] s [o] g
N ] C ’ &5 | ’T’ ]
- o] - - | : _
103 o - i |
| o] 10° ! E
N _ B I . N
10 3 = i o )
- ] 1074 =
10_50—1 11 1 I1 | S | é | I | I | I S | | l. L1 1 é | 0 11 1 1 # 1 1 1 | 2| | l | I l | I tl_) 11 |
P; (GeV/c) [ (GeV/c)

Higher effective temperature at LHC than at RHIC
42



Teff vs Vsyy

T, vs. collision energy

S _
> a00F- ALICE {3, = 2760 GeV, 0-20%
s - PHENIX |5, = 200 GeV, 0-94% Fitrange p_ < [0.9 GeV, 2.1 GeV]
= — Fit range P, s [1.0 GeV, 5.0 GeV] Pb+Pb T , =297 +12+ 41 MeV/c
= 350 CutCu T,, =288 + 49 + 50 MeVic Phys. Lett. B 754, 235 (2016)
300 PHENIX |5,y = 62.4 GeV, 0-86% ‘
— Fit range P, € [0.5 GeV, 2.0 GeV] T
- Au+Au T, =211+ 24 + 44 MeVic
250 PHENIX |5,y = 200 GeV, 0-92%
- Fit range P, € [0.6 GeV, 2.0 GeV]
200 —PHENIX ys,,, = 39 GeV, 0-86% Au*Au T, =242:28 =7 MeVic
—Fitrange p_c [0.5 GeV, 2.0 GeV] Phys. Rev. C 91, 064904 (2015)
+ = + +
150 [AUHAU T =177 £ 314 68 MeVic
100 - , 2760 GeVPb+Pb:y subtracted
— N 200 GeV Au+Au: y' " subtracted
| Al prompt
- PH ZIN E le 200 GeV Cu+Cu:y ~ subtracted
50— p relimina ry 62.4 GeV Au+Au: yp":”"' 'n unsubtracted
— 39 GeV Au+Au: ypromp: unsubtracted
-I. 1 1 lllllll 1 1 l[lllll 1 1 lllllll 1 1 l[llll[
1 10 102 10° 10°
s\ [GeV]

Hint of increase of Teff with YvsNN .

Also consistent with constant
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«¢ . blueshift due to radial flow

Phys. Rev. C 89, 044910 (2014)

1+
Ty = |12
1 - [J’ﬂow
0.50 : ' . 0.45—g : : . ,
-~ baseline o ,/’ O O photon spectrum w. equilibrium rates
0.45} © © photon spectrum w. equilibrium rates LT ] 0.40 ® e photon spectrum w. viscous rates
® e photon spectrum w. viscous rates °./,’ ) —— ALICE
L equilibrium emission rates . | —_
< 0.40F ALICE ) __0.35 (1) from hydro
>
(@) s
S 0.35 | é 0.30F
@ 0.30f m )
s === 2 0.25/
ﬂ 0.25f v
. = 0.20}
0.20} (b)
o 0.15}
0.15r 7~ .
/~" MCGlb., 1/s=0.08, PbPb @ LHC, 0-40% 0.10f MCGIb., 1/s=0.08, PbPb @ LHC, 0-40%
0'](5).10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 - ' ' : ‘
0 2 4 6 8 10
T (GeV) T (fm/c)

« Large blueshift at late times when T = 150 - 200 MeV
« Extraction of initial temperature from data requires comparison to
(hydro) model
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Inclusive and decay vy Vv,

. inc ~y decay -y
lerect v Ryvy =y,
2 R,—1
e « v,ncl <y decay for pr > 3 GeV/c
0201 ALIGE preliminary o ytoo « Expected from v, = O of
[ 0-40% Pb-Pb, |5, =2.76 TeV yincl
0.18 |~ V0 event plane . ] prompt phOtOﬂS
0.6 ]
b = i o v,nel =y, decay for pr < 3 GeV/c
012 * ] . . .

’EE%;I « |f there is a large direct photon
o1or \ : i component its v, must be very
0.08F Cring | - | similar to the decay photon v,
0.06 [ ﬁ:] —

0.04 |- w'decaYHI\?lh;)s.Rev.D50(1994)1901-1916 — * VZmC| described by mo;lels with

- _:“ay*:tz*zaziﬁ'??:s%:é'_‘%?{ifa"’ o small R, (< 1.05) predicted by the
y +lee;:;ev.%;za(lggrslottgos | same models

000 —4—t—————t—t—t——t

1 2 3 4 5

J. Phys. Conf. Ser. 446 (2013) 012028

6
P, (GeV/c)
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V )

v,dir
2
o
N

0.1

0.0/~

Direct y v,

T L | L L T L L T

ALICE preliminary

| 0-40% Pb-Pb, |s,, =2.76 TeV
- VOeventplane

- —+—

v,7dr only slightly lower than v,
« Many direct photons from
late stage with T = Tc = 150 - 160
MeV?

il  Then large inverse slope

' parameter due to Doppler

blueshift with typical hadronic
flow velocity B flow = 0.6 c?

e ALICE preliminary L

: — NLO (Vogelsang) +

thermal (Shen et al.)

" ----NLO (Vogelsang) +

thermal (Holopainen et al.)

| -+-PHSD(O. Linnyk et al.)

