


Production and characterization of the QGP
at the LHC



Kinematic variables

_ 2 2
Momentum and transverse momentum: P =\/PL tP7r

Transverse mass: my := {/m? + p2

- . Y . 1. 1+8, 1. E+pg
Rapidity (generalizes longitudinal velocity 8. = p./ E): ¥ := arctanh 5, = D) In -3, =5 In E—p,
- Inacollider where 2 beams of different ions: . — %m jlf;

. . 142
- In fixed-target mode: yorr = (Yearges + Yhoam) /2 = Ybeam /2
The rapidity can be approximated by pseudorapidity in the ultra- »
relativistic limit (p>>m): "
midrapidity
_11 E—l—pcosﬁp%mll 1—|—cosq9_11 2(:0823 —ml g . n=-1 n=+1(0=404°

Y75 nE—pcosf} T2 nl—cosﬁ/_ 2 n251n2§ Il ) B

cos(2a) = 2cos’a —1=1—2sin’a

n=-2 n=+2(0=154°
where 9 is the angle between the direction of the beam and the
particle n=-3 n=1+3(6=57°)
- Backward Forward
In general y # n, especially at low momenta. (pseudo)rapidity (pseudo)rapidity
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Geometry of heavy-ion collisions 1/2
We can control a posteriori the geometry of the collision by selecting in centrality.

Centrality = fraction of the total hadronic cross section of a nucleus-nucleus collision, typically
expressed in percentile, and related to the impact parameter (b)

beam axis

Collision,/
overlap’zon@&!

participants

Other variables related to centrality:
N, humber of binary nucleon-nucleon collisions
Npart Number of participating nucleons
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Geometry of heavy-ion collisions 2/2

More central, ie. “head-on” collisions
— smaller impact parameter

— larger overlap region

— more participants

— more particles produced

More peripheral collision
— larger impact parameter
— smaller overlap region
— less participants

— fewer particles produced

Centrality is determined by counting the number of particles
(multiplicity) or measuring the energy deposition in a region
of phase space independent from the measurement, to
avoid biases/autocorrelations in the results.
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Rapidity distributions in HI collisions

Before the collision: beams with given rapidity

E.g. at RHIC:

- peeam = 100 GeV/c per nucleon

- Egean = V(M 2+pgean?) = 100.0044 per nucleon
- B =0.999956, ygeam =100

- YBeamt = -YBeamz = 9.36 2> Ay = 10.8

After the collision, 2 possible scenarios

1. Nuclei stopping
—  ForVsyy ~5-10 GeV (AGS,...)

2. Transparency
— For Vsyy > 100 GeV (RHIC, LHC)
— nuclei slow down to lower y and y
— particles are produced with a “plateau” at midrapidity

dN/dy

Before the collision

lIIllllllllllllllllllllIlllllllllII

Nuclei stopping (Landau’s scenario)

[IIIlIIIlII|II[I|IIlI|IIIIIIlllII

Transparency
(Bjorken’s scenario)
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Figure from K. Reygers



Charged particle multiplicity vs centrality

Charged particle pseudorapidity density
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ALICE, Phys.Lett. B 772 (2017) 567-577

F. Bellini | SSL 2023 | Heavy lons



Charged particle production in central HI collisions
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Particle production at midrapidity
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Eur. Phys. J. C (2019) 79:307
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Sy (GeV)

Particle production per participant in HI collisions
follows a steeper power law than in pp, pA and
increases by 2-3x from RHIC to the LHC

Heavy-ion collisions are more efficient in transferring
energy from beam- to mid- rapidity than pp

participants

Npart



How many particles are created in a collision?

In a central Pb-Pb collision at the LHC,
Total Charged partidie multiplicit more than 20000 charged tracks must
| , | , | , , be reconstructed.

2’525000 — ALICE, Pb-Pb /sy = 5.02TeV ]
g —> High granularity tracking systems,
= 20000 — ¢ Data — : . :
primary importance of tracking,
Npart . . .
15000 L a5 (14 Npin) | vertexing calibration
10000 — —

Systematic uncertainties.

