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Nuclear matter in the universe

Temperature T [MeV]

Nuclei Net Baryon Density = Mg

At high T, up:
 Deconfinement phase transition: quark-gluon plasma (QGP)
Predicted at Tc =~ 160 MeV for ug=0 — QGP 100 000 times hotter than the center of the sun

» Chiral phase transition ( < gg > = 0)
Accessible through heavy-ion collisions: high 7 and ug = 0 at the LHC
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Heavy-ion collisions

MADAI Collaboration

Il g

0.1 fm/c 1 fm/c

g
- -

Initial State Hard processes Quark-Gluon Plasma Hadronization/ Hadronic decays
Hadron Gas

Heavy-ion collisions at the LHC:

» Little Big Bang in the laboratory: high T and up = 0 regime accessible by lattice QCD

* Highest-temperature, longest-lived experimentally accessible QGP
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Electromagnetic probes

MADAI Collaboration
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Real and virtual photons produced at all stages of the heavy-ion collision with negligible final-state interactions
— Probe the interior of the heavy-ion collisions

— Carry information from the whole space-time evolution of the system

Real photons: larger cross sections
Virtual photons: additional invariant mass . variable — disentangle contributions in time
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Electromagnetic probes
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Hadronic decays

Can study with thermal radiation:

» From the quark-gluon plasma (qq — e*te™...): Deconfinement

» From the hot hadron gas (z77~ — p — y* — e*e™...): Chiral symmetry restoration
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Chiral symmetry

Right-handed: Left-handed:
o o
p p
S S

Chirality = helicity for massless particles

e Chiral symmetry property of Quantum-ChromoDynamics:

* [In vacuum:
e Chiral symmetry broken

 Order parameter of chiral symmetry < gg > # 0
* Origin of mass:
* Naked quark masses: Higgs mechanisms
< 2% of visible mass
e Constituent quark masses: chiral symmetry breaking
> 98% of visible mass
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Chiral symmetry

Chiral partner splitting in vacuum
(Pseudo-scalar/scalar and vector/axialvector)

Right-handed: Left-handed:
Very challenging
. n > . p > to measure
S S
T . . : Energy (MeV)
Chirality = helicity for massless particles f, (1420)

Q, (1260) f,(1285)

e Chiral symmetry property of Quantum-ChromoDynamics:

f,@00-
 I[n vacuum: 1200)

 Chiral symmetry broken
 Order parameter of chiral symmetry < gg > # 0

» Chiral partners have # mass p: Shortest lifetime (1.3 fm)
Hadrons with same spin but opposite parity n (140) (Shorter than medium lifetime)

Vector mesons decay into eTe ™ /utu”
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Chiral symmetry

Right-handed: Left-handed:
o o
p p
S S

Chirality = helicity for massless particles

* Chiral symmetry property of Quantum-ChromoDynamics

. At high T

* Chiral symmetry restored: < gg > =0
Lattice QCD calculations: partially restored in confined phase

 Chiral partners have = mass and mix:
Medium modifications of vector/axialvector spectral functions

* In heavy-ion collisions:
* Modifications p spectral function in the hot medium

* Thermal production of p
Observed first at SPS energies CERES/NA45, PRL 91 (2003) 042301, NA60O PRL 96 (2006) 162302
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Spectral functions
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Deconfinement: temperature of QGP

» Invariant mass (M. ) use to disentangle:

e Thermal e*e~ from hot hadron gas
« And thermal e*e¢~ from QGP

e At intermediate Invariant mass:

Black-body radiation from static source ~ e %!

Here from the QGP integrated over space-time
— Access to early QGP temperature
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Thermal ee~ spectrum at LHC energies

'é-\ 102§ I I ER I B DR I GRS N N I [ D I | P DR | §
§ ~ Pb-Pb |5, = 5.5TeV Hadron gas E
3 ! 0-10% QGP A
= In,| < 0.85 Sum =
3 =
g p,, >0.2GeVic g
: A :
<10 E
=il o
107 : E
10°E | | E

0 0.5 1 1.5 2 2.5
M., (GeV/c?)

R. Rapp, Adv. High Energy Phys. 2013 (2013) 148253
P.M Hohler and R. Rapp, Phys. Lett. B 731 (2014) 103
R. Rapp private communication
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NAG60, AIP Conf.Proc. 1322 (2010) 1, 1-10
HADES, Nature Physics 15 (2019) 10, 1040-1045
ALICE, CERN-LHCC-2019-018

CBM, Nucl. Phys. A 982 (2019) 163

NA60+, SPSC-EOI-019

R. Rapp et al., Phys. Lett. B 753 (2016) 568

T. Galatyuk et al., Eur. Phys. J. A52 (5) (2016) 131
Lattice QCD, Phys. Lett. B 795 (2019) 15

SHM, Nature 561 (2018) 7723, 321-330

Deconfinement: temperature of QGP

Temperatures in heavy-ion collisions

— 400
> -
« Invariant mass (},.) use to disentangle: Q  _ | revsllaveragetomperaure :
+ - = 350 . —e— NAG60 —6— ALICE ITS3 - 3 nb™' (simulation, stat. only)
* Thermal e'¢ from hot hadron gas ~ - o Dilepton analyses
4+ 300F- % MAPES A CBW(simulaton) (Simulations for LHC)
e And thermal e'e from QGP - 5 NASOs (simulation)
250 : Model (Rapp et al)
: L : 200F
e At Intermediate invariant mass: n Hadron vields
.y : —EIT - J— - y.
Black-body radiation from static source =~ € 150
. - Hadronisation temperature
100 |
E IIS?_tItBC7e9(5}?2%19) 15
50 — SHM fit to experiment
u Nature 561 (2018) 7723
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Early temperature no accessible with hadrons
— Temperature at chemical freeze-out

Here from the QGP integrated over space-time
— Access to early QGP temperature
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Other sources of dielectrons

MADAI Collaboration ¢
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Thermal radiation from the medium are not the only source of eTe™ |

Probing nuclear matter under extreme condition in heavy-ion collisions with dileptons Raphaelle Bailhache

11



Other sources of dielectrons

MADAI Collaboration ¢
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Hadron Gas

Thermal radiation from the medium are not the only source of ete™ |

In addition:

