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Quark Gluon Plasma - the playground of QCD
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Lattice QCD predicts state of deconfined
QCD matter at high temperatures — QGP

Governed the fate of the early universe in
the first few microseconds

Can be produced in heavy ion collisions
(HICs) but for not quite as long



Final state hadrons

A. Andronic, P. Braun-Munzinger, K. Redlich, J. Stachel,
Nature 561 (2018) no.7723, 321
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Final state hadrons
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Photons and dileptons

* are produced at all stages of the collison
* leave the system without strong FSI — soft but penetrating
» messengers of OGP properties

hard scattering, thermal QGP thermal hadronic
pre-equilibrium (T >T, (T <T,
hadronic decays
m,n,n, w0 ¢,]/YPcc bb
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Dileptons

1/N, dN 2/dM,dy (GeV/c 2)’

. . . . t
« dilepton vield: space-time integral over thermal 2 2 = -
P y P g S (;{ Rapgand?Warr%ch er Phys, J. A 8199@ o o
emission rate: S

o

@ »~

fBE(qO' T) mHEM (meer q,Up, T)

d*xd*q E ]

* mass dependence allows separation of collision - :
stages e ‘ ‘ -

B o T

I . N - o} g

* QGP radiation dominates at m,, = 1 GeV - N S
- o c.g .

N @ @ i

o Lo

e structureless spectral function allows most direct & I g
temperature determination from exponential in m.,, Do hadronic QaGP -

no blue shift St .
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Dielectrons at the LHC

1/N, dN 2/dM,dy (GeV/c 2)’
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Dielectrons at the LHC

1/N, dN 2/dM,dy (GeV/c 2)’
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Dielectrons at the LHC

1/N,,, dN %dM,.dy (GeV/c 2"

evt
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* Pb-Pb at the LHC produces the largest, N ]
hottest and longest-lived QGP, but o =

* Large combinatorial and physical b -
backgrounds R B cocktail: AL|CE| ‘ | ‘ i
o L .

* Inthe Intermediate Mass Region (IMR) (1— ol %‘% ‘T"i’%%g%
2.5 GeV/c?): B To.gal g8 2]

n o © % 8]

> thermalee™/HF < 10% = T o, 457

» heavy-flavor contribution must be 5 o]

M w : _|
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Dielectrons in Pb-Pb — Run 2

Pb-Pb results from Run 2:

* |ndication for low-mass enhancement

* Cocktail: HF based on EPS09 and HFE Ry,

> Possible QGP contribution in the IMR not 10"
resolvable within systematic and statistical

unertainties

ALICE, Phys. Rev. C 12 (2025) 5, 054906 arXiv:2308.16704
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Dielectrons in Pb-Pb — Run 2

ALICE, Phys. Rev. C 12 (2025) 5, 054906 arXiv:2308.16704

LA N N L B L L L ) L B B B B

ALICE [e]Data

Pb-Pb results from Run 2: =
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* Cocktail: HF based on EPS09 and HFE Ry,

> Possible QGP contribution in the IMR not 10"
resolvable within systematic and statistical

Pb-Pb@5.02 TeV

II|I'I.I.I.| !lIIIJlJl IJlllILIJ lJJJlLLL| IIJIJJII. Ll

] I I|I|I'IT| T [III]H[(I_J,'.‘.IJJI I

-2
unertainties 10
* Measurement of thermal QGP dielectrons at the LHC 0% T N ==
requires much more statistics and a cocktail- =
independent approach via precise tagging of 2 3
secondary electrons from HF decays JF. SF
A
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- Upgrade TPCand ITS
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The ALICE TPC
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Run: 244918

Time: 2015-11-25 10:36:18
Colliding system: Pb-Pb
Collision energy: 5.02 TeV
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ALICE 2 in Run 3

dE/dx (arb. units)

ALICE

Pb-Pb 5.36 TeV

LHC22s period
18th November 2022

16:52:47 893

ALICE, JINST 19 (2024) P05062, arXiv:2302.01238

Harald Appelshduser, Unlocking the QCD phase diagiai, ocpieim

New TPC readout system

* GEM-based readout chambers
* new electronics, continuous readout

Run3pp, Vs=13.6TeV
3.4 x 10°events, B=02T

= ALEPH Bethe-Bloch fit |§

10 1 10
p/ Z (GeVic)
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ALICE 2 in Run 3

New TPC readout system

GEM-based readout chambers
* new electronics, continuous readout

New Inner Tracking System (ITS2)