5000 Fit variance —
- Centrality AL';EWPC Y ‘ R &
| | | | | | | 7 LANE 4.0 6
. 50 100 150 200 250 300 350 400 I 4 : ;

ALICE, Phys.Lett. B 772 (2017) 567-577
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Particle “spectra”

Charged particle transverse momentum distribution
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Low p; (<2 GeV/c)

- Particle spectra are described by a Boltzmann
distribution = “thermal”, ~ exp(-1/kgT)

- “Bulk” dominated by light flavor particles

- Non-perturbative QCD regime

High pr (> 8-10 GeV/c)

- Particle spectra described by a power law
- Dominated by parton fragmentation (jets)
- Perturbative QCD regime

Mid p, (2 to 8 GeV/c)
- Interplay of parton fragmentation and
recombination of partons from QGP
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Heavy-ion and high-energy physics have different
goals and thus different detector requirements.

Complementarity of the LHC experiments

ALICE
Observables: - Low py

« soft (low pt) and hard (high pt) probes PID _

: Low material budget next to IP
» hadron production rates (needs PID)
» flow (needs acceptance coverage) s d
« photon/W/Z (calorimetry) ATLAS/CMS

» jets (coverage, high py)

ATLAS  _  Wide pseudorapidity coverage
- High pt jets

In HI physics also emphasis on:

- midrapidity measurements LHCb
- identification of hadron species - Forward pseudorapidity
- soft (non-perturbative) regime, i.e. low p; - PID

.. : - Fixed target
-  minimum bias events




The standard model of heavy-ion collisions

Initial state Hard QGP formation Hydrodynamic Hadronization and Detection
scatterings expansion freeze-out

fime .=O T~ 11m/c T ~ 10 fm/c > 10 pm/c
Tc. 1acp ~ 155-159 MeV [2,3]
| ' ' ' [1] F. Gardim et al. Nature Phys. 16 (2020) 6, 615-619
NO dlreCt Observ'atlon Of 'the QGF: 'S pOS:'?:IbIe [2] A. Bazavov et al., Phys. Lett. B 795 (2019)
> rely on emerging partlcles as probes [3] Borsaniy et al. PRL 125 (2020) 5, 052001

[4] A. Andronic et al., Nature 561 (2018) 7723, 321-330
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http://madai.phy.duke.edu/indexaae2.html?page_id=503

Probes 1/2

Initial state Hard QGP formation and expansion  Hadronization and freeze-out
scatterings

T~1fm/c 1~5 fm/c 1~10-15 fm/c

. .
" Py
> -

1 fm/c =3x1024s, 1 MeV ~ 100K

High-p; partons (— jets), charm and beauty quarks (— open HF, quarkonia)
produced in the early stages in hard processes,

traverse the QGP interacting with its constituents = colored probes in a colored medium
— rare, calibrated probes, perturbative QCD

— in-medium interaction (energy loss) and transport properties

— in-medium modification of the strong force and of fragmentation

F. Bellini | SSL 2023 | Heavy lons
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Probes 2/2

Initial state Hard QGP formation and expansion  Hadronization and freeze-out
scatterings

1~1 fm/c 1~5 fm/c 1~10-15 fm/c

1 fm/c =3x1024s, 1 MeV ~ 100K

Low-p+ particles, light flavour hadrons (u,d,s, +nuclei)

produced from hadronization of the strongly-interacting, thermalized QGP
constitute the bulk of the system

— non-perturbative QCD regime

— thermodynamical, hydrodynamical and transport properties

F. Bellini | SSL 2023 | Heavy lons
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How does the presence of a colored QGP affect
particle production?



Jets

In the early stages of the collision, hard
scatterings produce back-to-back
recoiling partons, which fragment into
collimated “sprays” of hadrons.