* Light-flavour hadron decays — Can be estimated from measured hadron spectra

* Correlated heavy-flavour hadron decays
* Drell-Yan (negligible at LHC energies)
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Other sources of dielectrons

MADAI Collaboration

0.1

Initial State Quark-Gluon Plasma Hadronization/ Hadronic decays

Thermal radiation from the medium are not the only source of eTe™ |

In addition:
* Light-flavour hadron decays

— weak decays displaced from the interaction point

* Drell-Yan (negligible at LHC energies) D°
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 Correlated heavy-flavour hadron decays (very large at LHC energies) —//
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Other sources of dielectrons

MADAI Collaboration
0

Initial State

10 fm/c

Hadronization/ Hadronic decays
Hadron Gas

In addition: '*I_
* Light-flavour hadron decays i = 8 v
* Correlated Heavy-flavour hadron decays v
* Drell-Yan — Negligible at LHC energies >“N\<
q * 9 9
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Other sources of dielectrons

MADAI Collaboration ¢
g .
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Initial State  Hard processes  Quark-Gluon Plasma Hadronization/ Hadronic decays

Thermal radiation from the medium are not the only source of ete™ |

In addition: Main sources in proton-proton collisions

 Heavy-flavour hadron decays

* Drell-Yan (negligible at LHC energies)
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Other sources of dielectrons

MADAI Collaboration e’
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Initial State  Hard processes  Quark-Gluon Plasma ® Hadronization/  Hadronic decays
C(_: —DODO # e+e_
=+ parton contents Energy loss in QGP Recombination

Thermal radiation from the medium are not the only source of ete™ |

In addition: Main sources in proton-proton collisions
* Light-flavour hadron decays (no thermal radiation)
 Heavy-flavour hadron decays
* Drell-Yan (negligible at LHC energies) Modified in p-Pb (cold-nuclear matter effect)

and Pb—Pb (hot and cold-nuclear matter effect)
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A Large lon Collider Experiment

PEEREAW. Y. 'RAY) IAm ‘\A‘L \

Dielectrons measured at midrapidity ((|7.| < 0.8))
In the central barrel

e Inner Tracking System = = & may,,Ea
Tracking, vertexing, particle identification
 Time Projection Chamber
Tracking and particle identification
* Time-Of-Flight
Particle identification

| /,,/,/,/.
e (18 )

=

Results from Run 1 and Run 2 coming out

p & Pb-
Pb-Pb Pb-Pb 0-Pb P-p 5-Pb ob_Ph
Pb
2014 2016 I 2017 2018 I
454& qn N D FIF M| Aln[ | 1Al soin of S[FIMfAIM])]) [a] SJo[NID TFIM A M{J J]A S[o] JFMAM}) 1 [A[S[O[N[B{ITF g{AM 1[ITAIS[OM 3 TF

Lbng Shutdown 1 Run 2
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Baseline In proton-proton collisions

ALICE Phys. Rev. C102 (2020) 055204

&Q.)\ 102 §—i— | | | | | | | | | | | | | I | | | | | | | | | | | | | | | | | -f—g
3 — ALICE, pp e Data =
O_> <_O S 1oL Vs=502TeV,|n|<08 = Cocktail sum _
re 02<p_ <10GeV/c — Light flavor =
= ° _
= L Prees 8 GeV/c -- € —»e'e (POWHEG) |
Sl e +3.2% norm. uncertainty ~ --bb — e'e’ (POWHEG) =
clo e : —Jly - e'e,Jly - ye'e _:
e pp collisions at the same \/_ = 5.02 TeV = =
10—2 E_ \ o : | —§
« Data (pr. > 0.2 GeV/c) fully described by hadronic sources - V -
. , 1073 =—,”’ i ——
» Light-flavour hadron decays VE = VA
 J/y decays 107 ,.;— ''''''''''''' Sl _;
* Correlated open-charm and open-beauty hadron decays o N N e
10—5%’_! TN I T (N, oS T T TS T I !\!\&\!"!_E_
© '5 1;:5!& Eﬁ#—;*;:ﬁ;'_* * . —'—md:{:+::
Ao » - + =
O 05F E
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Baseline In pro

ton-proton collisions

v, K ALICE Phys. Rev. C102 (2020) 055204
A SRR S A A B B B
51‘ > = ALICE, pp e Data S
J/ S ol Vs=502TeV,|n|<08 = Cocktail sum _
Ie F 02<p_ <10GeVic — Light flavor =
.‘[M £ L Prge < 8 GeV/c -- cC —» e'e (POWHEG) |
K‘< '88 %8 + 5.2% norm. uncertainty  --- bb — e*e’ (POWHEG) %
B ; (o i —Jly se'e, Jy syee ]
cC and bb contributions dominant for 1.1 < m,, < 2.7 GeV/c? E =
and fitted to the data in m,, and pr . in this range 10°E Reeu: A E
— Sensitive to kinematic correlation between Q and ) o8- " — _
linked to the QQ production mechanisms EAR R e T B
3 104 —
. Q : Q = Q EI \\"'\\\:'\ E
Ei mq 10—5“_5_‘”*!””---!-!!!!.!!!!.!!!!!N!\&"rw_f_
. o g . g Ec;g 1.55— M _*ﬁ . —g
CDU S 1# ‘E#:#+'_¢_‘I_¢_.ﬁ * = -
Leading order Next Leading order oo =
Pair creation Flavour excitation Gluon splitting 0 0.5 1 1.5 2 2.5 3 3.5

M., (GeV/c?)