CMOS MAPS technology
* better resolution, less material, faster readout

g ALICE Performance
ALICE z Run 3 Pb-Pb, ys,y=5.36 T
Pb-Pb 5.36 TeV 2 In| <0.8
LHC22s period 5 10°
18th November 2022 Q_W-’ « b-proiectio
:52:47 8 . N Rt
16:52:47 893 kol NN Run 3 data
g . Run 2 data
o *e
[ .
ALICE, JINST 19 (2024) P05062, arXiv:2302.01238 107 :
g T e
E Tt REN
"ﬁ.‘ “ A
At least 1 hitin the 3 innermost ITS2 jayers | %esten_¢-|
At least 1 hit in theiinnermost ITS layer
107" 1 10

Harald Appelshduser, Unlocking the QCD phase diagram, September 7-9, 2026 - Dar mstadt



TPC Upgrade 2019 >

Harald Appelshduser, 61st International Winter Meeting

16
on Nuclear Physics, Bormio, Italy
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The ALICE TPC
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The ALICE TPC
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The ALICE TPC
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Prof. Braun-
Munzinger,
there is dust in

Harald Appelshduser, Unlocking the QCD phase diagram, September 7-9, 2026 - Dar mstadt
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Mission accomplished 2020

Harald Appelshduser, 61st International Winter Meeting

22
on Nuclear Physics, Bormio, Italy



ALICE TPC in continuous readout

* upto in Pb-Pb

* upto in pp
e data rate off detector

* afteronline reco




ALICE 2 in Run 3

Integrated luminosity (nb™)
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* 6.9 nb* achieved in Pb-Pb = factor >100 compared to Runl
* 157 pb™* achieved in pp = factor >1000 compared to Runl
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ALICE 2 in Run 3

Integrated luminosity (nb™)
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ALICE 2 in Run 3

Pb-Pb results from Run 3:

*  First preliminary Pb-Pb result from Run 3
(2025 data only)

*  Low-mass enhancement compatible with
Run2

*  HF suppression in IMR
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ALICE 2 in Run 3

ALICE, Phys. Rev. C 12 (2025) 5, 054906 arXiv:2308.16704 HP 2826
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* Dielectrons at the LHC: precision era has begun
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Topological separation of dielectron sources

2 2
b, - |DCA: ;DCAz

* DCA,. allows separation of prompt from delayed dielectron sources

Harald Appelshduser, Unlocking the QCD phase diagram, September 7-9, 2026 - Dar mstadt
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Topological separation of dielectron sources
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* DCA,.. allows separation of prompt from delayed dielectron sources
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Topological separation of dielectron sources
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* DCA,.. allows separation of prompt from delayed dielectron sources
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ALICE2 — dielectrons in Run 3

1072

1073

107

107

CTTT I L I TrTT I TTT l L L TTrT I TTrT LI T T]
ALICE Performance b
= 0-90% Pb-Pb, |5, = 5.36 TeV E
- p,,>02GeVic, I <08, (An,/002F + (A, /057 >1 ]
n.l I
Em® 3
P ]
- i
o --l'i_ .
.
[
L L T Pb-Pb -
E o.. bt 3
- . **'.'—.— . _
i - . ]
S ‘e, 3
- * ]
C oo ]
- + -
B -+, +, i
E * 0.08<m, <0.14GeV/c? + + E
- = 1.10 <m,. < 2.70 GeV/¢? + +_+_ h
| I L1 1 I 111 I 111 | 111 ‘ L1 1 | 111 I L1l | 111 I 111
0 2 4 6 8 10 12 14 16 18 20
DCAZ, (o)

) 1 LI | LI I LI | LI B | L LELELEL I LI I I =
© ]
3 ALICE Performance -
O -
Zg Eg 107" 0-90% Pb-Pb, |5, = 5.36 TeV B
3 l“: P, >02GeV/c,|n) <08, (An,/0.02F + (Ap,/ 05F>1 3
| 20 ' :
10 3
10° ” . P b - P b -

3 h-ﬂ""""'.. E

i - ]

- - |

104 A PP 3

Z Py e e L E

- - 3

. —DCA;, integrated +++++ i

10°E o DCA% <10 =

d n|

- = DCAL>20 +

10—6 L1 11 | L1l I L1l | Ll | Ll | L1 1l I L1l I Ll |_1=

0 05 1 15 2 25 3 35 4

m,, (GeV/c?)