— in-vacuum fragmentation

CATLAS
L EXPERIMENT

Run Number: 201006, Event Number: 55422459
Date: 2012-04-09 14:07:47 UTC
—

ATLAS, pp collision event display
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Jets

In the early stages of the collision, hard PbPb
scatterings produce back-to-back
recoiling partons, which fragment into
collimated “sprays” of hadrons.

— in-vacuum fragmentation

et 1, pt. 70.0 GaV’

Jot 0, pr 2063 GeV/

CMS event displays

When a QGP is formed, the colored
partons traverse and interact with a
colored medium.

— in-medium fragmentation
— jet “quenching” (energy loss)

Run: 169045
Event: 1914004
Date: 2010-11-12
Time: 04:11:44 CET

- ATLAS

Goal: understand the nature of

this energy loss to characterize
the strongly-interacting QGP
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The nuclear modification factor, Raa

Raat

R, (p;)= <

1 dN,,/dp,
Ny dN,, /dp;

coll

Parton energy

loss in QGP
——— - - =
HARD
0.5 + Rap <A
TancA
>
frGeV]e)
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If a AA collision is a incoherent superposition of
independent pp collisions, the p spectra in AA collisions
can be obtained by scaling the p; spectra in pp collisions
by the number of nucleon-nucleon collisions, N :

dN,,/dp; =N, xdN , /dp;

and RAA= 1 at h|gh pT
— the medium is transparent to the passage of partons

If Rypa< 1 at high pt

— the medium is opaque to the passage of partons
— parton-medium final state interactions, energy
loss, modification of fragmentation in the medium
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Repprs Rppy

Evidence of parton energy loss in QGP

Charged particles

b | ALCE 5,=502TeV -
: charged particles |77]|<0.8
Norm . p Pb [ ] :
7* I .
"_ ¢ _
0-8¢ Periph. Pb-Pb
0.6]- .
i Central Pb-PB
041 | : ]
i °. R 7 ’
0.2 — =®—= [e ] Pb-Pb,0-5% —
- oo —e— Pb-Pb,70-80% .
i 4 p-PbNSD O3<77cms<13
l 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 I
0 0 10 20 30 40 50
JHEP 11 (2018) 013 P; (GeV/c)

Inclusive jets

ATLAS

Ialnti-k, R = 0.4 jets, slNN =

502TeV |

0.5 oo
ors das Povp =9;1%%
. 5 1 [ (3
e e oy WP 2588 5140~ 50%
A S yuncer. 5160 -70%
40 60 1 200 300 500 900
Pcﬂ% 790 (2018)108 b, (GeV]

AA

-
(6)]

—

0.5

1 dN,,/dp,

A strong suppression of high-p; hadrons and jets is observed in central Pb-Pb collisions.
No suppression observed in p-Pb collisions, nor for the color-less Z bosons and photons.
— Jet quenching is explained as parton energy loss in a strongly interacting plasma
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S L B e SO/ WA
— PbPb \[_ 2.76 TeV == 7 lyl<2.0 —
L + w p >25GeVic |n'|<2.1 -
L 0-10%, ILdt 7-150 ub —— Isolated photon  [n|<1.44
- E=6=— Charged particles |n|<1.0 |
- BB b-quarks (0-20%) [n|<2.4 |
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Radiative energy loss

radiated
gluon

In the BDMPS (Baier-Dokshitzer-Mueller-Peigné-Schiff) propagating ;" ;
approach, the energy loss depends on s RS T e N
jength —, at once
- the color-charge via the Casimir factors C,
- C,=C, = 3 for g interactions dE
- C, = Cg = 4/3 for q,gbar interactions — = —CrasqL
: dx
- the strong coupling
- the path length L > | Average transverse
- the transport coefficient g (“g-hat”) §= H | momentum transfer
- gives an estimate of the “strength” of the jet quenching A Mean free path
- is not directly measurable - from data through model(s)
po |
P | Density

Baier-Dokshitzer-Mueller-Peigné-Schiff, Nucl. Phys. B. 483 (1997) 291
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How much energy is lost?
From the BDMPS formula :