Dileptons complementary probe to study heavy-flavour physics at the LHC
19
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Dielectrons in proton-lead collisions

ALICE Phys. Rev. G102 (2020) 055204
Q‘J\ 104 ?T 1 I 1 l 1 L ‘ 1 I | | ' 1 l LI | 1 ] ] 1 1 [ 1 | 1 [ ' | | 15
O-» 3 - ALICE, p-Pb e Data =
3 e IS\ =5.02TeV, | | <0.8 = Cocktail sum N
zg F 02<p,_ <10GeVic — Light flavor =
= Y P <8GeVic -- ¢ - e*e’ (POWHEG x A) -
- 3 & 10°H- 4 3.70 - wshh 5 o%6 =
. p—Pb collisions at the same SNN = 502 TeV 8 g + 3.7% norm. uncertainty bo — e*e (POWHEG x A) =
-

11

—Jly - e'e,Jly > yve'e

b,
-

I TTTTI

* Input from independent measurements for the light-flavour
and J/y contributions

| 1 lllllll

* Heavy-flavour cocktail assuming simple scaling with the
number of binary nucleon-nucleon collisions from pp to p-Pb

— Deviation from vacuum expectation
seems to be below the sensitivity of the data

l llllll| 111

bl bao 4 n i
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Dielectrons in proton-lead collisions

a

« p—PDb collisions at the same 4 /sy = 5.02 TeV
* Input from independent measurements for the light-flavour
and J/y contributions

* Heavy-flavour cocktail assuming simple scaling with the
number of binary nucleon-nucleon collisions from pp to p-Pb

— Deviation from vacuum expectation
seems to be below the sensitivity of the data

Possible small contributions from thermal radiation
— Important to disentangle different e ¢~ sources
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ALICE Phys. Rev. C102 (2020) 055204
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Topological separation

ALICE JHEP 1809 (2018) 064

/b\ 10—1 El [ L I I | I | 1 | I I L I I I L 11 l§ ./
E - ALICE ® Data =
= - (s=7TeV | .
892l <08 p. >04Gev/c T Cocktail i y
< = ° Te —— Light flavour — e‘e",e'e’ X romp
_8 O — 0.14 < mg, < 1.1 GeV/c? ’
% — & PreS 8 GeV/c — — cc = e'e (PYTHIA) (CT 1 Solum
(03 — - - bb — e'e (PYTHIA) CT 8 470” m
E/ - + 3.5% norm. unc. on data not shown E
- s NAG60
1074 . = Eur.Phys.J. C59 (2009)
B E 2 2
ol _ DCA_ - \/DCA1 42, DCA’
10_25—!!!!,!!!!,!!!!,!!!!,!!!!,!!!! ,,,'ﬂ_;
é oﬂm DL, DCAece (prompt) < DCAce(charm) < DCAce(beauty)
-2 -
o1 2 3 45 6 7 8D - : (G‘)O Separate thermal radiation from heavy-flavour background
ee

Tested in pp collisions at4/s =7 TeV (Run 1)
— EXpect better separation power in Run 3 and beyond
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Central lead-lead collisions

-

« Study on going in central Pb—Pb collisions at

SNN — 502 TeV

(Here: only 30% of the Run 2 data, no use of DCAce)

e Hint for a low-mass enhancement

Factor 1.15 £ 0.18 (stat.) = 0.31 (syst.) = 0.17 (cocktail) in 0.15 <m,. < 0.7 GeV/c?
— Additional thermal radiations not in the cocktail

* Indication for charm suppression

1/N, dN/dm,, (GeV/c?)!
_p
®
A
o
)
<
O

2

N L L L LN L
ALICE Preliminary —- Data
—— Cocktall
| 0-20% Pb—Pb \(S_NN =502 TeV— n°—yete
£ 02<p__<8GeVic,Inl<08~ noyee
' —N—=Ye e, N—we e
— p—e’e
1E — m—e*e’, o—onlete

il e’ pomee, ponlee

=T —— ct—e*e (PYTHIA 6 x Ngy)
— bb—se*e” (PYTHIA 6 x Ny)
— Jly—ete, Jly—yete

at intermediate mass (1.1 < m_, < 2.5 GeV/c?)

Mandatory to use DCAce
to control heavy-flavour background
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See also ALICE Phys. Rev. C 99, 024002 (2019) for Run 1 data
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Peripheral lead-lead collisions

';\1O2EIIIIIIIIIIllllllllllllllllllllll
§ 10 i ALICE Preliminary
i = Pb-Pb |5, =5.02 TeV
53 1= p._>02GeV/c,|n,|<0.8 -
g o = p.<0.1GeVic =
_ : . T E E
« eTe™ at very low pair momenta in 50-70% and 70-90% most (o2b . Zggg; ga:a s =
= m -70% Data x =
peripheral Pb—Pb collisions at /sy = 9.02 TeV 103 7 Upper limits at 90% C.L.  _
= . Sum cocktail
- _ -
— Clear excess over hadronic sources 107E ——
10"6-E- =
* Lorentz-contracted passing nuclei produce electromagnetic fields: 107 g T -
* Strongest in the known universe 102k | T e =
( Up to 1075 Tesla, maximum electric field =~ ZeyL/bz) 10 . C
« Acting over a very short timescale (10™>°s at LHC) e I
T - S | * == '
% 0k
P "
8 ‘g_ ""‘“““‘—1—'"' """"""""""""""""""""""" B "““‘“‘L—%
B I & e e 7 T
m_, (GeV/c?)
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Peripheral lead-lead collisions

';_\102Illlllllllllllllllllllllllllllll
2 \of. ALICE Preliminary
8 Pb-Pb |5, = 5.02 TeV
38 1= P > 0.2 GeV/c, |n9|<0.8 =
< Sm E P, <0.1GeVc E
~| 3V E ' =
— - . < — -
» e"e” at very low pair momenta in 50-70% and 70-90% most 102 * [090Date B
= . - o ala Xx =
peripheral Pb—Pb collisions at /sy = 9.02 TeV 109 [ Upperlimits at90% C.L.
= . ——— Sum cocktall
— Clear excess over hadronic sources 0
107
* Lorentz-contracted passing nuclei produce electromagnetic fields: 107
. 10”7
Breit-Wheeler process .
: 3
10_9=E
Z,e —_— e_ 102% e
4 L PP => T@ -
e+ § 10
o =
- Z,e g _
" g - o 1

Quasi-real photons
IN beam direction

e"e” with very small pr .,
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Probing nuclear matter under extreme condition in heavy-ion collisions with dileptons

Status

ALICE timeline

2017 | 2018 | 2019 | 2020 | 2021

=

of Run 2

 Finalisation }

| analyses |

Toda

022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030 | 2031

ALICE 2
| Major upgrades installed|
| and commissioned, |
| verified with pilot beam |

Raphaelle Bailhache

2032 | 2033 | 2034 | 2035

[
0

| Letter of Intent |
under LHCC review |
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Long Shutdown 2 == ALICE 2

Time Proection Chamber
e GEM-based chambers
e New front-end electronics

— Factor > 50 higher acquisition rate

New and upgraded central detectors
Continuous readout of Pb—Pb at 50 kHz

—13 nb-'in Run 3 &4

- 02‘Computing Farm
* Online Processing of all events

* Relevant for experiments at LHC, FAIR
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LHC pilot beam

