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Heavy-ion

Pb+Au \/sNN =17 GeV

collisions
SPS (RHIC) LHC
Vs (GeV) 17 200 2760(5500)
dN_/dy 430 730 1584
1%cp (fM/c) 1 0.2 0.1
TIT, 1.1 1.9 3.0-4.7
g (GeV/fm3) 3 5 >18
Tqap (fm/c) <2 24 210
1; (fmlc) ~10 20-30 15-60
V¢(fm3) few 103 | few 104 few 10°
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Voir en francas (/fy/news/press-reiease/generai-cern/newsstate-matter-created-cer) REVIEW NATURE|Vol 448]19 July 2007|doi:10.1038/nature06080

New State of Matter created at CERN

10 FEBRUARY, 2000

The quest for the quark-gluon plasma

Peter Braun-Munzinger' & Johanna Stachel®

High-energy collisions between heavy nuclei have in the past 20 years provided multiple indications of a
Geneva, 10 February 2000, At a special seminar on 10 February, spokespersons fom the experiments on CERNA's Heavy lon programme presented compelling evidence for the existence of anew state of matterIn which quark, deconfined phase of matter that exists at phenomenally high temperatures and pressures. This ‘quark-gluon
e of g DOUS L A e COMpIEY PATTICAES S 1 pRoons Anl ewtiont, st Mbesmet o ontreey: plasma'is thought to have permeated the first microseconds of the Universe. Experiments at the Large
Hadron Collider should consolidate the evidence for this exotic medium's existence, and allow its properties

The lead beam programme started In 1994, after the CERN has been upgraded by a between CERN and Institutes In the Czech Republic, France, Indla, italy, Germany, Sweden and Switzerland. A new lead
Ion source was linked to pr 5t 3t CERN, the Proton Sy (PS) and the SPS. The seven Large experiments Involved measured different aspects of lead-lead and lead-goid collisions. They tO be characterized
were named NA%4 (hitp: dl/nasss), NASS (nttp: physlunt de/), Na49 (http://nasoinfo cern ch/) NAS2 unibe ), WAST .
{ttp://weew corn ch/WAST/) | NAST C/NAST/) and WASS Cn/Wa3g/) Some of use tors and c of the more abundant observable

Others to detect with high statistics. This c using several has p very

Physics Reports

Volume 621, 21 March 2016, Pages 76-126

‘ The ALICE experiment:
A journey through QCD

Properties of hot and dense matter from REVIEW
relativistic heavy ion collisions

Peter Braun-Munzinger °° ¢ B, volker Koch 98 Thomas Schafer T & &, Johanna Stachel ¢ & Decoding the phase Str-ucture Of QCD Via
show mare particle production at high energy

Anton Andronic"?, Peter Braun- Munzinger'*, Krzysztof Redlich® & Johanna Stachel®

https://doi.org/10.1038/541586-018-0491-6

+ AddtoMendeley o9 Share 99 Cite

https://doi.org/10.1016/j.physrep 2015.12.002 » Get rights and content »

Recent studies based on lattice Monte Carlo simulations of quantum chromodynamics (QCD)—the theory of strong
interactions—have demonstrated that at high temperature there is a phase change from confined hadronic matter to a
deconfined quark-gluon plasma in which quarks and gluons can travel distances that greatly exceed the size of hadrons.
Here we show that the phase structure of such strongly interacting matter can be decoded by analysing particle production
in high-energy nuclear collisions within the framework of statistical hadronization, which accounts for the thermal
distribution of particle species. Our results rep aph logical determination of the location of the phase
b dary of strongly i ing matter, and imply quark-hadron duality at this boundary.
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CERES TPC Construction My time with Johanna

Pb-Au Pb-Au
gas system, slow control , . -\, coicay fr‘om H D C(nd GSI
P 1557 1993 P 988 ) 2000 4
CERES data Analysis PRL96(2006)152301  p|B666(2008)425
ALICE TRD TDR

bower distribution ALICE TRD Cooling ~ ALICE PCM NIMA593(2008)203

2000 2002 P003) 200 FA00S2) 2005 HR00) 2008 J2006 3

PLB 717(2012)162  EPJC74(2014)10,3108 PLB754(2016)235  EPJC78(2018)8,624
pp 7TeV, pp 2.76 TeV, pp 8TeV PRC98(2018)044901

ALICERun1 PhPh2.76TeV, pPh 5.02TeV cerncourier ALICE Run 2 PbPb5.02, pPb5.02, pPb 8.16

arXiv:2411.09560
ALICE3 JINST18 (2023)P11032
ALICERUn 3\ 13 6 TeV, PbPb 5.36 TeV
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https://doi.org/10.1016/j.physletb.2008.07.104
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Heavy-ion collisions

Courtesy C. Shen

Nuclear matter in extreme conditionS . derected

Kinetic
freeze-out

Hadronization
Initial energy

density > :ﬁ ® » b Study different probes

il

Collect information at each stage

il

Characterize the QGP and hadron gas phase

free streaming

collision evolution
t~0fm/c T ~1fm/c t ~ 10 fm/c T ~ 101 fm/c

AA collisions
pA and pp : control and reference systems

a.marin@gsi.de, Physikzentrum Bad Honnef (2025) 5



Electromagnetic Probes

Courtesy C. Shen EM

jet in-medium * Photons: prompt and thermal
prompt photons bremsstrahlung  jet-plasma Af‘ decay photons

phOTOI’IS Ky M\'\‘\' o

S * Dileptons: e*e-,u*u
s ﬁ“‘?@

!

