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What's in the box?

- Imagine having a black box with water inside

- How to know what's really inside?
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- Imagine having a black box with water inside
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Water phase diagram
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QCD phase diagram

l'Early Universe The Phases of QCD

£ LHC Experiments

- The QCD phase diagram can be investigated in
the same way

- High temperatures and low net baryon density
are reached in heavy-ion collisions at the LHC

- Deconfined (strongly interacting) quark and
gluons — the Quark-Gluon Plasma

- Partons moving over distances larger than the

. . Critical Point . /_
typical size of hadrons Hadron Gas c
Superconductor
. R R . R Nuclear /
Main physics goal in heavy ion physics! Matter _ Neutron Stars

900 MeV
Baryon Chemical Potential
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Deconfinement

Computations from lattice QCD identifya 12
critical temperature T,

— T>T_deconfined phase, quarks and

gluons are the degrees of freedom
— T<T_:confined phase, hadrons are the

degrees of freedom 4
Systems with energy densities > 1GeV/fm?3
produce a deconfined medium

T [MeV]

130 4 170 210 250 290 330 370

T.=154+ 9 MeV Us=o

The thermodynamic properties of the medium can be derived from the
measurement of final state particles (x, K, p, ...)




Heavy-ion collisions
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Evolution of a heavy ion collision
At

| Deconfinement of
elementary degrees of
freedoms
(quarks and gluons)

Thermalization

i TSy Collision

Energy density > 1 GeV/fm3
7
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Evolution of a heavy ion collision

From lattice QCD: T, = 154 MeV

Phys. Rev.D 90, 094503 (2014)

For comparison

____________________________________

Temperature in the Sun
. core ~ 0.01 MeV

Thermalization
T,=< 1 fm/c

At

Critical — T¢
temperature

________________________________________

. Re-confinement of
. elementary degrees of
. freedom
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Evolution of a heavy ion collision
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Abundance of produced
| particles
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Thermalization
T,=< 1 fm/c
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Evolution of a heavy ion collision

t
Hadrons decouple from the medium A Kinetic /)Tio 'Zch Te

freeze-out

Momentum distributions of
produced particles

___________________________________________

Thermalization
T,=< 1 fm/c
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Evolution of a heavy ion collision
Particles leave the \ Freeze-Out At

collision area and
can be detected

______________________________________

Thermodynamic properties
of the medium can be
accessed by measuring m,
K, p production

Thermalization
T,=< 1 fm/c
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Taking a pctgll;e to a collision

ALICE

— More than 20000 particles are produced
in central Pb-Pb collisions at Vs, = 5.02 TeV

— More than 98% of the produced particles
are i, K, p with p; <2 GeV/c

https://cds.cern.ch/record/2108293



From large to small systems
At the LHC:

Heavy ion collisions complemented by
smaller collision systems QIR 2005 2011 ML 2 ()
0.9,2.76, 7,8 TeV 5.02, 13 TeV
Nucleus-nucleus (AA) R © PP €
D F t GP [_. t, p-Pb 5.02 p-Pb 5.02,8.16 TeV
econfinement, Q ormation Pb-Pb 2.76 TeV Pb-Pb 5.02 TeV
Xe-Xe 5.44 TeV

— Testing QCD phase diagram
— Particle production ruled by thermodynamics and collectivity

Proton-nucleus (pA)
— Control experiment for AA
— Used to disentangle cold/hot nuclear matter effects

— Surprising features in high-multiplicity events

Proton-proton (pp)
— Baseline for both pA and AA collisions
— Similarities to AA in high-multiplicity event
First pp collisions (900 GeV) of Run 3 at the end of last October
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Whole-lotta particles to measure

P A E‘. QSl:range content

Light flavor hadrons K 0
have only u, d, s quarks

Heavy flavor ’
hadrons have 1|J

also heavy quarks J /,q_, > K*

Not exhaustive! = sp*+ Do = A*

16



Investigating
the QGI:r phase
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Nuclear modification Factor: R, ,

— Useful information on the QGP can be obtained from hard probes i.e. highly energetic
partons produced in hard scatterings

Partonic energy loss in the medium due to
gluon radiation and collisions with the