Run Number: 505673
Date: 2021-10-31 6:44:27

pp: ECM = 900 GeV
Detectors: ITS, TPC,MFT

pp collisions in October 2021 at \/_ =900 GeV

* Upgrades completed and detector performance confirmed
* Continuous readout and synchronous reconstruction verified

Probing nuclear matter under extreme condition in heavy-ion collisions with dileptons Raphaelle Bailhache
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Physics prospects Run 3&4
=0

 Anomalous soft-photon and -dilepton excess in hadron-hadron
collisions at lower energies reported by several experiments

« Data taken with a reduced ALICE solenoid magnetic field to 0.2 T
— Unique sensitivity to soft ete™ production at the LHC

First results from Run 2 low-B field data at LHC energies:
— Data above the hadronic cocktail by a factor:

1.61x0.13 (stat.)x0.17 (syst.)x0.34 (cocktail)

N 0.14 < mMee < 0.6 GeV/c2 & pree < 0.4 GeV/c

V. Hedberg PhD thesis, Lund (1987); DLS Collaboration, Phys. Rev. Lett. 61
(1988) 1069-1072; M.R.Adams et al. Phys, Rev, D27 (1983) 1977-1998; K.J.
Anderson et al. Phys. Rev. Lett 37 (1976) 700-802; A.Belogianni et al. Phys.Lett.
B548 no. 3 (2002) 122-128,129-130; J.Antos et al. Z. Phys, C59 (1993) 547-554
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ALICE Phys. Rev. Lett. 127 (2021) 042302

)

—_
<
\}

mb / GeV/c?
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107"

1072

Data/Cockt.
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ALICE
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pp Vs=13TeV,B=02T
0.075<p_ <10 GeV/c

1 In)<0.8 bT <04 GeVic

] lIIIIII|

« Data
— Cocktail sum
—n’ > ye'e
—n—>ve'e
—CC — e'e
— Light flavor (p+®+0+1')

02 0.3 04 05 0.6
m.. (GeV/c?)
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Physics prospects Run 3&4
O-> <-O ALICE Phys. Rev. Lett. 127 (2021) 042302

B | t t t t | t ] t t t t | t t t .
- Anomalous soft-photon and -dilepton excess in hadron-hadron - . Data MB aihty - Adi
. . . . 2 51— T.ee ' —
collisions at lower energies reported by several experiments L o Data mult. dependent e coh |
= 1<p, <6 GeVic .
* First results from Run 2 low-B field data at LHC energies: S . m.. <0.15 GeV/c? E
L] " " " [ () —
— Charged particle multiplicity dependence of the excess %1 i H P = 014 Govic -
. il I ! -
=~ i n o | -
Q':A 1_ f{.‘ }5 E O OO |
: PR WA TR Y SR TR TR SR NN SR SN S S RN T S S S R S S S :
0 0.5 1 1.5 2 2.5
(chh/dn)/(chh/dn>lNEL>O
| enhancement
region
Low- ﬁ Hiah-
mee g
Increase statistics by a factor 400 in Run 3 & 4 o
— Allows precise multi-differential analysis multiplicity pp events
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Physics prospects Run 3&4

Z. Citron et al CERN-LPCC-2018-07

—L

I Illllll

Excess m. spectrum over cocktail in Run 4
I D | I D B | I D | I D | I I
ALICE Upgrade Simulation

Rapp Sum (broad p)

Pb-Pb |5, =5.5 TeV

0-10%, L, =3nb"  ---——-- Rapp Sum (drop p)
At the end of Run 4: ITS3, B=02T = -eomem- Rapp Sum (vac p)
In | <0.8 —#— ‘meas.’ - cc - cockt.
. Time—averaged QGP radiation pT,e>0.2 GeV/c Syst. uncert. sig. + bkg.

» Patterns indicative of chiral symmetry restoration

—k
<
N

dZN'aW/dMeeoy (GeV/c?)’
o
l

-— - -d AL a
‘,'lv ol

Syst. uncert. cC + cocktail |

Fundamental questions will remain open, among them: G
q pen, 9 § 1001 . e dN,./dm,, ~ exp(—m,,/T)
» Partonic equation of state and its temperature dependence E BN}
* Underlying dynamics of chiral symmetry restoration i
10

— Call for a next-generation heavy-ion experiment
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ALICE 3

Cryostat with RICH TOF
solenoid and dipoles

 Compact
in super-conducting magnets

* Particle identification for -4 < 1 < 4:
TOF, RICH, , MUON

« Measure real and virtual photons at very low p/mee
(Forward converter Tracker for very low pr y)

Muon
absorber

Muon
chambers

FCT ECal

Probing nuclear matter under extreme condition in heavy-ion collisions with dileptons Raphaelle Bailhache 32



ALICE 3

 Compact
in super-conducting magnets

* Particle identification for -4 < 1 < 4:
TOF, RICH, , MUON

« Measure real and virtual photons at very low p/mee
(Forward converter Tracker for very low pr y)

Could be installed in ALICE L3
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Tracker

* Larger/longer MAPS-based tracker than ITS

* Retractable vertex detector
* Inside of the beam pipe In secondary vacuum
* Position of the first layer at mid-rapidity:
* Closed: r =5 mm (Run 4: 18mm)

/g 104E IlllI 1 | lllllll 1 1 lllllll 1 1 lllllli
El ALICE 3study e :
- n=0 R =100cm :
_9 3-_ min o
5 10F
% i Run 3 i
= - ALICE 3 -
C -
= i
Q. 105—
15— =
10—1 1 llllllll 1 1 lllllll 1 1 lllllll L L 1L 111l
1072 107 1 10 10°

P (GeV/e)

Probing nuclear matter under extreme condition in heavy-ion collisions with dileptons Raphaelle Bailhache 34



Tracker

* Larger/longer MAPS-based tracker than ITS

* Retractable vertex detector
* Inside of the beam pipe In secondary vacuum
* Position of the first layer at mid-rapidity:
* Closed: r =5 mm (Run 4: 18mm)

Expected DCA:c. distribution in central Pb—Pb collisions
inl.l <m, < 1.3 GeV/c?

x107

,’_-\ :_Il']l'Tl'lelI’]I'I'II‘[I'TI'II'II'II’I_
2 4—  ALICE 3 Study, Layout v1 —
< = 0-10% Pb-Pb, \s,, = 5.02 TeV ]
% 35 02<p _<40GeV/c,[n|<1.1,B=05T -
= - 1.1 <my, < 1.3 GeV/c?, TOF+RICH (467" rej) PID ]
< 3— — Total Cocktail =
25 - — Thermal 1
— o5l —ct—e'e (PYTHIA fitted to pp + EPS09) x N, _:
- —bb—e'e (PYTHIA fitted to pp) x N, .