Produced at several stages of the collision
Colorless objects, scape without interaction

T

. 'v‘;“ﬂ “."l"

. Hadron it
as &

!

/

collision
overlap zone

Directly probe the entire evolution of the fireball

(Convoluted with the entire space-time evolution of the collisions)

A

p
\
:
:

re-equilibrium
: pP?oTons

s Measure (effective) temperature
thermal radiation ) )
Test chiral symmetry restoration

from Chun Shen
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Thermal electromagnetic radiation

Thermal emission rates:

drR,, -a?
Dileptons: d'p = M2 fB(po;T) Pem(M,p; 15, T) Depends on the mass and on p

dR —a
: v — B . _ . M->0, depends only on
Photons: paza) = 7z £ AP0 T) Pem(M=0,p; g T) P yoenp
Eur. Phys. J. A (2016) 52: 257
PhOtonS pT :: Vacuj ) T=100fvv T '[‘=l40fvV
' — Ai.l“::i’:vector S— Ai(i::l):vector S— A::l):vector

pv.a8)ms

Dileptons: M, pr

pr : sensitive to temperature and expansion velocity,

008 | T=150 MeV - T=160 MeV T T=170 MeV

affected by “Doppler” blue shift _ o : . ! o
% A -_— A::l):vector -_ Ai(i::l):vector -_ A::l:l)ivector

o
S

M: only sensitive to temperature (Lorentz invariant)

S y—

0.00 . : N : : : : : : A : : X Lt : . : . , A N
0.0 05 10 1.5 20 25 30 35 0 05 1.0 1.5 20 25 30 35 0 0.5 1.0 1.5 20 25 30 35
5 (GeV) s (GeV) s (GeV)

Access to Chiral symmetry restoration p -a; mixing
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(Dilepton) experiments

Nucl. Phys. A 982 (2018) 163

Nuclear collisions Elementary Reactions 'ﬁ'108§ R LR

. (CERES . CLAS I 7:_' __________ é-fi'f@FA'ﬁS'$1??v Heavy ion collisions f
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https://doi.org/10.1016/j.nuclphysa.2018.11.025

The CERES Setup

TPC coils

voltage divider
UV detectar . : elect |
(L . ] — r ric field— | —e 8
............................. v
main coils /
HV cathode
beam
radiatoe
nin{ TPC drift gas volume
- N, '/'
- . . . i e VR ::' .».-.- """"""""""""
magnetic field lines TPC read-out cha anmm
| | | | 1 FH i
A 0 1 . ’ ' "

Sidc: vertex reconstruction, angle measurement
Rich: electron ID

TPC: momentum and electron-ID (G,
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~3.8% at ¢ 2ee)

1999 Run:
* Pb+Au 40 AGeV

8x10¢ events
6/5ge0=30%

2000 Run:

* Pb+Au 80 AGeV
0.5 x 10° events
6/6ge0=30%

e Pb+Au 158 AGeV
30x10° events

G/Ggeo:7°/°

3x10% events
6/Ggee=207%



The CERES TPC

a.marin@gsi.de, Physikzentrum Bad Honnef (2025)

radial-drift TPC:
 charged particle tracking
- momentum determination

- electron ID via dE/dx

10



dE/dx (arb.units)

Electron identification: TPC and RICH

| electron efficiency vs pion rejection
1

. e-eff Clency 95“/0 E _—I T T T I T T T I T T T [ T T T I T T T I —I"_

B o A e-effciency 85% E E

B e-effciency 75% 09— H —]

O C [ =

A C o & ]

10 — [} [= 7

E = 5 Ll ]

® 0.7 — 3

- A S = ¢

- . A . 06 g 3

2 O C a

A [= . — o g

= A 05F_ | m asymptotic radius ring search it

. A E rHits = 6,7, ... 14 B 3

B . o4 | O spatialHough w ==

° B 1-5 Opeurec =

N T o5 I 52 . 03 HoughiAmpes 5011 %wied0 L
Iog(p(GeV/c]) 10 — L E | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | :
B 0.99 0.992 0.994 0.996 0.998 1T

L rej

Energy loss dE/dx W
in TPC .

e.g.at 1.0 GeV/c:

4x10* n-rejection factor
687% e-efficiency
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CERES dilepton spectrum

mass resolution 3.8%

{Phys. Lett. B666 (2008) 425 J

- 10T T T T T - 10* L LI L RN LS NN LR R
% | CERESNA45  Pb-Au158AGeV | o 10 CERES/NA45  Pb-Au 158 A GeV |
> O/ Orot= 7 % | % i Oy T T % |
2 p>200 MeV/c | - - p>200 MeVi/c |
§ 10°% 0,>35 mrad _| ,8_ 10°% :_‘% 0,.>35 mrad .
L. 21<1<2.65 ;‘5 K 2.1<n<2.65 |
z TR
v vyt
3 (@ N (b)
N N .
3 1074 ! g ‘°°?l! &}tix _;}\ p broadening
[ z . 1
v " [ N .8 "3, !"- S '.“? Q- j'x‘ |
10.7 H = 107 _,} NS .
I | | A |
| | f dropping p mas: |
| N
10°® | 3 10°® ; 3
0 02 04 06 08 1 12 14 16 0 02 04 06 08 1 12 14 16

m,, (GeV/c?)

dilepton enhancement at 0.2<m_.<1.1 GeV/c?:

m,, (GeV/c?)