I B S T | 1 M | 1

« However, current systematic
uncertainties are sizable so that
there is no big puzzle looking at

. the ALICE data alone

1 2 3
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Inclusive, decay and direct y v, Vs

F (a) 0-20% F (b) 20-40% F (c) 40-60%
0.2F Inclusive photon v = - ¢

r * Conversion method
o~ 0155 ; -

PHENIX

= Calorimeter method

= =]

°'1; Decay photon v,
—— Mean

PHENIX 2007 and 2010

/A neeanty | AusAu 200 Gav
(e) 20-20% _(f) 40-60%]‘ I
0.1: I
0.05:
Py (GeV [ (a) 0-20% (b) 20-40%  (¢) 40-60%*
03 Direct photon v, - PHENIX2007and 2010 |
E e Conversion method [ Au+Au 200 GeV i
Anisotropic emission of & e * °"'°"g‘“°’"‘°"‘°" : ﬂ@@ El[ﬂ
direct photon d m; e 0. @ X E [ﬂ
with large v, and v, e TR b H o T
0.15[ (d) 0-20% - () 20-40% ) (f) 40-60%
o.1_ s - o 1%
g |Il | _; Bl
Phys. Rev. C94,064901(2016) s ; H'] o SR
e 2 v e e e

P; (GeV/c)



Direct photon puzz\e

2 T T | AL L L |
10 PHENIX r——
< The;-r?ltgll ------ ]
> 10t Prompt —— -
3 :
~ 100 :
=] 5
SETL ]
>é 107+ ¢
2 a2
=10 ¢
=" ' RHIC
& 1072 FAu-Au 0-20%
— - Vs=200 GeV
10-4....lx.‘xlu‘..l...nl....lx.u.
0O 05 1 15 2 25 3
o+ (GeV)
0.3 - —=— PHENIX (2015) Au-Au 0-20%
F —— Qgg%al Vs=200 GeV
0.25;
o 0.2;'
o
$70.15 ¢
> 1
0.1}
0.05 -
of

0 05 1 15 2 25 3
pT (GeV)

2
— 107 ALICE (2015)
T o
ermal =====*
é‘?-” 101? Prompt E
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g 10°¢
;Z_ [
S 101
& | LHC
& 1072 ;
= - Pb-Pb 0-20% :
i - Vs=2.76 TeV X
10-3 -------------- '
0 O 5 1 1 5 2 2 5 3
pr (GeV)
0.2 +—=— ALICE (prelim)
— Direct
------ Thermal -
0.15 =
Pb-Pb 0-40% e
o Vs=276TeV _[ | {
) t TlLLT
201 AL
0.05 / — jH

OO 05 1 15 2 25 3
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Phys. Rev. 93,044906 (2016)

Difficulties for theory
to reproduce
simultaneously :

« Large low p; yields
« large v, values

At RHIC

At LHC no puzzle
with the current

uncertainties
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|solatec

D

photon production In
OPb@ 2./6ATeV

CMS \[5,,=2.76TeV L, (PbPb)=6.8ub" L,,(pp)= 231 nb" CMS \[5,,=2.76TeV L,_(PbPb)=6.8ub" L, (pp)= 231 nb™

1011 I|r|1"ll<l1.|44l LI I UL I UL I LR I LRI 1011 2 _I 1T I L I L I L I L I L l T 17T I_
‘0 —=e— PbPb 0- 10% x10* ‘0 —e— R,, (0-10%) |
= o, 3
< 10 PbPb 10 - 30% x 102 10 Systematic Uncertainty |
3 9 ——— PbPb30=100% x 10 9 L -
O] 10 —=5— PbPb 0-100% x 10 10 . 1.5 [ ] Taxscale uncertainty _|
Q 8 —— Ppp g > i 7
& 10 Systematic Uncertainty 10 8 ]
Aé 107 - JETPHOX (pp NLO) 107 % _ ]
_._
w 106 - = 106 = CCE S RNy, =ovesr VSRSV VPR S
- —— . i Sonme
% 1 05 —a— — h é 1 05 E _
2 —— b '8 B ——— PbPb(EPS09)/pp(CT10) |
S 10'EF = +10* g 0.5 -
Q S - a = PbPb(nDS)/pp(CT10) |
% 10° e 0 PHPL(HKNOTYPR(CTIO) 1
o 102 o = % 102 I — — EPS09 PDF uncertainties |
Y | | | 1111 | 111 | 1111 | | | | 1111 | | |
1 0 v e v v v by b Ly é 1 0 Q‘ 0 20 30 40 50 60 70 80
20 40 50 60 70 80 Photon E; (GeV)

Phys. Lett. B 710 (2012) 256

« The pp and PbPb data are consistent with NLO calculations
« Ruu~1 for 0-10% central PbPb collisions. Isolated photons unaffected by the QGP
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AJ
>
T

RHIC

Hadrons are suppressed, direct photons are not

Au+Au - 200 GeV (central collisions):
< WO Directy, y* [PHENIX]
e * Inclusive h* [STAR]
10 A n° [PHENIX]
@ n [PHENIX]
GLV energy loss (dN°/dy = 1400)
1 ++']’H'Pil"]'+ ...... ;;.—,I,..._.._._..Nseu.sz%'_ivg._.--..
ok i b dnnan s % ;4
N jg =) —f‘
107
:I 1 1 ] 1 1 1 l 1 L L I L 1 1 I 1 1 1 I L 1 1 l 1 J | 1 1 1 I 1 1 L I 1 L 1
0 2 4 6 8 10 12 14 16 18 20
P; (GeV/c)
22 = Isospin effect
S e EPS09 PDF [5]
1.8 — — - prompt+qgp [2,4]
16:_ — . — coherent+conversion+A E [3]
145
= A
<12 PN\
et g 1 -l
- ~ I = —
0.8 — T — ===
0.6 — T — -
0.4 Au+Au,\s, =200 GeV
0.2 E_ directy RAA, 0-5%
Fo) =TI BN RPN RS SN BRI P R SR B
0 2 4 6 8 10 12 14 16 18 20
P (GeV/c)

PRL109, 152302 (2012)

pPb

o

Reopo »

1.8

LHC

L L L L L

u h*, Pb-Pb (ALICE)

[ A h%, Pb-Pb (CMS)

1.6

Sun = 2.76 TeV, 0-5%

® h* p-Pb s, =5.02TeV, NSD (ALICE)

* 7, Pb-Pb | s, =276 TeV, 0-10% (CMS)
<> W*, Pb-Pb | s, =276 TeV, 0-10% (CMS)
v Z° Pb-Pb Sy =276 TeV, 0-10% (CMS)7

= =]
s =
1
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0-20% Pb-Pb s, = 2.76 TeV
[e]ALICE 7,

pp reference:

(n)PDF: CTEQ6.1M/EPS09,
FF: BFG2 1
Rel. error JETPHOX N
nPDF: EPS09, FF: BFG2 i
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DILEPTONS
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dN_, /dydm

Dileptons

grT T3 |nvariant mass allows separation of
f 7° . Dalitz-decays

different collision stages:

M < 1 GeV: hadronic

4 hadrons in medium, chiral symmetry
{ restoration

1 M>1 GeV: partonic

1 early temperature, partonic collectivity

& L
el Drell-Yan "
°E 17 Experimental method:
;o b Low- | Intermediate- | High-Mass Region
.12§ »10fm »1fm <0.1fm ? .
10 B v 4 e o s pon )y osp i 10 @ og o g o m o gx e tracking
0 i 2 3 4 5 1
mass [GeV/cz] electron idfntification
Fig. from A. Drees n0-Dalitz and y-conversion rejection
pairing
subtraction of background
HMR | Arsene, (like-sign orTixed events)
This afternoon efficiency correction

\

mass spectrum 5 2



Dilepton experiments — energy map

20?? B NAG0+ (SPS)
20?? P CBM (FAIR SIS-300)

2021 BB CBM (FAIR SIS-100)
2020 B MPD, BM@N (NICA)

ALICE (LHC )

BES Il
| STAR (RHIC)

I HADES (GSI)

6 8 10 Sy [GeV]

} PHENIX (RHIC)
B CERES, NA60 (SPS)

Bl DLS (BEVALAC)

Scheme from |. Tserruya



Dilepton experiments

Nuclear collisions Elementary Reactions
® CERES CLAS

° DLS CBELSA/TAPS
e HELIOS KEK E235

* NA38/50 TAGX

* NA60 « JPARC-E16

° PHENIX

e ALICE

e HADES

e STAR Completed

* BM@N Running

o CBM Future

* NA6O+

e MPD
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The C

Uy detectar
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cncscsas somcace /
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— S S L1

fe— 1r electric field— |
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Sidc: vertex

reconstruction,

angle measurement
Rich: electron ID
TPC: momentum and
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-
..... HY cathode
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/ = mimoe
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UV detectdr J 7
magnetic field lines TPC readout chambes——{= =
| 1 1 1
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Pb+Au@vsyy=17

Run pream 0/0geo Events

92 S+Au 200AGeV  30% 8M

93 p+Be 450 GeV 30M(2 Bill)
93  p+Au 450 GeV 8M(0.3Bill)
95 Pb+Au 158AGeV  35% 8.5M

96 Pb+Au 158AGeV  30% 42M

99 Pb+Au 40AGeV  30% 8M

00 Pb+Au 80AGeV  30%  0.5M

00 Pb+Au 158AGeV 7% 33M



Production of ete pairs in p+Be(Au) 450GeV

G. Agakichiev et al., Eur. Phys. J. C4 (1998) 231
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<dN, /dm>/<N_>(100 MeV/c?)”

mass resolution 3.8%

10"~" | Y o T A ™

- Pb-Au 158 A GeV |
Ouig Opoe= 7 % |
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dilepton enhancement at
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<dN,/dm,>/<N,>(100 MeV/c?)"

=)
8

 CERES/NA45  Pb-Au158 AGeV
i O Cot™ 7 % |
- p'>200MeVIC‘
10% 3 ‘% 6,,>35 mrad 1
ok 2.1<n<2.65
L %
H’ "3\ L broadening(b’
107 ki E
My
!
10'71 - ; E
;i dropping p mass ™ -
T
? i | - " — 1 — i PR — " .:
0O 02 04 06 08 1 12 14 16

CERES dilepton spectrum

Phys. Lett. B666 (2008) 425

m,, (GeV/c?)

Data favour p broadening
Most evident between w - ¢
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<dN/dm,e>/<N_,>(100 MeV/c?)™

P,
[

L B I BN B
cocktail p
dropping p mass

- in-medium hadronic
(a)

0.8 1 12 14

m,, (GeV/c?)

% contribution of p at freeze-out totally
negligible, medium dominates by more

than order of magnitude in central PbPb

1.6

<dN,e/dm,e>/<N_,>(100 MeV/c?)"

% points at 0.7-1 GeV exclude dropping mass

-
(0]

1.2}

02

S excess spectrum
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0.6[ .
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'
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cocktail p

— — —  p spectral function w/ baryon effect

p spectral function w/o baryon effect

(b)

~ 02 04 06 08 1 12 14 16

m,_, (GeV/c?)

Sensitive to role of baryons
in modification
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Production of e+e- pairs in Pb+Au 40AGeV

D. Adamova et al., Phys. Rev. Lett. 91(2003) 42301

4
10 F
- CERES/NA45 Pb-Au 40 AGeV
i Ol0 =30 %
10~5 B _ <dN_,/dn>=216
T 2.1<1<2.85
p,>200 MeVic

6 _~35 mrad

<dN_/dm_>/<N_ > (100 MeV/c?)”
=)
I,

1065—

10

Calculations Rapp/Wambach

--------- Including pion annihil. only

In-medium p modification

=s=  Dropping p mass

Enhancement even stronger at
lower beam enery

5.9 + 1.5 (stat) = 1.2 (syst data)
+ 1.8 (decays)

effect of baryon density?