2: — Light-flavour :

o Thermal radiation seen

as a clear peak at small DCAee

| } | — - - |
O.a—ﬁ[&.l‘l.ll.l1.11.1.11.11‘_.11.11.11.71.1.

0 2 4 6 8 10 12 14 16 18 20
DCA.,, (o)
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Background rejection

'T/\ 104 = T | T | -t T ] =
> E ALICE 3 Study — Sum .
; — o ) ] . —
@ 107" 0-10% Pb-Pb, 5y, = 5.02 TeV Rapp In-meditim SE
= = | Rapp QGP =
%; oL TOF+RICH (4o, 1e)), B=05T il wio o -
§°’ = 0.2< Pro< 4GeVic,n | <08 — ¢t —>ee E
O . .
- 10 l\l No bremsstrahlung included —bb — ee _
= -
& I -
< 1: =
i ]
10715 =
I I I I | | | | | | | | | | | | | | [ | | | a

0 0.5 1 1.5 2 2.5
- (GeV/c 9)

Pb—Pb central

Reject heavy-flavour
with DCAee

L1o4=lll|llllIll|lllIlllllllllllllll[lll]lll[lllIl;
o~ = =
© [F ALICE 3 Study — Sum =
 1goL- 0-10% Pb-PD, |5y =5.02TeV  — Rappin-medium SF  _
%: = TOF+RICH (40xrej), B=05T Rapp QGP -
& 102l 02<p <4 GeVic,In) <08 — cocktailwiop -
R E No bremsstrahlung included —CC—ee %
3 1ol DCA, <120 —bb—ee h

] : =
Z =
T ===== ALICE 2 tracker S

107 =

107 =

10°E —

1074 &

L1 |Mmm —
0 02 04 06 08 12 14 16 18 2 22

Mg (GeV/e ?)

QGP thermal radiation and T measurements for m_. > 1.4 GeV/c?
limited with ALICE 2 — significant improvement with ALICE 3
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Physics performance studies ongoing

Dielectron elliptic flow |

Electrical conductivity of the medium ¢°

Differential early T measurements measurements o ato—at | g
™~ 0-5 | | I | l I I 1 | I || ] 1 I || 1 Vla e e a Very OW pT ee an mee
A400 LI l LB I UL I LI I UL l IR I I = - - ?
> - . ALICE 3 Study
2 ALICE 3 Study T - | 30-50% Pb-Pb, {5y = 5.02TeV, L =33.6 nb’ ] &
— | 0-10% Po-Pb, ysy=5.02TeV | ] . TOF+RICH (40, rej), B=05T 1 S 0.\ ALICE 3 Study — S b::kgf;‘md |
= c e _E00Tay et T —ee + =
350+ Lint - 56 nb’1 —_ — G 02 < P, <4 GeVie, | <1.75 — 8 E 0-10% Pb-Pb. ys,, =502Tev. :] oo 4 X =
B m—— ) A No bremsstrahlung included e >, t P <003Geve y n' —ee + X i
T - . DCA,, <1.20, 0.65< m_ < 0.75 GeV/c 2 - T 1% P — ee =
- - - ce ce —o— 5 . -
300 1 _ " v, from PRC 101 044904 (2020) ] EON N o e ((+ >>(<)) 3
i 1 i — a —+—— ----- 0 — - -
. ¢ prompt dielectrons —— J E A
T . - & excess dielectrons ] < = — HAD larger o
i 1 N - —— . & B —— HAD smaller o¢°
250 T ) - il § 10 21— —
I :: : '- -‘ : @ :
oook FitRange: 1.1 < mg, < 1.8 GeV/c? T _ i § 10 % e TN =
= - il - ""'-I ~ M, . Vo -
@ Tfit (stat. UncC. Only) T j - ———— — ; ALICE 2 2
T . _ o - | .
real s ! = 2
150 -.0-.4_4 l (B | ] | l | Y ] | I | I .| I | I N[O | l 1 111 I | — — ; ;
0 05 1 1.5 2 25 3 0-4 i RN W W W NN TN TN TN S NN SN S | ] K : Fi B
I l S R R IS N RN U N RO U RO AU RS U U DR SR L0 Y I SNl IO A S S et e OV T
. P, ., (GeVic) % 1 2 3 1075 0.05 0.1 0.15 0.0 0.25 0.3
ALI-SIMUL- 221 ’
ALTI-STIMUL-499204 pr'oe (GeVIC) mce (GGV/CZ)

ALICE 3 Letter-Of-Intent under LHCC review
(just endorsed by the ALICE Collaboration)

Non-dielectron physics topics not covered here... ALICE 3 Workshop

https://indico.cern.ch/event/1063724/
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Summary and Outlook

First dielectron results with ALICE Run 1 and Run 2 data...
... anol a Lot more to come with the next data-taking campaigns

Probing nuclear matter under extreme condition in heavy-ion collisions with dileptons Raphaelle Bailhache
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Central lead-lead collisions

« Pioneering study in central Pb—Pb collisions at 4 /sy = 2.76 TeV

(Run 1 data, no use of DCAce)

e Hint for a low mass enhancement

Factor 1.38 = 0.28 (stat.) = 0.08 (syst.) £ 0.27 (cocktail) in 0.15 < m__ < 0.7 GeV/c”

 Data compatible with:
* Vacuum cocktalil
* But also models including thermal radiation
No sensitivity yet

, Hadronic sources
FPartonic sources form <12 GeV/cE

q ' . ,,.—é > ' e’
S, X >,

Probing nuclear matter under extreme condition in heavy-ion collisions with dileptons