Data favour p broadening

2.45 + 0.21 (stat.)+ 0.35 (syst.)* 0.58 (cocktail) Most evident between o - ¢
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CERES excess spectrum

x10° -
)\
1.6j

1.8

L L L L B L L AL
cocktail p
---------- dropping p mass

\

\\ — — - in-medium hadronic
\\ (a)
\

1.4}
12}

1

<dN/dm>/<N_>(100 MeV/c?)™

0.8}
061

0.4}

02k

12 14 16
m,_, (GeV/c?)

% contribution of p at freeze-out totally
negligible, medium dominates by more
than order of magnitude in central PbAu

% points at 0.7-1 GeV exclude dropping mass
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<dN,e/dm,e>/<N,_,>(100 MeV/c?)"

1.8?(1(?6'1v'r].1.[.”],,,_,,1,,,]”'
I I\ cocktail p
1.6 - l \ — — —  p spectral function w/ baryon effect ]
14 _Il \\ """"""" p spectral function w/o baryon effect _
1 ®
1.2 |- ]
1| 1
| :
0.8 | .

L] - i
06 . \

i\ 7R
0.4 | PN ; \

Iy
0.2

0 02 04 06 08 1 12 14
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Sensitive to role of baryons
in modification

1.6
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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 Calculations Rapp/Wambach
i csksgw: 30% . . oq -
1 B L Including pion annihil. only
2.1<<2.65 ) ) .
p,>200 MeV/c In-medium p modification

6 ,»35 mrad

—
(]
I,

=== Dropping p mass

B

<dN_/dm_>/<N_ > (100 MeV/c®)"
&

N Enhancement even stronger at
: lower beam energy
10° \\ 5.9 £1.5 (stat) £1.2 (syst data)
\ + 1.8 (decays)
B N S effect of baryon density?
0 02 04 0.6 08 1 1.2
m_, (GeV/c?)
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Invariant mass: ¢— e*e” and ¢— K*K

1
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o
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Pb-Au 158 AGeV
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Decay cocktail+rho+QGP

Physics Background:

PRL96(2006)152301

¢ : mass 0.9-1.1 GeV/c?
229 +53 Counts
S/B=1/12

becay cockftail

in-medium modified rho dilepton yield from QGP

35% contribution in ¢ peak (R. Rapp)
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2.2<y<2.4

_Illllllllllllllllllllllllllll_
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All charged particles asigned the Kaon mass (no PID)
Selection of target tracks with matched SDD-TPC tracks
Single track cuts: 0.13<0<0.24 rad, p,>0.250 GeV/c
Opening angle vs pt cut following the ¢ , Armenteros cut


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.96.152301

d®™Nrdpdy ((Gev/c))

Comparison between two decay channels

—

10" |-

-2 1 L 1 1 I 1 L 1 1 I 1 L L 1 I 1 1 L 1 I 1 1 L 1 I
104 05 1 15 2 25

P (Gev/c)

Results in both channels
in close agreement
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Different rapidity

dN¢/dy #%%20.93.(dN/dy)>12¢°
(from NA49, PLB 491(2000) 59 )

KK
dN/dy=2.05+0.14(stat)+0.25(syst)
T = 273+ 9(stat)+10(sys) MeV

ee !
dN/dy=2.04+0.49(stat)+0.32(syst)
T =306 + 82(stat) MeV

dN/dy (¢—~>e*e’)/dN/dy(¢—>K* K)1.6
at 950/0 CL

Ceres Collaboration: nucl-ex/0512007 PRL96(2006)152301
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.96.152301

Comparison to NA49/NA5O results

"'l ® CERES¢>e'e

Y CERES ¢ KK Different measurement conditions:
O NA49 ¢ ->K K

o NASO ¢op’

-
o

-

NA49 CERES Correction
centrality: 4% T% h™42,/h™75, CERES
rapidity: 3.4 2.2  dN/dy NA49

1/m,d*N/dmydy ((GeV/c*)™)
3.'.

T TTTIT II|

| I||

Scaling factor: F =1.17 + 0.12

10

1l I Ll I Ll I Ll l Ll l Ll I Ll I Ll I Ll I Ll I L1l l L
0 02 0406 08 1 12 14 16 18 2 2.22
me-m, (GeVic")

lglé;[:?sc:md Nrﬁiiﬁ:e[i.l;gg;izcgég.%ys.é.27(2001)355 CERES r,esul.l.s in K+K_ Gnd e+e_

decay channels agree with
NA49 results
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From Challenges to Results
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https://doi.org/10.1016/j.nima.2008.04.056

2  near-side

lT3L8678(2009)2
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Photon sources

* Decay photons:
e 10, M, ®

* Direct photons:

e Hard:

* Direct:
* gg Compton Scattering
* g Annihilation _

* Fragmentation
* Pre-equilibrium

e Thermal:
e QGP
* Hadron Gas

 Hard+thermal:
* Jet-y-conversion:

Ohard* dage 2 ¥+ d
Ohara* dacp 2 ¥ + 8
* Medium induced y bremss.
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Hadron Gas Thermal T,

QGP Thermal T,

“Pre-Equilibrium™?