EM Probes in Central Pb-Au/Pb at SPS

Comparisons with updated calculations

ee

(dN_/dM) / <N_ > [100 MeV/cT"

Di-Electrons [CERES/NA45] Photons [WA98]
g X107
O L L L i LI B B ] T T
ok ' Pb(158 AGeV)+Au  * CERES "00 L — - Hadron Gas :
o (7% central) - an—mc?d p+oo+(l)E 101% WA9S8 QGP (T 205MeV) ]
A T Qﬂcf;ux S ok ~ - pQCD (Ak =0.2)
L.2p DY 3 ol — Sum (a;=0.085)
L.OF — tofal — T .~ Sum (a,=0.045) ]
i -— - total (no bar p) ] 102k
0.6:— - - '\ p>0.2GeV E %P‘W-SE_
SR 2.1<n<2.65 - o 4
0.4, e \ .>3mrad | © 10§
ool *F j( $ | 0} 235<y<295
(;._L_L¢J_J_,_|_ P Waral i e L S T R R

02 04 06 08 1 1.2 0 ] > 3 4
M [GeV] q, [GeV]
* updated fireball (a;=0.045—0.085/fm) [van Hees+R.Rapp ‘07]

» very low-mass di-electrons < (low-energy) photons
[Srivastava et al " 05, Liu+R.Rapp ‘06]



NA6O experiment: utu

— Muon
2.5 T dipole magnet — Other . _
muon trigger and tracking
beam vertex
tracker  iarget tracker _

.

hadr oo

Precision silicon pixel vertex tracker
tagging of heavy flavor decay muons
Reduction of combinatorial background by

vetoing &, K decay muons
Double dipole for large acceptance (low mass)
ngh rate Capablllty Input from

S. Damjanovic
H. Specht
A. Drees




dN/dM per 10 MeV

N A6 O . ‘ n ) ‘ n Phys. Rev. Lett. 96 (2006) 162302

- In-In NAG0 = 30000
B No centrality selection s L In-In NAG0O No centrality selection
N o i
N all P,
B S=440000 o B T
<S/B>=1/7 ‘El i \
- . h
- > 20000~
B o) | \ |
- 10000
i opposite-sign pairs y
B combinatorial background
| fake matches - - - - “
signal pairs "
Ll L L1 1 | L1 1 | 11 1 | 111 | 11 1 | 1 Il.:}:-L L L l Ll L 7#)[113_.7 ﬁk / l l
02 04 06 08 1 12 14 16 18 2 0 e
M (GeV 0 0.2 04 06 0.8 1 1.2 1.4

ngh statistics (GeV) M (GeV)

Excellent background rejection
Precision control of decay cocktail
Example: NA6O can measure electromagnetic
Transition form factors forof n—=u+tu -y and w—u+umnd

removal of the previous 409 error in that hadron cocktail region
Phys. Lett. B 677 (2009) 260 62



dN/dM per 20 MeV

NAG6QO: Excess spectrum

B all pT Brown/Rho
aN Vacuum p
4000[— chy, _
<W>—140 cockt. p (dashed)
- DD (dashed)
2000[—
L1 2 :t?PW"T*?iT"TT"1

0 O.é 04 06 038 1. 12 14

Models for contributions from hot
medium (mostly mx from hadronic phase)
Vacuum spectral functions
Dropping mass scenarios
Broadening of spectral function

Data rule out mass drop of p meson

dN/dM per 20 MeV

3500

3000

2500

2000

1500

1000

500

In-In NAG6O

semicentral

<d NCh>=140
dn

all P,

IIII|IIII|IIII|IIII|IIII|IIII|IIII

Rapp/Wambach
Brown/Rho

Vacuum p
cockt. p (dashed)
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NAGO:Inclusive excess mass spectrum

Eur. Phys. J. C 59 (2009) 607-623
CERN Courier 11/ 2009, 31-35
Chiral 2010 , AIP Conf.Proc. 1322 (2010) 1-10

(d°N,,/andM)/(dN _/dn) (20 MeV)”

ch

T

T lllllll

T IIIIIIII

—_
S
(o}

T IIIIlI[

—
S
©

T IIIIIIIl

In-In dN,/dn>30

v excess dimuons

¥ Renk/Ruppert

® Hees/Rapp
2 Dusling/Zahed

-
* " x

Ly g

' ¥
e v v b v by TR

-10
107

0.5 1 1.5 2 2.5
M (GeV)

all known sources subtracted
integrated over py

fully corrected for acceptance
absolutely normalized to dN,/d n

M<1 GeV
© dominates, ‘melts’ close to T,

M>1 GeV
~ exponential fall-off

dN /dM o« M xexp(-M / T)

range 1.1-2.0 GeV: T=205x12 MeV
1.1-2.4 GeV: T=230£10 MeV

T>T.. partons dominate

cr
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Theoretical interpretation

R.Rapp, v.Hess PLB753, 586 (2016)

Dimuon Yield dN ,,/dM,,, [(20 MeV) ']
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Dimuon Invariant Mass an (GeVlcz)
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T and space time evolution

&-\
S g3 dNg/dn>30 NAGO In-In
O]
0] v v 0.2<M<0.4 GeV
= ® 0.4<M<0.6 GeV
E§07. e 0.6<M<0.9 GeV
~
S & v ¢
=z 10°] m 1.0<M<1.4 GeV

/(d

3
Vl

T

Jdndm )/(dl\_lp Jan) (GeV?
3 2
o [

dN,/dn>30

T,,=253+2 MeV
T,,=295+6 MeV
T.=225+4 MeV

NAGO In-In PRL 100 (2008) 022302
0.6<M<0.9 GeV EPJ C 59 (2009) 607
Eur. Phys. J. C 59 (2009) 607

e full region
v ppeak
A continuum

dN /dM o« M xexp(-M / T)

£
T 10°%]
g
Es =
510' 510
£ £
~ 10® — 10°®
0 02 04 06 08 1 12 14 16 18 0 05
m--M (GeV)
?0 400—; A hadrons (n, p, o, 0) dimuons
€ ] v LR
$350 ® LMR, w/o DY
= 1 p IMR analysis
300 s
2501
200° " +’ -
1501 DD — p*y +
I In-In —
1002.(!"‘.’"@")3.0...
0 0.5 1 1.5 2 2.5

Mass (GeV/c?)

1

15 2 25
m-M (GeV)

hadrons (m, o, p, ¢)
T+ depends on mass
T+ smaller for ¢, decouples early
T4 large for p, decouples late
low mass excess
clear flow effect visible
follows trend set by hadrons
possible late emission
intermediate mass excess
no mass dependence
indication for early emission
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M

:{

excess = signal — [ Drell-Yan (1.0 £0.1) + Charm (0.7£0.15) ]

] NA60 In-In
10°4 fF:IIIE Data
. Prompt: 2.43+0.09
= Charm : 1.10+0.10
| ’—‘ Fit y2/NDF: 0.8
102—5 t
10
|| |
1 T T T T I T T T T I T T T T I T T T T l | I | |
0 1 2

3 .4 5
A, Weighted offset

(a.u.)