ALICE Phys. Rev. C 99, 024002

Data
_AUCE L Cocktail sum
_ Pb-Pb, |5, = 2.76 TeV, 0-10% === f_;*y?eeee
N p., >04GeVic,|n <08 uwww Wyee
© . & R w—ee & ®— X ee
> 0—ee & ¢ - nee
g ] e i
9) ; ”*“‘ii%%:pmme’
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2|E8
Ols
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~I="107°
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e
O
©
o
-0.5 T — - — .
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Soft dielectron production in pp at /sy = 13 TeV

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

b
o

(.g 10':-l 1 l LI ] o I L I L IEE LI I LI I LI l LI I LI I R §
: > 1 « Data >
Acceptance corrected excess yield 8 [ ALICE I . in-med. hadr. [Rapp} O
compared to theory predictions: S 4 ppVs=13TeV,B=02T | —hadr. bremsstrahlung |, o
Ef , {1 £
5 |,7e| < 0.8, p. < 0.4 GeVic 1t 0.15 £m.. 0.6 GeV/c >
Data reproduced: % | T 8
S 10 E3 H107'
O ; =+ O
: : 0 E—t— ¥ s
* Neither by calculations for bremsstrahlung = IR : i | %
from initial- and final-state hadrons e = o HH T f + + |
 Nor by predictions for thermal dielectron production ? ? i | : PIE]- -
ol \_ | 1 J1o°
3 + M LUy
-l | l Ll 1 1 I | | I | I I | - 1-- | - I L1l I Ll 1 l | | L1l i
0.2 0.3 0.4 0.5 0 0.2 0.4 0.6 0.8 1
m.. (GeV/c?) P, . (GeVIC)
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Peripheral Pb—PDb collisions at , /sy = 5.02 TeV

L 105] UL I L I L I L I L I LR I | IE 0l4 < mee < 0l7 GeVI&
= - - -3
<§ : AL|CE Prellmlnary o '.- 3 XJOI L | l L L I LI I LI L I L I L I LI ] LI I LI L l L L
. - ) -~ - N
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2 - . - 5l o 7
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—|F1072 = : . : = 3 N -
<~ E  Calculations without detector resolution effects: = 2 F .
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103 --- -~ Thermal (R.Rapp et al.) _ N -
-~ _ 11— 1
107 —= N N
i s . 0.5 ] : —
10° [ E -/ N
= i . = - e Excess = Data - cocktall -
- ol Upper limits at 90% C.L. N —
108 = : L — - Calculations without detector resolution effects: ~
= i LN = n Photoproduction (Klusek-Gawenda et al.) -
- 5 e - =W EE SIS NS S W A SR S SR -
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Detector overview

» Cover -4 <7 < 4 rapidity range
 Trackers
* At mid-rapidity: 11 layers with first layer at 5mm (ITS3: 18mm)
* At forward- and backward-rapidity: 2x12 discs
* Particle identification at mid-rapidity:
* Inner TOF at 20 cm: electron identification (elD) down to pr = 0.015 GeV/c for B =0.5 T (ALICE: 0.075 GeV/c for B =0.2 T)
* Outer TOF and RICH at about 1m: elD for p <2 GeV/c, Kand p up to 10 and 15 GeV/c
* Pre-shower or ECAL detector: elD at larger p, photons
* Ultra-soft photons with Forward Converter Tracker

ALICE 3 overview

™. n=125
50 - | _

7.5
e _ ol

20 |
E
e 1.5

1.0

0.% T — — ",;»;"/’P-

. § . - : _ -~ :
..... N - | L I ]‘-.--FFQF——’—fl ] L | I I IO RER M “Th=d0
0.0 — Eﬂ 7 6
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Dielectron excess

Chiral symmetry restoration

e Subtract hadronic light-flavour (LF) cocktail and residual heavy-flavour background

 Additional source of uncertainties from the subtraction
Exact numbers under investigation

« Comparison with different p spectral functions:
 Vacuum p spectral function
* In medium p spectral function w/o p-ai chiral mixing
* In medium p spectral function w/ p-a1 chiral mixing

Expected to be sensitive
to details of the p spectral function up large mee with ALICE 3

Probing nuclear matter under extreme condition in heavy-ion collisions with dileptons Raphaelle Bailhache
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Dielectron excess

Early-time temperature

« Fit the m_. spectrum to extract T: dN/dmeg ~ exp(-mee/T)

* Extracted T:
* 1.5% statistical uncertainty

« 2% sys. unc. from charm assuming fully correlated sys. as a function of m_,

Statistics will allow
more differential measurements of T with ALICE 3

Probing nuclear matter under extreme condition in heavy-ion collisions with dileptons

Raphaelle Bailhache
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Excess eTe™ raw spectrum with uncertainties
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Dielectron elliptic flow

0.65 < m,. <0.75 GeV/c?

Dielectron v, in 30-50% central Pb-Pb collisions

INP OOP ~ 0.5 | | | | | [ | [ [
7 1 N“" =N | | |
Vprompt — ; ~ ALICE 3 Study |
2 4 R, NINP 4 NyOOP © [ 3050% Pb-Pb, {sy=5.02TeV, L =33.6nb’ |
‘G [ TOF+RICH (4o, rej), B=05T -
5 047 02< p, <4GeV/c,n|<1.75 ]
NINP, NOOP. prompt ete™ yields in- and out-of-plane ﬁ - Nobremsstrahiung included , —
R, : resolution of the reconstructed event plane i DCAg, < 1.26, 0.65 < mg, <0.75 GeVie O ]
0.3l V2 from PRC 101044904 (2020) -
L& prompt dielectrons © ¢ -
~ @ excess dielectrons * B
i . ]
0.2— _
Expected dielectron elliptic flow for all (prompt) and excess dielectrons . 5 -
in 30-50% Pb-Pb collisions i i
0.1— o _
* v2 values based on calculations by Gojko Vujanovic et al. - -
I Stat. unc. only ]
» Statistical uncertainty estimated for 6 years of data taking - 13 — o | | | -
(Absolute stat. unc. independent on vz for NINP ~ NOOF) % 1 2 3
PT.ee (GeV/c)
Statistics will allow Pre-shower detector under study for higher in pree/Mee
Vv, measurements as a function of m_. and p .. with ALICE 3 Access to pre-hydrodynamic phase
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Electric conductivity

dN

Iim X O
pr—0 pTdpT

el

 Thermal dielectron spectrum and low-p direct photon yield connected to electric Example of spectral function with spectral peak
N DL AL R A I B A B LR

conductivity of the medium o at very low mass and pr

&‘ -
o 10 H left: spectral peak at _
. . el . el o | =0.1, 0.2, 0.3
» Wide spread of the predicted ¢" values: 0.001 < ¢%'/T < 0.1 . a,=0.1, 0.2, 0.
| = 4 o h t to broadest)-
Very poorly constrained by the current measurements = (sharpest to broadest)
3 -
S 5
* Latest calculations by R. Rapp: -
Width of the thermal dielectron spectrum at low prec as sensitive as the peak at m,, =0 &
7P
« QOutside of ALICE 2 acceptance 0