* DCA,. allows separation of prompt from delayed dielectron sources

* Next step: extract thermal signal and QGP temperature in intermediate-mass region
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T from IMR dileptons

e Early system is gluon dominated at the LHC
t(gg»99) <« (99~ 99

* If quarks are suppressed, so is EM radiation



T from IMR dileptons

e Early system is gluon dominated at the LHC
t(gg»99) <« (99~ 99

14
* Quark undersaturation changes EoS 12 -

10 A

g/T?

o N BB O @

0.1 0.2 0.3 0.4 0.5 0.6 0.7
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T from IMR dileptons

Early system is gluon dominated at the LHC

(g9 = 99) <K (99~ q9)

. . N; =2
* If quarks are suppressed, so is EM radiation N Pure ?a"ge
2nd order JI‘?}EI‘
. vy 04)?
e Quark undersaturation changes EoS
trig .
s 7] crossover ., -

* If quark equilibration is slow, a 1st-order
,pure-glue”“ YM phase transition may occur

&
s

phys. point L’

e

2nd order
y Z(2)

Harald Appelshéuser, Unlocking the QCD phase diagram, September 7-9, 2026 - Darmstadt
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T from IMR dileptons

e Early system is gluon dominated at the LHC
(99 - 99) <

* If quarks are suppressed, so is EM radiation

e Quark undersaturation changes EoS

* If quark equilibration is slow, a 1st-order
,pure-glue”“ YM phase transition may occur

* EM emission is favored from mixed phase 2
plateau of ,early temperature®?

7(99 — qq)



T from IMR dileptons

Early system is gluon dominated at the LHC
(99 - 99) <

* If quarks are suppressed, so is EM radiation

e Quark undersaturation changes EoS

* If quark equilibration is slow, a 1st-order
,pure-glue”“ YM phase transition may occur

* EM emission is favored from mixed phase 2
plateau of ,early temperature®?

Tirin (MeV)

(99 = q9)

H. Stoecker, L.M. Satarov. V. Vovchenko arXiv:2603.24219
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New QCD phases

* Distinct quark and gluon crossovers can be a real feature of QCD

TA

~ 285 MeV

~ 160 MeV

Deconfined
Screening Gluons Quarks

Entro,;y" X

Confined

Glueballs

Mesons Fujimoto, Fukushima, Hidaka, McLerran
Baryons Phys. Rev. D112, 074006 (2025)

~ 923 MeV 1B

* SQGB: stringy quarks with thermal excitations, but confined
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Test of quark equilibration - polarization

* Dilepton polarization signals the degree of quark equilibration

<(Beos0-132>
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» Zero-crossing characteristic for quark underpopulation and relaxation time
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T from IMR dileptons at the LHC

< 500
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The cold case - ,anomalous’ radiation in small systems

Direct soft photon excess over hadronic decays o2 prps xperimentat SR, V. edberg (Diss., 1987)
observed in mtp, Kp, Up, pp, p-Be at different = Tora backaround ) 3
- == =——— n° Dalitz decay -
energies and kinematic ranges K " M Dalifz decay 1
- 10-3 \ === W Dalitz decay —
et E \ —— - {® Y- conversion =
% C \t'\_ ¢ + E
Hadronic Bremsstrahlung could not account forit 2 - \ N, i :
'E 10~ = \ —
> E\\ \ ! ' 3
Relation to Low’s theorem < C o EN ]
. ' N BN
5 105 e N ~ -
E |I "'--...______._“_- \.\ ,E
Indications of excess also observed in the virtual : : '““"‘:-: =
~ 1 . -
photon sector: e*e , Lo 1 . L
0 0.1 0.2 0.3 0.4 05 0.6

Mass of e*e” pair (GeV/c?)
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Run2: pp at 13 TeV with low B-field

2F
5E

ALICE, Phys.Rev.Lett. 127 (2021) 4, 042302

T
| ALICE

c ppVs=13TeV,B=02T
0.075<p_ <10 GeVie
In|<0.8, bT 4o <04 GeVie

{mb / GeV/c)

&

w
o
T

«10°%
T

Basanas
+ Data

+£5% Global unc. -
not shown ]

g 2r 1 %
Sist [DT 8 o .
® L ®
Eoqat '—'}—‘ 5 Ml et ef e
0102 03 04 05 06 0204 06 08 T 12 1.4
M, (GeV/c?) P e (GeV/c)

* Dielectron enhancement over hadronic
cocktail observed in m < m,, <0.5 GeV/c?

e Reminiscent of low-mass enhancement from
AFS at ISR )
0 E\\‘. T

Total background
n® Dalitz decay
N Dalitz decay
—=— W Dalitz decay

dle*e"/n®) / dm (GeV/cd)™!

Mass of e"e” pair (GeV/c?)