E
medium partons
. (d2N/dydp,),,
AR (Nco[[) (dzN/dyde)pp

— No QGP is expected to form in pp collisions
— R,, quantifies the difference between Pb-Pb collisions and the sum of {(N_,) incoherent

collisions i.e. quantifies the effect of the presence of the medium

18



Nuclear modification factor R,

AA
R,,accounts for the modification ofthe _, o 1+ N .
o I o ht p Pb \Su = 5- 02 TeV NSD (ALICE) ]
[ = b, Pb-Pb (ALICE
medll?um o1n the particle spectrum 1 e ECMS) ) 4 7 PP |5 — 276 ToV, 0-10% (M)
AA < : . o Sy =2.76 TeV, 0-5% | | % W*, Pb-Pb |'s,, = 2.76 TeV, 0-10% (CMS).
particles are absorbed or lose their g:: 1.6 [l ¥ 2° Pb-Pb s, = 2.76 TeV, 0-10% (CMS) -

energy in a medium opaque tothe @ , ,¢
color charge (QGP) '

- R,=1: 1.2} i
the presence of a dense medium R CURTRUR. e S SN 5 B N h
cannot be seen on the produced '
particles 0.8 ]

— Only color charged probes are 0.6 1
affected by the presence of the E @ ]
medium 0.4 ‘

— vy, Wand Z bosons are unaffected by 0.2 1
the medium as they cannot lose | | o
energy via gluon radiation OO' “10 20 30 40 50 60 70 80 90

Different hadrons gives information of Alicg, PRL 110 (2013) 082302 CMS, PLB 710 (2012) 256
ALICE, PLB 720 (2013) 52-62 P (GeV/ C) CMS, PLB 715 (2012) 66

quark interaction with medium T CMS, PRL 106 (2011) 212301



Measuring the system at the
kinetic freeze-out

At Tio ¥
o
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Light Flavor hadro_n spectra

o 1pp (s =5.02 TeV

Pb—Pb |5y = 5.02 TeV

Uncertainties: stat. (bars), sys. (boxes)

;r 10-20% x 2° |+ 20-30% x 2°

;r 30-40% x 27 | ©|40-50% x 2° -

r |E|50 60% x 2° |z|6070/ x2*

3 .7080/ x2° | x|80-90% x 22

Eos/xz“ [#]5-10% x 2" "% *"9:::#%
L]

10 1
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— Mass-dependent hardening of the soft part with increasing centrality due to the
collective expansion (radial flow)

— Depletion at low p_and enhancement at intermediate p_
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Blast-Wave model

The Blast-Wave model describes the particle distribution at the kinetic freeze-out as a result of
the expansion of a thermalized source

— The Boltzmann-Gibbs statistics is used as an initial thermal distribution

— The expanding source causes a mass dependent hardening

— The expansion velocity and decoupling temperature are free parameters of the model

e e e — — o

d°N [ pysinh(p) m,cosh (p)
b d p’ “{ o T i 1 T kin rar
- ri"
- my=Vm’+p;  p=tanh (B,  Br=B

Schnedermann, Sollfrank and Heinz Phys. Rev. C 48, 2462

—_— e e e e - — — — — —— —

» B, — radial expansion velocity
» T. — kinetic freeze-out
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Blast-Wave model: B.vs T .

slightly increases with the
collision energy

g 0-2_T|""I""[""IT"'I'T"I""l"T'I"“I'_
& 0.18F- 80-90% “ . =
= i e Increasing 4~ The free parameters of the
= DN multiplicity : BW model are obtained with
014 5.02 TeV R E a simultaneous Fit
0.12- 2.76 TeV & LYY - = to the m, K, p p,-distributions
0.1 @ 5
0_08:— Global Blast-Wave fit to %\ —:
E n (0.5-1 GeV/c) , K (0.2-1.5 GeV/c) , p (0.3-3.0 GeV/c) E _______________________________________
0.06F" 4 yspu=276Tev =3 - Maximum expansion i
0.04 4 ys=5.02TeV = velocity is reached in the
002 g o o ae ooy | mosccentralcollisions
ALICE, PRC 101 (2020), 044907 . — The expansion velocity !
PRC93 034913 (2016) B

— Central collisions exhibit the lowest kinetic
freeze-out temperature (~85 MeV)

— The temperature decreases with increasing collision energy — longer lived system?
23



Measuring the system at the
chemical freeze-out

7

24



Thermal model

— At the chemical freeze-out, the system (hadron resonance gas) is in thermal and chemical
equilibrium
— The particle abundances in a thermalized medium can be derived as a function of its

thermodynamic properties (temperature and volume) by writing the system's partition
function

— In heavy-ion collisions the grand-canonical ensemble is used

_____________________________________________________________________________

— The quantum number conservation (baryon number, strangeness, electric charge) in the
reaction is ensured by chemical potential 4, that can be fixed from the quantum number
of the initial stage