10°7

dN/dM

10%

10%

NAGO In-In

N

12 14 16 138 2 2.2

No charm enhancement. IMR dimuon excess is prompt

24
M (GeV)

o7/



RHIC;:

® PHENIX: |n|<0.35, Ap ~ 2xn/2
tracking + RICH + E/p (+ HBD)
o p+p 200 GeV
+» d+Au 200 GeV
» Au+Au 200 GeV v/wo HBD

® STAR: Im|<1A¢d~ 2n
tracking + TPC dE/dx + ToF
o p+p 200 GeV
Au+Au 200 GeV

9
o Au+Au 19.6, 27, 39, 62.4 GeV
9

U+U 193 GeV

- West

Photons,
neutral pion
n’—yy

Calorimeter

e‘e pairs
E/p and RICH

PC2
¢ magnetic field &

PC3 tracking detectors

Beam Beam Counter

Time Of Flight

_— :“:': /’ t :
Muon Telescope Detector (LS
~§‘ -

Barrel ElectroMagnetic Calorimeter |§ Vertex Position Detector
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PHEN

Phys. Rev. C 81 (2010) 034911

- min. bias Au+Au\ s, =200 GeV

* BATA n° — yee Jhy - ee
10.2 _ |y| <035 ----- n-"{ee \'I'—)ee
pe>02GeVic— W —vee T cC — ee (PYTHIA)
T

— Sum

bb — ee (PYTHIA)
- DY — ee (PYTHIA)

dN/dm,, (c*/GeV) IN PHENIX ACCEPTANCE

¢% — ee (random correlation)

Data/Cocktail

: 4
m,, (GeV/c

Excess 150 <m_ <750 MeV:

4.7 + 0.4(stat.) £ 1.5(syst.) £ 0.9(model)

55

)

Ratio to Cocktail

STAR

Phys. Rev. Lett. 113 (2014) 22301

' | ’ | ' | ' |
Au + Au \s,, =200 GeV (MinBias)

'_ pi>02GeVic , o, Jy, ¢’ 1
i n®l1 ,Iyeel<1 n. M. ®, bb, DY
- —— ¢t PYTHIA

—— Cocktail Sum

-~

| ’ | ' !

' |
—— Rapp: broadened p +QGP
PHSD: broadened p +QGP —

Excess 300 <m <760 MeV:

1.77 £ 0.11(stat.) £ 0.24 (syst.) £ 0.41(mod.)

Large quantitative differences in the low-mass region
Difficulties by theory to explain the excess

Precission on the background is crucial.
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PHENIX HBD upgrad

Phys. Rev. C 93,014904 (2016)
1 T T I L} L) T Ll I T L) 1 Ll I T L] 1 1 _
Au+Au |s,, = 200GeV

Window less CF4 Cherenkov detector

) i
GEM/CSI photo cathode readout 10 0-92% ® o (@) 3
Operated in B-field free region 1035, p}>02 GeVie iy
QO 0,.>0.1 rad n-—eey
e 100°% ke = 0 - eey
p—e'e

"""""""

o-e'e&noeen
—mmm 6—>e’e&o—e’en
------- Jy = e'e
— — cc — ee (PYTHIA)
- bb — ee (PYTHIA)

» .
partner positrongiBECR .
needed for giobs +’
rejection

PHENIX

— _ fmm oSt

1 lllIIlll 1 IIIIII,I,I 1 1avinn

Improve S/B factor 5: e

- Veto on double tracks S 2B o de®  ? o L.

« Conversion rejection ~ 909, § z

« Dalitz rejection ~ 80% M.e (GeV/c?)
Improved analysis: Excess 300 <m, <760 MeV:
 Neural network for e-id 2.3 £ 0.4(stat.) £ 0.4 (syst.) + 0.2(model)

* Flow modulation incorporated in the
Mixed event using an exact analytical method
» Absolutely normalized correlated BG 20



dN2%/dM,, [ (GeV/c?) ']

t
/Ny

Dileptons:\s dependence

0 0.5 1 1.5 2 2.5 3
dielectron invariant mass, M., (GeV/cz)

- 1% s e'ey ~ p—e'em) e 19.6 GeV x 0.002
" noe‘ey — Cocktail w/o p e 27 GeV x0.03 x10'6
o8| ccosDAsee - QGP © 39GeVx2 R - —— 20
10 - etey - in-Medium o 62.4 GeVx25 18 |- —— 200 GeV Autau 0.40<M,<0.75 GeV/c 2 A
- o-ee(n) - Cocktail + Model © 200 GeV x 200 —_ [ — O 193GeV HY 118
%‘ 16 |~ 624 GeV AusAu 1
BES: STAR Prelimi Sg 4] S née ‘1116
: reliminary S 14| e STAR preliminary . &
200 GeV: PRL 113 022301 Z. ' 19:6 Gev F "o Vg
10° T 12| & 173GeVIn#n === l |
=
= 10 | - | 12
v .
\% 8 -_ L.~ ] 10
g - l
° i ol
1 0-2 i an 6 — *{ Theory lifetime: 8
¢ = —- 200 GeV == 193GeV |
= 4k —624Gey =3GeV |6
- 2T GeV 196 GeV -
° 2L ) —17.3 GeV 4
N 10° 10°
10 dN_, /dy
¥

lifetime (fm/c)
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(mb/GeV/c?)