Energy q°/T

G. D. Moore and J.-M. Robert arXiv:hep-ph/0607172
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Electric conductivity

. dN el
lim X ©
pr—0 prdpT
Central Pb+Pb s"“=5.5ATeV

« Thermal dielectron spectrum and low-p direct photon yield connected to electric 10— Ll e
conductivity of the medium c°! at very low mass and pr 1 .
<N_, >=1940 QGP )
p y, [<0.75 —HAD )

. Wide spread of the predicted ¢° values: 0.001 < ¢%'/T < 0.1 10 —HAD I

Very poorly constrained by the current measurements

q, <0.03GeV

—
GI
8]

* Latest calculations by R. Rapp:

Width of the thermal dielectron spectrum at low pree as sensitive as the peak at m_.. =0 ALICE 2
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by | | l
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R. Rapp, EMMI Workshop 13.09.2021
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Electric conductivity

Compare thermal dielectron yield at low m_. with cocktail of light-flavour hadron decays
without single pt cut on electrons

,Z\ 103 :_' et ettt '_: — T T T T T T T NN I Y I Y I B B B B
O - j - P \ : 5
2 AUCE3SWdy e O jol\  ALICE 3 Study —poansum
8 0-10% Pb-Pb, v SNV 5.02Tev. N ee+ X m > E 0-10% Pb-Pb. {s.. =502 Tev 7 T~ — ee + E
= 10° = & £ \lp_<003Geve | T n—oee+X -
~N = <~ ilee ... ... n —ee+ X n
< - > 8 p—ee =
® 10 N 'UCD ----- o —ee(+X) =
,_§ = = SO ----- O —ee(+X) A
-~ 7:-\‘“ . . ‘U 10_1 E_ QGP _E
< f 1 Going to very low pr .. S - — HADT, .
< 1E = S - — HAD no T, -
5 E E ‘U>I 0—2 - —
Z F - > E - -
S = =" —_ :
10 = — — — 7
T T : 10° R L gl m =
- -] = Yeos-- A v oy =

B N N
102 bt el e ST —= 3 -
= Integrated over pT -------------- = 104 > A e o
; : : pT 2 0,03 GeV/c ;
1078 11 I T A AT T 1==1-1 ‘r, [EE TS BN R SN T BN S s : no
0 0.05 0.1 0.15 0.2 0.25 0.3 10—5 TN T DU TS SN O B B [ 1 ST SN R SN N LU BRIV TLt

0 0.05 0.1 0.15 0.2 025 03

2
m.. (GeV/c?) m... (GeV/c?)

Some room for possible measurements above m_o for pr .. < 0.03 GeV/c: measurements of Y, 1 mesons crucial at very low p
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Electric conductivity

Compare thermal dielectron yield at low m_. with cocktail of light-flavour hadron decays
without single pt cut on electrons

/Z\ 103 :_I | | | | [ [ | | | | | | | | | [ | | | | | | | | | | I_: — : T T T T | T T I T | T T I T T T T T | T T T T | T T T T :
3 ALICE 3 Study — Cocktall Sum - 2 ¥ oL\ ALICE 3 Study — Cocktail Sum 7
® 0-10% Pb-Pb, {s =5.02Tev voeer X S E\ 010%PbPb |s.=502Tev m—oee+X S
Q1w noeer X & <003Gevic | T n—>ee+ X Z
----- n — ee + X = 9 - > ee + X 5
%\ ‘ p —ee a N 1 i 3
§8 0 ----- o —ee(+X) ~ v@@ : =
:\‘\ ----- _: O) :
R - S o
~ B - : < 10 3
NZ - 1 Going to very low pr .. S - .
) =y = e\ B |
> - —

Q — - ‘U o .
>k - q 102 .
~ N _ = ~ =
p— e | ~— _!‘ —

107 = = — B _
B T T e . 10°", =
1072 = —— k ]
- "z 107 - &=
10—3 I N N R R B N I..-I..'l"l--L \}, ol b "—(‘ [ e ; ' | & J— :,
0 0.05 0.1 0.15 0.2 0.25 0.3 o) T N Y R AU N A [ 111 g R A BN LA

1075 0.05 0.1 0.15 0.2 0.25 0.3
5 -
m.. (GeV/c?) m.. (GeV/cd)

« Some room for possible measurements above m, , for pr .. < 0.03 GeV/c: measurements of Y, 1 mesons crucial at very low p
 Need to go lower in pt . than ALICE 2
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Ultra-soft photons in pp collisions

« At very low pr, y produced mainly via inner bremsstrahlung = bremsstrahlung of initial and final hadronic states

k
e .k
P p-k _ p p+k 7
p1+p2—p3tpatk p3 ’)@3/\/%
pZ p4 p2 R:]

« (Cross-section computable without model- and process-dependence (Low-theorem)
knowing the momenta of all incoming and outgoing charged particles (charge conservation)

— Related to infrared structure of quantum field theory
Francis E. Low., Phys.Rev.Lett. 110 (1958) 468

 Several measurements of soft photon production performed previously (BNL, AGS, CERN SPS, LEP)
observed excess (factor ~ 5) in association with hadrons compared to inner bremsstrahlung expectations

— Soft-photon puzzle
For an overview: see K. Reygers ALICE 3 Workshop 19.10.2021

Probing nuclear matter under extreme condition in heavy-ion collisions with dileptons Raphaelle Bailhache
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ALICE 3 soft-photon strategy

 Reactions/Systems where to look:

« Clean exclusive process like pp — pprtn~y

» Precise calculations for pp — ppz™ 7~y exist

* Inelastic (hon-diffractive) pp collisions

 Reactions/systems with higher charged particle multiplicities

— Take advantage of the large rapidity coverage of ALICE 3:

* Jo select exclusive process

* To measure charged particle multiplicity in more complicated reactions/systems

 Rapidity where to measure:

 Need to measure y with pr < 5 MeV due to decay y background n

* Low £ photon measurement possible down to £ =~ 50-100 MeV via conversion
Gain a factor 10, 27 and 74 in py goington = 3, 4,5 (E/pr = cosh(n))
— Forward Conversion Tracker covering 3 <7 < 5

Probing nuclear matter under extreme condition in heavy-ion collisions with dileptons

Raphaelle Bailhache

Cryostat with RICH TOF
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absorber
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Deconfinement and hadronisation

* In proton-proton: hadronisation via string fragmentation
* In QGP: coalescence/thermal production contributions

 Multi-charm baryons:
 Charm quark produced in initial hard scattering
* Multi-charm baryons: produced mostly via coalescence

— Large enhancement in AA (large o_;)

— Sensitive to the equilibrium properties of charm in the QGP
ALICE: charmed baryons, ALICE 3: multi-charm baryons
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Deconfinement and hadronisation

SHM predictions

* In proton-proton: hadronisation via string fragmentation u,d,s only particles in black
and (multi-)charm states in red

* In QGP: coalescence/thermal production contributions f—: 10 Pb-Pb |/S,,=5.02 TeV 0-10%
« Multi-charm baryons: :; Te
* Charm quark produced in initial hard scattering D io0'L
* Multi-charm baryons: produced mostly via coalescence % : d(_Duble
— Large enhancement in AA (large o) 107 ¢ single -
— Sensitive to the equilibrium properties of charm in the QGP 107 F
ALICE: charmed baryons, ALICE 3: multi-charm baryons 10_45_
1075 £ SHMc, T, =156.5 MeV

- do__/dy=0.532 + 0.096 mb

10—6.. A I S . I B, B
15 2 25 3 35 4 45 5

Andronic et al, arXiv:2104.12754 Mass (GeV)
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Deconfinement and hadronisation

* In proton-proton: hadronisation via string fragmentation Charmonium states

* In QGP: coalescence/thermal production contributions

 Multi-charm baryons:
* Sensitive to the equilibrium properties of charm in the QGP
 ALICE: charmed baryons, ALICE 3: multi-charm baryons

 Quarkonium measurements beyond S-wave States:
» Measurements currently limited to S-wave states: J/W, W(2S5), Y (nS)

* Y., X, states with ALICE 3 down to pr=0

mass (GeV/ c?)

JPC s O-+ 1- 14— 0++ 1++ 2++

2.8
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Deconfinement and hadronisation

* In proton-proton: hadronisation via string fragmentation
* In QGP: coalescence/thermal production contributions

 Multi-charm baryons:
* Sensitive to the equilibrium properties of charm in the QGP
 ALICE: charmed baryons, ALICE 3: multi-charm baryons

 Quarkonium measurements beyond S-wave States:
« Measurements currently limited to S-wave states: J/W, W(25), Y (nS)

* ¥., ¥, states with ALICE 3 down to pt=0 Possible nature of X(3872) state

 Heavy-flavour exotica:
e X(3872) discovered in 2003: nature not clear
Measurement down to low-pt with ALICE 3
* Many other states expected but not yet discovered

D
D°-D™° “molecule”  Diquark-diantiquark
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Heavy-flavour probes of the QGP

 Parton-medium interactions via heavy-flavour correlations

« An, A correlation of heavy-quark pairs:
* radiative energy loss (small broadening)
 collisional energy loss (larger broadening)
e “thermalization” (randomization)

ALICE 3: DD correlation over wide rapidity range

 Energy loss and approach to thermalization:
* Photon-HF jet correlation:
ALICE 3: down to low ptover wide rapidity range
* Heavy-flavour baryon flow (including beauty):
ALICE 3: A, A, v2 down to low pr

* Heavy-flavour jet substructure....

Probing nuclear matter under extreme condition in heavy-ion collisions with dileptons

DDV correlation

‘DO/‘/PQCD medium ‘DO/A/pQCD medium
radiative energy loss

1/Q

collisional energy loss
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Non-QGP physics

WA102 at CERN SPS: Photon production
in pp collisions at 450 GeV/c

* Ultra-soft photons:
60000

e At very low pr, ¥ produced via inner bremsstrahlung
— Cross section computable without model- and process-dependence (Low-theorem)
* Very low pt means: y wavelength exceeds dimension of any hadronic or nuclear system

— Easier to reach in small systems (pp collisions)
* Previous measurements: excess of soft photon in association with hadrons
ALICE 3: test Low-theorem in pp collisions

N, /(2MeV /c)

~ 50000
40000
30000

20000

e Others:
* Nuclei: search for super-nuclei (light-nuclei with c)....
* Interaction potentials between charmed baryons and nucleons via femtoscopic correlation
 Beyond Standard Model studies (axion-like particles...) 2

10000

- ® Data—BG

~ d)

i A Brems

@ 0<20 mrad

| A

AT A _+2+_

e, .

s - n s =

Lo b I A A A A

0 0.005 0.01 0.015 0.02
P; (GeV/c)

Belogianni et al., Phys. Lett. B548, 129 (2002)
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Luminosity projections

* Ongoing discussions with machine groups to establish projections for 2030s
e Current assumptions for physics projections:

levelling limited by machine

0-0 Ar-Ar Ca-Ca Kr-Kr In-In Xe-Xe Pb-Pb

PP

(WY (e 3.0-10%2 9.5-10®  2.0-10® 1.9-10® 5.0-1028 2.3-1028 1.6-1028 3.3-10%/

EYOY (- B 3.0-103%2 2.4-10%2 3.3-10%2 3.0-10%2 3.0-10%2 3.0-1032 2.6-10%2 1.4-10%2
VN Gl mVA ) 5.1-100 1.6-108  3.4-102 3.1-102 8.4-10' 3.9-100 2.6-107 5.6-10°

N (pb-1 / month) SIS 409 550 500 510 512 434 242

* Total luminosity increase 2-10 x wrt to Run 3 + 4, depending on collision system
(Larger increase for lighter collision system)
Run 3 + 4: 13 nb-1 Pb-Pb, 200 pb-1 pp
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