Jet Re-interaction V(T :xVs)

pQCD Prompt xvs
b E‘/
Emission time Figure from P. Stankus

Large background from neutral meson decays.
Difficult measurement
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m°,n: Pb-Pb at V'sy, = 2.76, 5.02 TeV

EPJ C 74 (2014); PRC98, 044901 (2018)
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First N1 measurement in Pb-Pb at the LHC
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QGP thermal emission: Pb-Pb at \/SNN =2.76 TeV

Ny ine Ny dec Noy,dir = (1 ) - Ny inc
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* Excess beyond known prompt yield 1 < pr< 4 GeV/c
 Models that include thermal +(pre-equilibrium) + prompt photons are able to describe the data

* Not yet possible to discriminate among different models
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QGP thermal emission

~ N ,inc N .dec
R"Y = N%inc/N'v,dec ~ ( 0 ) /< pe ) .
meas sSim

RpQCD — 1+ N.y - YpQCD

Ydecay

At low pr:

* thermal radiation should dominate

* R,isclose to 1 = small thermal and pre-equilibrium photon
contribution

* Models with thermal and pre-equilibrium photons, can describe the
data better than the calculation including only prompt photons

For pr > 3 GeV/c:

* can be attributed to prompt (hard scattering) photons

e data is consistent with NLO pQCD calculation of prompt photons in pp
collisions, scaled with Ty
Calculation by W. Vogelsang, using PDF: CT14, FF: GRV
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Direct photon puzzle in yields?

Ratio between direct photon production and their respective state-of the-art model calculation

7 I '
ALICE Preliminary

data / model
[e))

T T T I

model: C.Gale et al. PRC 105 (2022) 014909
| = | PHENIX 0-20% Au-Au \s,, = 200 GeV arXiv:2203.17187
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5:— [+ | ALICE 0-10% Pb—Pb {s,, = 2.76 TeV (2011) Preliminary —
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3 + + .
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O: I ‘1' v v 1 1 1 1 1 1 I | :

—_

Good agreement between ALICE data and model predictions

10
P, (GeV/c)

Slight tension at low p;for the PHENIX data
Future: puzzle involving direct photon flow?
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data / model
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Direct y v,. RHIC, LHC and models

Direct photon puzzle
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Bose-Einstein yy correlations in Pb-Pb at \/SNN = 5.02 TeV
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Correlation Radius

Hydrodynamic calculations:

Pb-Pb: O. Garcia-Montero et al., Phys.Rev.C 102 (2020) 2, 024915

Au-Au: D. Peressounko, Phys.Rev.C 67
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e Correlation radius shows minor K; dependence

* Agrees with estimated radii from hydro
predictions
 Theoretical curves were estimated by
averaging of published Ry, Rsiges Riong radii
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Direct photon excess Pb-Pb at \/SNN = 5.02 TeV
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Voir en francas (/fy/news/press-reiease/generai-cern/newsstate-matter-created-cer) REVIEW NATURE|Vol 448]19 July 2007|doi:10.1038/nature06080

New State of Matter created at CERN

10 FEBRUARY, 2000

The quest for the quark-gluon plasma

Peter Braun-Munzinger' & Johanna Stachel®

High-energy collisions between heavy nuclei have in the past 20 years provided multiple indications of a
Geneva, 10 February 2000, At a special seminar on 10 February, spokespersons fom the experiments on CERNA's Heavy lon programme presented compelling evidence for the existence of anew state of matterIn which quark, deconfined phase of matter that exists at phenomenally high temperatures and pressures. This ‘quark-gluon
e of g DOUS L A e COMpIEY PATTICAES S 1 pRoons Anl ewtiont, st Mbesmet o ontreey: plasma'is thought to have permeated the first microseconds of the Universe. Experiments at the Large
Hadron Collider should consolidate the evidence for this exotic medium's existence, and allow its properties

The lead beam programme started In 1994, after the CERN has been upgraded by a between CERN and Institutes In the Czech Republic, France, Indla, italy, Germany, Sweden and Switzerland. A new lead
Ion source was linked to pr 5t 3t CERN, the Proton Sy (PS) and the SPS. The seven Large experiments Involved measured different aspects of lead-lead and lead-goid collisions. They tO be characterized
were named NA%4 (hitp: dl/nasss), NASS (nttp: physlunt de/), Na49 (http://nasoinfo cern ch/) NAS2 unibe ), WAST .
{ttp://weew corn ch/WAST/) | NAST C/NAST/) and WASS Cn/Wa3g/) Some of use tors and c of the more abundant observable

Others to detect with high statistics. This c using several has p very

Physics Reports

Volume 621, 21 March 2016, Pages 76-126

‘ The ALICE experiment:
A journey through QCD

Properties of hot and dense matter from REVIEW
relativistic heavy ion collisions

Peter Braun-Munzinger °° ¢ B, volker Koch 98 Thomas Schafer T & &, Johanna Stachel ¢ & Decoding the phase Str-ucture Of QCD Via
show mare particle production at high energy

Anton Andronic"?, Peter Braun- Munzinger'*, Krzysztof Redlich® & Johanna Stachel®

https://doi.org/10.1038/541586-018-0491-6

+ AddtoMendeley o9 Share 99 Cite

https://doi.org/10.1016/j.physrep 2015.12.002 » Get rights and content »