Data/Cocktail

Dileptons at LHC: pp, pPb

ALICE

PRELIMINARY

10
pp, \s=7 TeV
11 pe>0.2 GeV/e

Inel<0.8

I
—— cocktail sum
— 1% > eey
—_— N eey
n' — eey
— 0> ee &0 een

®— ee & o — een’
p—ee

Jw — ee & Jly — eey
cT — ee (PYTHIA, 8.5 mb)

10"

1/NNSP dN/dm,, ((GeV/cd))

LI S S B B

ALICE Preliminary

p:> 0.2 GeVic
I <0.8

LA SN B B B BN B BB L

Cocktail sum with uncertainties

=0 Gl

n—yee

©— 60 and  — xee

¢—eeand¢ — nee

n'— yee

p—ee

ot (N> x pp PYTHIA MNR, 5, = 6.0mb)

bb (<'{:> x pp PYTHIA MNR, o= 210ub)

(Like-sign subtracted)
Jy — eeand Jiy — yee

| llllllll ] lJIIIlll ! JJllllll IR

11 lJJllll

data/cocktail

ooty 41 N

25 3

Data are in agreement with cocktail within data & cocktail uncertainties
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Data/Cocktail

Dileptons at LHC: Runl PbPb

e e e e e L B e e e e e B
ALICE Preliminary ® data
= hadronic cocktail w/o vacuum p
Pb-Pb \s,, =2.76 TeV
\ Snn = hadronic cocktail + Rapp: QGP and HG

Contally oo oo pp- 060 e No enhanced dlel-ectron production in
Py>04GeVic, I <08~ PewaoP the low-mass region over the cocktail

—-= Rapp: HG (in-medium p spectral function)

1
1 1 JllJllI

T J.LTHE==

- ==+ Rapp: HG (vacuum p spectral function) §
A Adv. HEP 2013 (2013) 148253 and .
) PRC 63 (2001) 054907 a
107 E
SN |3
I~ ’ .\.\\\\\ I . H H I
e DR E— e St === < Large statistical, systematic
S “-----3 uncertainties, cocktail uncertainties
1_/\.//r : +—| l
°_ o7 o 03 'o.l4' o ——— g '(:.7
m,, (GeV/c?
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HADES: Au+Au Vs, =2.4GeV

S

2002-2009: light A+A, p+p, ntp, ptA
201 1-2014: AutAu, mt-induced reactions

2018-2020: FAIR Phase-0
= high-statistics n+p/m+A, p+A and A+A

From T. Galatyuk
QM2017




Dilepton mass spectrum and excess yield

Baryon rich matter

— F T 1 1 T 1 T 1 T T | T 1 | T 7T | T 7 3 —_——~ : [ | [ [ T | T | [ | T I [ | I |:
> . N > " 7]
0107314, Au+Au ys\\=2.4 GeV_ 14010 Au+Au 5, =2.4 GeV _
OG- 0~40% - O 10 0~40%
1 0—4’1:!'@_ 1/2 (np+pp) —; NO ) ]
— " E - ~10" E
$| 05 E | o .
% : =240 -
o f 1 T -
5 0—6 gg_ E| \(D - n
Zo % § 3 04 B _
B107E 1 907
® ] Z C ]
<10 4 B0’k 4
- i s R F .
1 0—9 F “ ; Z 6 —_ aaaa __

- \ ~—1 O B E
10_1()]' o M sl E /2(np+pp), n subtracted f
0 0_2 04 0_6 0_8 1 1.2 10— T T FE R R R N |

0 040203040506 07 08 0.9
M,. (GeV/c?)

NN reference and n contribution subtracted
Acceptance corrected excess yield

M,. (GeV/c?)

Strong enhancement above the a®
(In medium radiation, baryons...)
Above scaled NN

Excess is a true in medium effect
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1/N_, dN/dM,, [1/GeV/c?]

Ratio to model

-
o
&

HSD without medium effects HSD with p° drop.+broaden.

—_
(@)
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E 1 I 1 1 1 I 1 I 1 1 1 I 1 1 1 E c\'1_| I I I 1 1 | 1 1 I
= = (&)
- n%-Dalitz ~ ——— n-Dalitz - >~ n°-Dalitz ——— n-Dalitz
— o-Dalitz A*Daltz > — o-Dalitz A*-Dalitz
— n—oe'e — p—oe’e’ = 8 10_3 w—e'e’ — poe’e’
------ p-n bremss. ------ n-Nbremss. 3 ~ ====== p-n bremss. ------ m-N bremss.
=== p+A+brems. e — Sum - — - == P+A+Drems. e = Sum
] — —@— data
] —4
E 231 0
] e
\ _5
. Z10
3 ©
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N

Ratio to model

Better agreement when incorporating medium effects
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Excess,

, T :Nsyy dependence

PLB 753, 586 (2016)

Theory calculations by R. Rapp, H. van Hees

25 .
hadronic ---- 0.3GeV <M < 0.7GeV
20 QP -
sum
>
TosE™
=
~
10
=
5 N e
O B s
10 100
V3NN (GeV)

20

L | T T T T T

77

- Central AA Collisions
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3 ++T (M=1525GeV) -
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Conclusion and Outlook

® Direct photons and dileptons are very interesting probes
to study the QGP

® Direct photons:

* Many new experimental results and theoretical
interpretations are available .

® Photon v2 puzzle at RHIC stays
® Results at LHC still to come
® As well as other energies and systems
® Dileptons:
® Experimental results available from SIS to RHIC (LHC)
® p broadening explains the excess

® Gives access to the total life time and early temperature of
the fireball

New facilities under development in the near future
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HANKS

CERES, NA60O, PHENIX, STAR, HADES collaborations
for the plots

Many plots from theoretical papers

Some material taken from other talks and lectures:

e A. Drees, K. Reygers, H. Specht, A. Toia,
R. Averbeck, ...
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Models on the market (non-exhaustive list)