25



Yield, d/dy

Thermal model to descrlbe parl:lcle ylelds

1(')3 g

107 £

1072 £

104

102 g
10" g
100 £

10°3 g

105 g

106 £

® Data from the ALICE Collaboration

—— Statistical hadronization

Matter and antimatter

produced in equal amount! 3

'_._”_._' Pb-Pb {(syy = 2.76 TeV, 0%-10% centrality

Andronic et al., Nature volume 561, pages 321-330 (2018)

T (MeV)
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Parameterizations
Statistical hadronization
[1 dN/dy yields E
O 4ryields 3

Limit reached
at the LHC

101 102 108

Vs (GeV)

Single chemical freeze-out temperature for all particle species (common source) in central
Pb-Pb collisions T_~156 + 1.5 MeV

This value is in close to the critical temperature T_(~154 MeV) obtained from lattice QCD
— phase transition is close to chemical freeze-out

26



Antimatter Factories with heavy ions

\/s [GeV] . | | |
10 107 10° 10* T 10 P ALICE
N L L ST RIS A ~ 10 l d/p|AA~1/300
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S 107 Y g 3 ~ 1038
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o] .‘-.‘ ‘~\ H". -~ -
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= ALICE ¢ PHOBOS 107 Eo-m/o Pb-Pb, |/, = 2.76 TeV “ “
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Phys. Rev. Lett. 105, 072002 (2010) Ay 1071 | | | |
1 2 3 4
ALICE, Phys. Lett.B 800 (2020) 135043 A

— Matter-antimatter ratio at LHC ~ 1 independently on the collision system
— Production rates strongly depend on the mass number and collision system
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Nuclei Formation by coalescence ]

10‘3
5“25X """""""""""" LI IR LRI L [ X
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- tied . Nl - B d3N 4 é\ 5 d3 Ny n )
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B I NS Lo s b s by s bya vy vy v oy N
i (A-1)
5 10 15 20 25 30 35 40 45 50 By = *F 3 1 M+ Nucleus mass
ALICE, EPJC 82 (2022) <dNCh/dn|ab>|n |<0.5 ¢ A ! te— Nucleon mass

3
Coalescence momentum /
— (Anti-)nuclei can be formed at kinetic freeze-out by coalescence of nucleons close enough
in phase space
— Production depends on the coalescence probability B,

- B, measured extensively in small and large systems %



Antimatter as dark matter “smoking gun”

Dlstance to the Galactic Centre (kpc)

WIMP Dark
Matter Particles
Ecm~100GeV

Channel of
interest

Y / Gamma-rays

-

.

Neutrinos

\\V“
+a few plp, d/d
Qntl-matter

P

anti-proton
anti-deuteron

®p p

anti-helium3

pou (GeV cm™)

1072 1071

10° 10!

p+p—"He+X
*%Lé_/\
b/ 3m+p—>Y

p+*He — 3%M
r+r—= WW > He+ X

Voyager
A

e, p
® =DM

0.100
Distance to the Galactic Centre (kpc)

ALICE, arXiv:2202.01549

— Anti-p and anti-n are produced by WIMP annihilation into SM channels

=160

10 1
Distance to the Sun (AU)

— Anti-deuterons and anti-*He are produced via coalescence of anti-nucleons
— No anti-nuclei as primary cosmic rays (only nuclei = mostly protons and helium)
— Secondary anti-p, anti-d, anti-*He produced by interaction of primary CR with the

InterStellar Matter (pp, p-He, ..

.) = background for the DM signal

29




The dark matter source

P. von Doentichem et al., JCAP08(2020)035

Anti-nuclei Flux from Dark Matter depends on the O e . o D"M:e """"" ”
details of the particle physics model and the DM W Pouin etal. My u = 100 GoV

Korsmeier et al.
m _=71GeV

X% —bb

=== 1 M. Kachelrief et al.