Recent studies based on lattice Monte Carlo simulations of quantum chromodynamics (QCD)—the theory of strong
interactions—have demonstrated that at high temperature there is a phase change from confined hadronic matter to a
deconfined quark-gluon plasma in which quarks and gluons can travel distances that greatly exceed the size of hadrons.
Here we show that the phase structure of such strongly interacting matter can be decoded by analysing particle production
in high-energy nuclear collisions within the framework of statistical hadronization, which accounts for the thermal
distribution of particle species. Our results rep aph logical determination of the location of the phase
b dary of strongly i ing matter, and imply quark-hadron duality at this boundary.
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A. Andronic et al.,
Phys.Lett.B 678:350-354(2009)
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AM (GeV/cz)-

P. Gonzalez et at., EPJC 61 (2009) 899
Erratum-ibid.C61:915,2009.

Counts per GeV/c?
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o i e saley Y
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Not yet measured in ALICE

gsﬂv..lv..[.rY]...r e R
a5 ALICE 3 Simulation

vl

4 { pp @ 14TeV
Signal only

w
o
L1y

25

»
T
e
1

15— —
1 :_ ¥ from convarsions _:
E  p,>0Gevic I 3
05— Iyt j i ]
%‘: PR ST TRT S ST ST ST S NN ST ST S S N T S PRSI T M ' |:

1 32 a3 a4 s ! 3
ME ary) (GeVic?)

e Letter of Intent for ALICE 3:
CERN-LHCC-2022-009, arXiv: 2211.02491

|. Kantak, Bachelor Thesis

42


https://cds.cern.ch/record/2803563
http://www.physi.uni-heidelberg.de/Publications/Bachelorarbeit_Isabel_Kantak_updated.pdf

QGP thermal emission

1
N'}',dir — N’y,inc — N’y,dec — (]- — R_'r) ’ N’y,inc

&\ § T T T T TT T T T T T T T7 | T ?
Q E 3
) = ALICE Preliminary 5 %
> 10°k - Y .
o U E Pb-Pb |5, =5.02TeV 3 _ ‘dir
9;104; e _ [0-10% [10-20% Vair = — (YincDreal
Ea: —,r—| #120-40% [#40-60% 1 incl
Z (Sl [ ) [2]60-80% -
O la E T s AR "= Yoy PACDNLO X Ty 3
£102L KT E] PDF: CT14, FF:GRV
T 1on T : \}‘;’ﬂ[‘ T e ozmm 4 New measurement of direct y in Pb-Pb at 5.02 TeV
N E 1 e e ’ ’ E . .
13 My T E * Virtual y method, 0-10% centrality
E " & s iE . -
1 } i 1}*3@ m b * Real v (conversion method), other centralities
107 — \. X =
E Sh_Yak| 3
: L - -
107 TI % o mﬂ@ NO3 E
10_3: ‘L|: X L_ 17 9
3 T] Eﬂ Eﬁzt: X*102 Y Low pr (prs 3 GeV/c) — “thermal” photons
107 ‘iﬁm ™ X o « consistent with model with pre-equilibrium and thermal photons
10_‘2— C. Gale et al. \'\\\:*:. '\\_\ « 100\
10_6:— 1 IPF?CI‘IPEI) §2022) 014909 1 ] ] |\\-|\.::+|:; \\'\ ] > High pT (pT 2 3 GeV/C) - prompt phOtonS
1 10,{,T Gevic) ° consistent with pQCD expectations
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T.¢ from non-prompt photons

IS Tef (21 <pT< 4 GeV/C) >
pre-equilibrium photons? earlier time emission?

Non-prompt y = direct y — Ty . pPQCD

IlllllllllllIIIIIIIIIIIIllllllllllllll

107

% E_I I_E ; 0.7 T T I T T TTT | T T T T T TTT | T
o - imi . - —
> - ALICE Preliminary . 2 - Fit range: 2.0 (2.1) < p. < 4.0 GeV/c ALICE Preliminary
o Pb-Pb |5, = 2.76 TeV e L T ry ]
I - -FD yS,=<z./0 1€ . s [¢]ALICE, Pb-Pb, |5, = 2760 GeV Preliminary i
g" . 1°§_ e ] 0-10% E b~ 0.6~ [C]PHENIX, Au-Au, 5, = 200 GeV (arXiv:2203.17187) -
E T ¢ |20-40% . ~ Fitrange: 0.8 (0.9, 1.1) < p_ < 1.9 (2.1) GeV/c -
= % 1 _ L [+ |ALICE, Pb-Pb, {5, = 2760 GeV Preliminary _
qz: o g = 0.5« |ALICE, Pb-Pb, {5, = 2760 GeV (PLB 754, 235) ]
o N ] — [ 0|PHENIX, Au-Au, {s,,, = 200 GeV (arXiv:2203.17187) B
S | | [2|PHENIX, Au-Au, |5, = 62.4 GeV (PRC 107, 024914) ]