— Thermal photon rate in QGP, hadron gas, prompt production folded with time
evolution (viscous/non-viscous hydro, blastwave expansion, etc)
* H.van Hees, C. Gale, R. Rapp, Phys. Rev. C84 054906 (2011)
* H.van Hees, M. He, R. Rapp, Nucl. Phys. A933 256 (2015)
* C.Shen, U. Heinz, J.F. Paquet, |. Kozlov, C. Gale Phys. Rev. C91 024908 (2015)
— Modifications of formation time and initial conditions
* R. Chatterjee, H. Holopainen, |. Helenius, T. Renk, K.J. Eskola, Phys. Rev C88, 034901 (2013)
* F.M. Liy, S. X. Liu, Phys. Rev C89, 034906 (2014)
* G. Vujanovic et. al, Nucl. Phys. A932, 230 (2014)
— Enhanced non-equilibrium effects (glasma, etc.)
* A. Monnai, Phys. Rev. C90, 021901 (2014)
* L. MclLerran and B. Schenke, Nucl. Phys. A929, 71 (2014)
* F. Gelis, H. Niemi, P.V. Ruuskanen, S.S. Rasanen, Journal of Physics G30, S1031 (2004)
— Enhanced early emission from magnetic field
* B. Mueller, S.Y. Wu, D.L. Yau, Phys. Rev D89 026013 (2014)
* K. Tuchin, Phys. Rev. C87 024912 (2013)
* G. Basar, D. E. Kharzeev, V. Skokov, Phys. Rev. Lett 109 202303 (2012)
— Microscopic transport (PHSD)
* 0. Linnyk, W. Cassing, E.L. Bratkovskaya, Phys. Rev. C89, 034908 (2014)

— Enhanced emission at hadronization
* S. Campbell, Phys. Rev. C92 014907 (2015)

30



Compilation of direct y
(2006 pre-LHC)

108
'%, JETPHOX ® DO ppvs=1.96 TeV
O .4 M= /2 v CDF ppvs=1.8TeV
10 " o= My=Pr £ D0 pb =630 GeV.
& C
u: 103 LN ; . pg \?3 &) eV
o R (o} PHENIX pp 200 GeV prelim.
~N 2 <> AF p vs=63 GeV
w10 pp
vt o R80 PP
1 A E7 Vs= V
9 v E788 op va=37R &Y
1 o UAg
n UA opp\/s 24303\:
-1 * =
10 i WA70 pp vs=22.9 GeV|
-2 . .
10 ¥
-3 .
10 i
-4 R
10 ' i .
5 !‘,I -
1 o— ) '..‘ 1074 .,\.‘
-8 }
10 L A L 1 l{ l% L 1 1 L 2 1 2L l L ‘
10 10°

Phys. Rev. D 73 (2006) 094007

World's inclusive and isolated
direct photon production cross
sections measured in pp and

pp collisions compared to
JETPHOX NLO predictions,
using BFG (CTEQ6M) for
fragmentation functions and a
common scale p+
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PoldE,dn (nb GeV'Y)

10

10

10

pp collisions@/ TeV

T I T T T T I T T T T E\ 2.4 T T

ALICE Preliminary Data + stat. Uncertainty § oof AL|CE Prellmlnary — g;’jl:l /ljJrE:LI:tI;I(r?t); + Stat Uncertalmy
B Syst. Uncertainty T = ~ _ JETPHOX 1.3.1 CT10 PDFs / BFG- II‘
| —— NLO pQCD JETPHOX ..g 2 pe \/—_ 7 TeV Th/ezory scaéeEuncertalnty —]
= CT10 PDFs / BFG-Il 3 a = i< 0.27 PTDF<uﬁc<ertalnt =
— me=n == E; . = Y 3
B ——— Theory Scale Uncertainty 1.6 —
i Ef2<n<2E ] - 3
— PDF Uncertainty — 1.4 -
: . 1.2 | [ —
i i 1F =
L Pp {s=7 TeV — 0.8 :_ [ -
F il<027 . 0.6 ;__I_,_'_'_'_'_ E
n R*=0.4, E¥°< 2 GeV - 04F 4
1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 : I 1 L L L I L 1 1 L I L 1 1 1 I L 1 1 1 I L 1 1 I :
10 20 30 40 50 60 10 20 30 40 50 60
El (GeV) ET (GeV)

|solated photon cross section measured in 10 GeV <E; <60 GeV
Compatible with NLO predictions

Lower E; reach compared to CMS and ATLAS

Analysis at 8TeV ongoing
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Neutral mesons results
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-irst data: Test of pQCD at high p-

Neutral pion and 1 meson production in proton-proton collisions at /S = 0.9 TeV
and /S=7 TeV*¥ PLB 717 (2012)162

ALICE Collaboration ®,1s=7TeV ,1s = 0.9 TeV s =7TeV
syst, stat syst, stat syst, stat
combinea Spec. e I | *
fit combined
NLOp=0.5p, —tmrmims e - i
NLOp=p ' ======  mmm--- oo
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TABLE II: Data sets used in our NLO global analysis, their

- optimum normalization shifts N;, cf. Sec. IIC and Eq. (6),
| I I I a Ct the individual y? values (including the y? penalty from the
" obtained N;), and the total x? of the fit.
] experiment data norm. # data x2
Constraints on
Trc [43) incl. 1.043 17 17.3
uds tag  1.043 9 21

c tag 1.043 9 5.9

gluon to pion by i L B
b Tasso [49] 34 GeV incl. 1.043 11 30.2

44 GeV incl. 1.043 7 22.2
SLp [19] inc. 098 28 153

fragmentation. iveg 00 17 s

btag 098 17 58

9]

ALEPH [16] incl. 1.020 22 229

DeLpHI [17] incl. 1.000 17 28.3

. . uds t 1.000 17 33.3

* Parton-to-Pion Fragmentation btag. 1000 17 106
OrpaL [18, 20 incl. 1.000 21 14.0

Reloaded [ ] u tag 0.786 5 31.6

_ dtag 0786 5 33.0

D. de Florian, R. Sassot, M. Epele, stag 078 5 513
: c tag 0.786 5 304

R.J. Hernandez-Pinto, M. Stratmann btag 0786 5 146
BABAR [28] inc. 1031 45 464

Phys. Rev. D 91, (2015) 014035 BELLE [29] incd. 1044 78 440
HERMES [30] = (p) 0980 32 27.8