A

density in a given point of the Galaxy

Nan Li et al.
m _=1TeV
w—qq i
M. KachelrieB etal. :
m_ - =100 GeV

3
IIIIH| T I\IIHI| I \IIIIII|

In particular:
— thermally-averaged annihilation cross section

Antihelium flux [m® s sr GeV/n]"
5 s

into SM channel ="
- DMmass, e.g. 70 <m_,, < 100 GeV/c M . W E
— energy spectrum of the products 1010

— DM density in the vicinity of the solar system
107"

107"

]
Kinetic energy per nucleon EI<in [GeV/n]
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The background source

Secondary anti-nuclei can be produced by spallation
reactions of primary CR with ISM, e.q.

p+p—)a+X p+3He—>a—|—X
P+p—d+ X p+3He - d+ X

— Depends on the cross-sections for p production
in pp, p-He, p-A

— Achieved via the coalescence mechanism (as for
DM) — different anti-nucleon distributions
coalescence momentum unknown

In addition, a tertiary CR component: d+p —>d+ X
d+3%He 5 d+ X

Distribution of matter in the Galaxy
Copyright: ESA/Planck Collaboration, 2016
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Towards precise estimate of anti-nuclei flux

Anti-matter flux predictions for signal from DM and
background from secondary/tertiary CR require as input:
— Coalescence mechanism
— Coalescence momentum Distribution of matter in the Galaxy
— Cross-sections for anti_p prOdUCtiOn in PP, p_He' p_A Copyright: ESA/Planck Collaboration, 2016" ’

To measure at the collider!

Flux calculations sensitive to the astrophysical details, i.e.
how particles propagate in the Galaxy:
— Acceleration by Super Novae remnants
— Diffusion in the galactic magnetic fField (~uGauss)
— Energy loss / gain (for loosely bound nuclei, break-up
dominates)
— Solar modulations (matter mostly at low E, where DM
signal prominent)

Tuned on astrophysical
measurements

32



Constraining background to DM searches

220

>180 pHe — pX 04< p_<07GeVic

i o p+He
Fixed target experiment with the LHCb SMOG system § W s ————
— Versatile collision system TRE | | E
— Energy scale Vs, =110 GeV typical of the cosmic ray B v *
collisions with the InterStellar Matter | -
— Accessible range of the anti-proton kinematic spectrum = 8w}, &
of interest for cosmic processes -
— Crucial measurements for improving the precision of E;‘g_
the secondary p cosmic ray Flux prediction = L - n .
— Critical to interpret measurement of spaceborn o e _
experiments caE v T
§ mn ey rine
Y e -

]

| 1 | 1 |
20 40 60 80 100
p [GeV/c]

LHCb, Phys. Rev. Lett. 121, 222001 33



¢ [(GeV/n) 'm2s~Tsr)

B. measurement improving DM searches

1073 T ||||||| TTH 1073 T T Tirrorr] T LI B =

- p,=1 60 MeV/ o - :

10~% § S BESS limit - 10~4 WSS BESS limit -

[ GAPS sensitivity 3 [ GAPS sensitivity 3

100 AMS-02 sensitivity 7 — 1001 AMS-02 sensitivity .

1073 = | i 107° =

= - =

= i =

..................... { e : IU) ....................: { :_ — Secondary CukKrKo :

106 .~ —— DM CuKrko — I 106 = —— DM CuKrKo e MED-MAX =

§ MED-MAX — Secondary Cukrko § B _E § MED-MAX §

;L MED-MAX - 2 . T 7

107 = = < 107 =

i g > 3 F =

- - g - m

= 3 © = 3

-9 -9

10 = Tertiary CuKrKo €| 10 E_ = Tertiary CuKrKo _EI

MED-MAX - - MED-MAX ]

10-10 1 Ll 1 L1l L 1 L1 10-10 1 el 1 C ol L1
101! 10° 10! 10¢ 107! 10° 10! 102

T/n [GeV/n] M. Korsmeier et al., PRD 97 (2018) T/n [GeV/n]

Predictions are updated with LHC coalescence parameter measurements
Coalescence momentum p, constrained: ma TP

Predictions For DM signal increased by >10x 27 mpym, 6

Predictions for background flux increased by 2-3x B,~0.01 — p, ~ 250 MeV/g4



Conclusions and outlook

Heavy ion collisions can be used as a large set of "tools”
— Understanding of soft and hard QCD processes

- AA, pA, pp are to be seen as a single block they are all needed to

understand the underlying dynamics
— Antimatter factories to explore detector effects and contribute to dark
matter searches = needed from experiments at the collider:

- Understand antinuclei fFormation in DM decays
— Understand antinuclei fFormation in background reactions
— Understand interaction of antinuclei with matter to determine the

transparency of the galaxy
Future experiments with upgraded detectors will collect data at higher
luminosity and providing measurements with unprecedented precision!
— Focus will be on hard probes (charm and beauty quarks) and on rare
probes (light nuclei and hypernuclei)
— Impact will be more incisive also on dark matter searches! 35




Partonic energy loss

Kinetic freeze-out

‘l

3 3
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® Data from the ALICE Collaboration
104 F —— Statistical hadronization
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And way way more!
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