~=107E 5 N

PR : 0.4 [ﬂ —
- i I [ﬂ W ﬁ i
107 s E 0l f i -
I x 10 ] cL .
- . — — L ‘ ‘ .
103 =3 — - A -
- Aexp(-p/Tey) E E 0.2 —
[ —0-10% " ] - $ EQ ]
104 T =343 = 32 (stat) = 68 (syst) MeV = L _
E — 20-40% E 0.1 N Fitrange: p_ < 1.3 GeV/c ]
- (7)’5,1,;0/339 + 38 (stat) = 64 (syst) MeV ] = [A]PHENIX, Au-Au, {5y = 62.4 GeV (PRC 107, 024914)
-5 - ° _ B - = 7]
107 7_,=406=+ 19 (stat) = 36 (syst) MeV = I [V]PHENIX, Au-Au, {5 = 39 GeV (PRC 107, 024914) ]

F e 20-40% . 0 | Lol | Lol I

T4 =458 = 25 (stat) = 40 (syst) MeV . 20 30 40 102 2x10? 10°  2x10°
10_6?11111111[111111111111 e b Lo 1y 0 79 chh/dnl_o
05 1 15 2 25 3 35 4 45 5 =
[ (GeV/c)
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V2’Y,dil'

?~>C\| FT T 17T ‘ T 17T ‘ T 17T ‘ T 1T ‘ T 1T T 1T 17T 17T T
05f  0-20% Pb-Pb, {5, =2.76 TeV :
I E] v, dir ]
- vy 9" ALICE -

- v} %, ALICE simulation -
0.4 vy %", hydro, Paquet et al. 7
B —me vl 9 hydro, Chatterjee et al. i

C e vy @, PHSD, Linnyk et al. ]
0.3— Boxes indicate total uncertainties _|
0.2 7
0.1 7
of i

: | | ‘ | | ‘ | | ‘ 111 | ‘ 111 | ‘ | t 1 11 1 :

0 1 2 3 4 5 6 7
P, (GeV/c)

* Large direct photon v, for p; < 3 GeV/c

* Measured magnitude of v,¥dr comparable to
hadrons

e Result points to late production times of
direct photons after flow is established
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,\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\\\\\7
o5l 20-40% Pb-Pb, (s, = 2.76 TeV
b DJvi?, ALICE
- v} %%, ALICE simulation
0.4 vy ™", hydro, Paquet et al.

== v} % hydro, Chatterjee et al.

----- v} %", PHSD, Linnyk et al.
0.3 Boxes indicate total uncertainties

MHW%H

0.2

0.1

o
\\\\‘\\\\
[| —*
i
| A
[ —e—
;
o — |
P —

1 2 3 4 5 6 7
P, (GeV/c)

o

* v,9"larger than models predictions
(in qualitative agreement with PHENIX)

* But: null hypothesis v,4r=0
not inconsistent with the data
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v, RHIC vs LHC

PLB 789 (2019) 308

> T T T°T T T T T T 1T T T T T 17T T4 > FT T T T 1T T 1T T T T 1T T 1T L=
™ F | | | | ] ™ F | | | | ]
0.5  0-20% Pb-Pb, {5y = 2.76 TeV . 0.5~  20-40% Pb-Pb, |5,y = 2.76 TeV _
- [e]v}®, ALICE : - [#]vi9 ALICE i
. 4i 0-20% AU-AU, [ = 200 GeV B . 4i 20-40% AU-AU, |y, = 200 GeV B
“L vL 9" PHENIX conv. ] L [+]vk®, PHENIX conv. ]
B |Z| 1ar , PHENIX calo. . - [+]vL " PHENIX calo. i
03 Boxes indicate total uncertainties ] 03 Boxes indicate total uncertainties ]
0.2 - 0.2 +_ + ] -
B ] B + t H i i
0.1 - 0.1 |/ m [ . .
of 1 of 4 -
: | | ‘ | | ‘ [ | ‘ [ | ‘ L1 ‘ | 1 l [ : : L1 1 | ‘ L1 1 1 ‘ L1 11 ‘ 1 i 1 ‘ | 1 ‘ L1 11 ‘ L1 1 | :
0 1 2 3 4 5 6 7 0 1 2 3 4 5 7
p_ (GeV/c) (GeV/ C)
V,9"(LHC) = v,9"(RHIC)
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Thermal emission: RHIC and LHC

F T T T L I T T T T T T T I T T T L L 1 1 |l 1 1 LI
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T e
5 from RHIC to LHC
~|=2 10 -
S 10° ‘
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0 ] T b A e :
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dN/dy of ydirect
o

107"

1072

1072

—
S
IS

Integrated direct photon yield vs dN_, /dn

T IIIIIIII T IIIIIII, T IIIIIIII
— ALICE, Pb-Pb, 1.0 < p;<5.0 GeV/c, U.L. at90% C.L.