NE = (p) 0980 32 478
ArXiv: 1410.6027 T ome 2 4
7w (d) 0.981 32 50.1

DSS14 Compass [31] prel. xt(d) 0946 199 1742

=~ (d) 0946 199 2290

PHENIX [21] s 1.112 15 15.8
StAR [33-36) 0< < 1 x° 1161 7 5.7
08 <n<20 x° 0.954 7 2.7

In| < 0.5 xt 1.071 X 43

n| <05 =t = /=t 1006 16 17.2

) Auce[32] 7TV 2’ 0766 11 2717

TOTAL: 973 11546




pp@2./6TeV: New NLO pQCD in agreement

12,
10— T

10°%: [« Data

105— 0 Nomm. une. 2.5%
E - TCMfit

1" NLO, PDF: MSTW, FF: DSS14

pp, V5 =276 TeV
ALICE
™y

]

sulitiund voned oo voued voed voued voued vod ol voned iued viied

ll

A A TEET 0

o3 i

20 =

g
P, (GeVic)

™
— PYTHIA
memh%ﬁb
NLO, PDF: CTEQEMS
FF: AESSS E
~-u=05p, A

n=p, 3
.u=21'pT

I I Nom. une. 2.5%
F---TCMfit

e obie bl a Laa bisaal

UL

54 & TS0

f=)
N
-
o

)
P, (GeV/c)

Fig. 9: Invariant differential cross section of the z° (left, top panel) and 1 meson (right, top panel) for
pp collisions at /s = 2.76 TeV. The data are compared to PYTHIA 8.2 [31] generator-level simulations
using the Monash 2013 tune as well as recent NLO pQCD calculations [3, 6]. The ratios of the data and
the calculations to the respective two-component model fits [25, 26] to the data are shown in the lower
panels. The horizontal error bars denote statistical, the boxes systematic uncertainties.

Arxiv 1702 .00917
EPJC (accepted)

Good description by Pythia

pPQCD predictions with new
DSS14 describes the n0

Ongoing:
Study x; scaling in pp collisions
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Isolated photons
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Interest on High Multiplicity in pp

* Predictions of thermal photon production in high
multiplicity pp collisions .

Phys. Rev. Lett. 106(2011)242301

Direct photons at low transverse momentum — a QGP signal in pp collisions at LHC

Fu-Ming Liu! and Klaus Werner?

! Institute of Particle Physics and Key laboratory of Quark & Lepton Physics (Ministry of Education),
Central China Normal University, Wuhan, China
?Laboratoire SUBATECH, University of Nantes - IN2P3/CNRS - Ecole desMines, Nantes, France
(Dated: May 18, 2011)

We investigate photon production in a scenario of quark-gluon plasma formation in proton-proton
scattering at 7 TeV. It is shown that thermal photon yields increase quadratically with the charged
particle multiplicity. This gives an enhanced weight to high multiplicity events, and leads to an
important photon production even in minimum bias events, where the thermal photons largely
dominate over the prompt ones at transverse momentum values smaller than 10 GeV /c.
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Figure 3: (Color Online) The thermal spectra given v (solid
lines) and the mini-bias case (dotted line). The different solid
lines correspond to (from bottom to top) v =1, 3,5, 7, 9.

Predictions for 7TeV but should be better for 13 TeV
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Direct y iIn small systems (p

Ph)

Direct photon production and jet energy-loss in small systems.
C. Shen, C.Park,J.P. Paquet, G. Denicol, S.Jeon, C.Gale
ArXiv 1601.03070. NPA956(2016)741
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ublished papers

ALICE Collaboration, B. B. Abelev et al., “Neutral pion and n meson
production in proton-proton collisions at Vs = 0.9 TeV and Vs = 7 TeV,” Phys.
Lett. B717 (2012) 162-172, arXiv:1205.5724

ALICE Collaboration, B. B. Abelev et al., “Neutral pion production at
midrapidity in pp and Pb-Pb collisions at Vs, = 2:76TeV,” Eur. Phys. J. C74
no. 10, (2014) 3108, arXiv:1405.3794

ALICE Collaboration, S. Acharya et al., “Production of a® and n mesons up to
high transverse momentum in pp collisions at 2.76 TeV,” arXiv:1702.00917
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Analysis steps

1. Charged particle tracking

2. Electron identification

3. Rejection of combinatorial background



1.

Background rejection

Dominant sources are n®-Dalitz

and y-conversions
Dalitz recognition:

Rejection of tracks which form
a pair 0., < 35 mrad

Tracks which form a pair mg,
< 0.2 GeV/c? excluded

from further pairing

...still a large number of tracks
remaining from

unrecognized n°-Dalitz pairs
and y-conversions!

TPC
Signal for pairs with
RICH 1/2
mass » 0.2 GeV / ¢c2
10"
sipe 172 per event

open pair

0
T  Dalitz and

Y Conversion decays
mass < 0.2 GeV/c2

1 per event

o z :
©° Dalitz pair Conversion pair



dN, /dm,,
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Invariant mass distribution
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Background rejection

Dominant sources are n®-Dalitz

and y-conversions
Dalitz recognition:

Rejection of tracks which form
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Centrality dependence
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Chiral Symmetry Restoration

* Spontaneous symmetry breaking gives rise to a nonzero ‘order parameter’
» QCD: quark condensate <qqg> = —250 MeV?3

» many models (!): hadron mass and quark condensate are linked

* Numerical QCD calculations A <> o1
» at high temperature and/or high baryon density
— deconfinement and <qgq> — 0 SPS S v~ beams
» approximate chiral symmetry restoration (CSR) " A s 18
— constituent mass approaches current mass RHIC [ SIS 300
| o (FAR)
« Chiral Symmetry Restoration g y _ N
300 X =
» expect modification of hadron TiMeV] _ |~ : ‘ 5,

’ Drenl

spectral properties (mass m, width ')

* QCD Lagrangian — parity doublets are degenerate in mass
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QG

2 1n the laboratory

sss

pressure + heat = QGP
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Collisions
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SPS RHIC LHC
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