* Uncertainties do not allow yet firm conclusion
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Run3: high-statistics pp with low B-field

ALICE, Phys.Rev.Lett. 127 (2021) 4, 042302

%107
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3 18 +5% Global unc. 1 Eaoeh e ' 3
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20 : £ 109k ", 4
i 15 - 35 107 .'. A 3
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] [ esssessernayetasse?
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I I N N Mol b LT ] ?oo 3
: of . 3r E rg 1
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MMee (GeV/c?) P (GEVIC) e ALICE high-statistics data at low B from Run3

now available to close the case
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Summary

Dileptons are unique probes to study the early phase of heavy ion collisions
The upgraded ALICE detector will allow us to study the phase structure of QCD at the LHC

Future opportunities with ALICE3 — see Raphaelles talk

& 500
() E Fireball average temperature
= 450 = ®-NA60 -©-ALICE 3- 35 nb” (simulation, stat. only)
~ 400F ™ HADES -+STAR —+PHENIX
- ~- CBM (simulation) &
350 5 naos (simutation)
300 Model (Rapp et al.) ‘
250
200
= @ o0
150 hd
E Hadronisation temperature
1 00 = Lattice QCD
= PLB 795 (2019) 15
50 - SHM fit to experiment
- Nature 561 (2018) 7723
O: 1 1 Illllll 1 1 IIIIII| 1 1 IIIIIIl 1 1 L b--4:08
3
1 10 10° 10 10

sy (GeV)
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Erice 1998
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Happy Birthday Peter!

44



Harald Appelshauser, Unlocking the QCD phase diagram, September 7-9, 2026 - Darmstadt

45



	Slide 1
	Slide 2: Beyond chemical freeze-out
	Slide 3: Quark Gluon Plasma - the playground of QCD 
	Slide 4: Final state hadrons
	Slide 5: Final state hadrons
	Slide 6: Photons and dileptons
	Slide 7: Dileptons
	Slide 8: Dielectrons at the LHC
	Slide 9: Dielectrons at the LHC
	Slide 10: Dielectrons at the LHC
	Slide 11: Dielectrons in Pb-Pb – Run 2
	Slide 12: Dielectrons in Pb-Pb – Run 2
	Slide 13: The ALICE TPC
	Slide 14: ALICE 2 in Run 3
	Slide 15: ALICE 2 in Run 3
	Slide 16: TPC Upgrade 2019
	Slide 17
	Slide 18: The ALICE TPC
	Slide 19: The ALICE TPC
	Slide 20: The ALICE TPC
	Slide 21
	Slide 22: Mission accomplished 2020
	Slide 23: ALICE TPC in continuous readout
	Slide 24: ALICE 2 in Run 3
	Slide 25: ALICE 2 in Run 3
	Slide 26: ALICE 2 in Run 3
	Slide 27: ALICE 2 in Run 3
	Slide 28: Topological separation of dielectron sources
	Slide 29: Topological separation of dielectron sources
	Slide 30: Topological separation of dielectron sources
	Slide 31: ALICE2 – dielectrons in Run 3 
	Slide 32: T from IMR dileptons
	Slide 33: T from IMR dileptons
	Slide 34: T from IMR dileptons
	Slide 35: T from IMR dileptons
	Slide 36: T from IMR dileptons
	Slide 37: New QCD phases
	Slide 38: Test of quark equilibration - polarization
	Slide 39: T from IMR dileptons at the LHC
	Slide 40: The cold case - ‚anomalous‘ radiation in small systems
	Slide 41: Run2: pp at 13 TeV with low B-field
	Slide 42: Run3: high-statistics pp with low B-field
	Slide 43: Summary
	Slide 44
	Slide 45


  𝜏 ( g g → q  q - )


  𝜏  (  g g → g g )           ≪    


  𝜏 ( g g → q  q - )


  𝜏  (  g g → g g )           ≪    


  𝜏 ( g g → q  q - )


  𝜏  (  g g → g g )           ≪    


  𝜏 ( g g → q  q - )


  𝜏  (  g g → g g )           ≪    


  𝜏 ( g g → q  q - )


  𝜏  (  g g → g g )           ≪    


  𝜏 ( g g → q  q - )


  𝜏  (  g g → g g )           ≪    


    thermal    e +  e − /  H F ≤ 10 %


    d  N  e e   d 4 x  d 4 q = −    𝛼 2   𝜋 3  m  e e 2  f  B E  (   q 0 , T ) Im  Π  E M (  m  e e , q ,  𝜇 B , T )


   𝒎  𝒆 𝒆 ≳ 𝟏   GeV


  𝛾


  𝛾


  𝛾


  𝜋 ,   𝜂 ,    𝜂 ′ , 𝜔 , 𝜚 , 𝜙 ,  J / 𝜓 c  c - , b  b -


  ( T   <   T c )


  ( T   >   T c )


   𝛾 ∗


   𝛾 ∗


   𝛾 ∗