- ® |5, =5.02 TeV, arXiv:2308.16704 ¢ |s, = 2.76 TeV, (PLB 754, 235)
__ # \[s, = 5.02 TeV, Preliminary + {Syn = 2.76 TeV, Preliminary
= C. Gale et al., PRC 105, 014909
—Pb-Pb, s =5.02 TeV

—Pb-Pb, sy =2.76 TeV

—Au-Au, sy =0.2TeV

pp, s=13TeV, 1.0 < p_<3.0GeV/c
% ALICE Preliminary

C. Shen et al., PRC 95, 014906
A Prompt B
V Prompt + Thermal

L1l

T T TTTT
| llIIlIll

| IIlIII|

Z STAR, 1.0 < p_<3.0 GeV/c
= Au-Au, sy, = 0.2 TeV (PLB 770, 451)
PHENIX, 1.0 < p_ <5.0 GeV/c
= Au-Au, sy = 0.2 TeV (arXiv:2203.17187)
m * pp, Vs =0.2 TeV (PRC 91, 064904)
pp fit x Tpa, Vs=0.2 TeV

| IIlIIII|

| III]III| | IIIIIIII | I[IIIII|

10 102 10°
dN/dn |n o

—
IIIII
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Power-law scaling of direct y yield vs N, proposed by PHENIX
for different systems and collision energies

* Integrated direct photon yield (1 < p;< 5 GeV/c) vs dN,/dn

Latest models describe the N, dependence for ALICE and STAR
Underestimates PHENIX data for semicentral to peripheral collisions
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Inclusive and direct vy v,

PLB 789 (2019) 308

Early emission of photons: high yield <= low v,

Ty = g0
Late emission of photons: low yield <= high v, K
Y ,inc y,dec
Jrdic _ Vol Ry — vy
5 =
Ry, —1
* Inclusive photon v, via scalar product:

S Qp S QF* » Reference particles:
us - —~2 us - —~2

Vo = « M%A»(é - b)) charged hadrons in VO-A, VO-C

Ve W) * Particles of interest:

photons

Decay vy v, from simulation based on measured meson v,

* R, from previous measurements: R, = Vi ~ (L) /(YYdecaY)
PLB 754 (2016) 235 Y}’decay Yo meas Yo sim
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Inclusive y v,

>~>(\I B T T T 1T T 1T ‘ T 1T ‘ T 1T ‘ T 1T ‘ T 1T ]
0.3 0-20% Pb-Pb, |s,,=2.76 TeV
B [o] v;’ ", ALICE ]
- 19 ALICE simulation 7
0.25— 7 "° hydro, Paquet etal. —
- /" PHSD, Linnyk etal. -
i Boxes indicate total uncertainties S 7]
0.2— _
0.15 - _]
- K ool ]
0.1— @ - mm“] ]
i o i
B 2 I.’I'Il' i
0.05/— % -
C 1111 ‘ L1 1 | ‘ 111 | ‘ | ‘ 111 | ‘ L1 1 | ‘ | ]

0 1 2 3 4 5

7
(GeV/ C)

* pr<3GeV/c: vyyinc= y,y.dec
= Either no contribution ofy,dir or v,Y.dir = y,v.dec

Theory ~ 30 - 40% too high

* pr>3GeV/c: v,¥inc< v, vdec

— prompt photon contribution
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- vy %, ALICE simulation ]
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= %\ - vh ™ PHSD, Linnyk etal. -
B Boxes indicate total uncertainties S 7|
02 —
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015 /@ 513 .
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Y (p'pmc)l Pmc

Momentum and mass resolution

mass resolution ~3.8% at ¢ (includes

0.12
A plp, = \(5.8%)+(p, 0.8%)? L bremss‘rmhlung contribution)
i %)> %)° - - 1 49
0.1-A PslPs = \(1.5%) +(p; 1.6%) T £30000(— Same Events o B
- /- 5 M K + -
:A Peomb/Peomb o/ -9 8 250001 Mixed Events s > T 3
0.08 ?/_ {} 20000 =
- it g‘ﬁ{ﬁ #F 150002_ Cc= (1 3.21 005) MeV _E
0.0 oD@ T ]| g : :
s 7 e + 10000
- - :
i /—K+ 5000
0.04 ’ -
- ~ __._ C o, ]
- W e 4000 Overlay Monte-Carlo _
0.02}0-4 3 3500F - E
i 3000F =
- 2500F =
o L1l L 111 L1l L1l L1l L1 11 L1l L1l L1 :_ — =
s 1 2 3 4 5 6 7 8 20005 G =(12.94/+0.10) MeV -
Puc [GeV/c] 1500+ E
10005 =
o o C E
op/p=27% @ 17%.p(GeV) so0. L
83 0.4 0.5 0.6 ,
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Centrality and N,,.. 0f 2000 data

D.Miskowiec, nucl-ex/0511010

g 10° >
— - L) L) L] L
A o e [ =
a102 .................. s il % 1000
g o, central(7%) q gg : Eg??
S : = 1 700 $ % NASO
L - RN R E| 800 2 A NA44
L . e E 0 ® CERES
. He | . % ¢ O NA49
| e e . feeemneeens ”*"X ---------- 400 5 [J NAS57
2 ; § Hi 4 e ® PHOBOS
g 10 ) i 10 it w0 A BRAHVS
*™ o 500 7000 500 2000 2500 i
MC amplitude 200 ¥
50% 20% 10% 5% Centra“ty ;
()

100

a0

80

10 10°
Vs (GeV)

Measurement done at 7% centrality
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Background rejection

1. Dalitz recognition:

TPC
* Rejection of tracks which form a pair — Signal for pairs with
mass » 0.2 GeV [/ ¢c2
-4
SIDC 112 10 per event

open pair

Tracks which form a pair
excluded

. from further pairing T Deliz and

Y Conversion decays

e ..still alarge number of tracks remaining from mass < 0.2 GeVic?

1 per event

n9-Dalitz pairs and y-conversions!

o 3 :
T Dalitz pair Conversion pair



dE/dx (arb.units)

Electron identification with TPC dE/dx

8
=3

Energy loss dE/dx
in TPC

100
0 o Iy ey e iy [ ! l L oo g
2 -15 1 05 0 05 1.5 2 —
log(p(Gev/c)) % 0 —| B new calibration
@ - Allison/Cobb 0.409N 38 2 402
- -
b

i_é 0.18—
5
% 0.16 .

o
—
1T 1T 1T T 1T LI

5(dE/dx)/(dE/dx)<10% N Tl
for all tracks used v .

6 8 10 12 14 16 18 20
hitsftrack



Dileptons

A. Drees Nucl. Phys. A830 (2009) 435

E | L ] | L I | L I | L I | L L | L E
© =
S 3
3 ]
8 E
P =
© _
E BE
E | I | ] | | I | | I I - I | I | I : """"
1 2 3 4 5

mass (GeV/cZ)

<

Late Probed time scale Early

a.marin@gsi.de, Physikzentrum Bad Honnef (2025)

hadron gas quark-gluon plasma
T \ p* q v3

et —

q et

Invariant mass allows separation of different collision
stages:

« M <1 GeV: hadronic

hadrons in medium, in medium modifications of vector
mesons, chiral symmetry restoration

« M>1 GeV: partonic

early temperature, partonic collectivity, thermal radiation
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Photon production: Feynman diagrams

7
qQ 7 q 7 4
QGP:
V
‘ ———p— P
g q q

Hadron gas:
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AN " at p°
— — . 1r+ 7
Dol Celal 5
T P e 7 -
_—— —lvvvvvwwx. — ;— p
+ 17* 7
N S o
- ~
/p: "* ~ /,‘I\ - — M
p° n* P 4
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Methods to measure direct photons

e Statistical subtraction method

* Measure inclusive photons and subtract photons from
hadron decays

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

* Tagging method
 Remove decay photons by tagging decay photons

* Hanbury Brown-Twiss Method
* Bose-Einstein correlation expected for direct photons
* Direct photon yield from correlation strength
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Direct photons: statistical subtraction method
and double ratio

Subtraction method:

N’y,dir — 4V~.inc

— N’y,dec — (1 —

~

RL) ) N%inc

Inclusive photons: All produced photons

Decay photons: Calculated from measured particle spectra with photon

decay channels (7%, n,...)

Double ratio:

N, ,inc N. ,dec
R’y — N’y,inc/N'y,dec ~ ( ;-0 ) / ( Zro
meas

>1 if direct photon signal

—
o

Ysourcelydecay

—_

IIIIII| o IIIlII||| T IIIIIII

-

10°

1072

1073

10*E- 0-20% Pb-Pb {s,, =2.76 TeV  Monte Carlo simulation —=

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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n tring

Fro

L
L=
g
g

NA45 /CERES-TPC
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d?N/dp,dy ((GeV/c)")

Transverse Momentum Distribution ¢— e*e- and ¢— K*K

d?N/dp,dy ((GeV/c)™)

LI

d°N  aN/dy

10" -
2 e e
100 0.5 1 1.5 2 25
p, (GeV/c)
|||||||||||| |||||I||||I_
Pb-Au 158 AGeV
1= —
\4
Y
10_1_— —
2
100 0.5 1 1.5 2 25

dedY B T(T+m¢)

T =306 + 82 (stat) MeV

eptee

mf ‘m¢
T

PRL96(2006)152301

dN/dy=2.19+0.52(stat)+0.34(syst)

at 2.1<y<2.65

T =273 + 9(stat) + 10(sys) MeV
dN/dy = 2.05 + 0.14(stat) + 0.25(syst)

at 2.0«<y<2.4


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.96.152301

The Sidc detectors

| 00— Run 2000 Pb-Au s=205 mm

> 800 [—
700 |—
600 [— P
500 |—

400 —

300 —

= JUUUUUUUUUGUL

1 1
-11.5 -11 -10.5 -10 -9.5 -9
z of vertex (cm)
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The RICH detectors

Richl Rich?2

transformation algorithm for
-Use of in mode (no Bfield)



EM Probes in Central Pb-Au/Pb at SPS

Comparisons with updated calculations

Di-Electrons [CERES/NA45] Photons [WA98]
x10°°
1-8_'{'|"'|"'|"'1 """ ] P11 L — —T ]

S Pb(158 AGeV)+Au ® CERES’00 10°F — - Hadron Gas ;
“E . (71(\7;) centrz;l) - z;rgji p+(1)+(])z 101%_ WA98 QGP (T0=205MeV)_;
> 14f <N, >=33 —- S I L 2 -
Aadil | oGP Lol pQCD (Ak =0.2)
o 120 - DY o —— Sum (a,=0.085)
S O 10k T 3
= 1.0F — total ] e~ .—. Sum (a;=0.045)  °
N | = total (no bar p){ O o[ ]
Z 08__ . -c E E
P : 2‘10-3'_
~ 0.6 - p>0.2GeV -
=R A 21<n<265 | O
Qg 041, "\ . ®ee>25mrad . 091045_
Z o Jfl ._‘__‘/,-’ : 10.5;_2.35<y<2.95

I Sl ol My S R et 3 -6: TR T SR T N P S R ST S h
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e very low-mass di-electrons <> (low-energy) photons

. 7 . ‘
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