<AE> _ las CR éLz Dimensional analysis; <AE> _ a, CR QLZ
4 4hc
If we take
— g ~5 GeV?3fm
— oag = 0.2, strong coupling for Q2 = 10 GeV
— Cr=4/3
— L=7.5fm
we obtain <AE> ~ 95 GeV

Only partons with E = 105 GeV can traverse a 7.5 fm radius fireball
and exit with py = 10 GeV/c

In other words, it takes a ~7.5 fm radius QGP droplet to stop a jet of
~ 100 GeV (or ~1.5m of hadronic calorimeter)

ATLAS Detector Slice
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Jet transport coefficient g

(a) A
A recent combined analysis of the RHIC and 105 o e
the LHC data on jet quenching (inclusive 9F  — MATTER 90% CR 4o§—|;\AATg§5/LBT_§ E
hadron R,,) allowed to extract a value for the 8F - LBT 90% CR IS 30 R
q parameter 72_ -e- JET Collaboration © 102__ :l_ _i
A 6 0552 04 06 08—
4§ _[46+1.2  at RHIC, S : 2 TGy 0
73~ |1 3.7+14  at LHC, S %F E
41— —
For a quark jet with E = 10 GeV 3F =
. (12403 ) T=370 MeV 2= E
N { 19+07 GV/Im At p_g70 Mey f=  Pp=100GeV/c -
Eeov o b b b b b by 1
_ o . 8.1 02 03 04 05 06 07 0.8
— Still large uncertainties, but important step T (GeV)
towards a quantitative characterisation of S. Cao et al., PRC 104, 024905 (2021)
the QGP.
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In-medium jets: main questions

Related to the nature and properties of the medium
- Density of the medium and transport properties
- Nature of the scattering centers
- Distribution of the radiated energy

Full jet

Jet structure
(mass, shape,

Related to the nature of the energy loss mechanism grooming)
- Path length dependence
- Broadening effects
- Microscopic mechanism for energy loss
— Study the shape and structure of jets for insight into
the details of jet modification mechanisms due to
interactions with the plasma

Fragmentation

- Flavour dependence
— measure charm and beauty R,

F. Bellini | SSL 2023 | Heavy lons 23



Charm and beauty

Heavy flavours:
m(charm) ~ 1.3 GeV/c?
m(beauty) ~ 4.7 GeV/c?

are ideal probes of the QGP at the LHC:

» large production cross sections

« Produced in initial hard parton scatterings

- controlled values of mass and colour charge of
the propagating parton

* “brownian” motion through the medium,
diffusion

« sensitive to QGP hadronisation (baryon/meson)
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Energy loss of charm and beauty -

In-medium E,

Charm and beauty loose energy via gluon radiation + elastic collisions

Due to the large masses, radiative energy loss is subject to the i W
dead cone effect = suppression of the gluon radiation emitted by a (slow) |
heavy quark at small angles, 8§ < 8pc ~ my/E, Nuci, Py, B. 483 (1957) 201 |
(AE) < a, C,gL?
— hierarchy in energy loss: AE, > AE; > AE, (P Bse s
— radiative energy loss reduced by 25% (c) and 75% (b) [u = 1 GeV/c?] 9= "] Meanfree path ~idensiy
Dead cone effect
DEAD CONE
EFFECT S

o,

P

o I g M2 AN
& il .‘( \ . . 2 \ %> \
5 ® il *Goc,;'/ S111 9DC =1- :B — ( E ) ? gy\;’%e% 91)0

@ t vf{-e 59 bC b
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Nuclear modification of charm and beauty

A strong suppression is observed in the Ry, of D mesons J/psi from b decay.
J/Y from beauty is less suppressed than D mesons from charm — AE. > AE,

< 2
<C

48
1.6

1.4
1.2

0.8

Dmesons IIIIIIIII|IIIIIIIIIIIIIIL
ALICE ]

0-10% Pb-Pb, | 5\, = 2.76 TeV

Average D°, D*, D**, |y|<0.5

with pp pT—extrapoIated reference _
Charged particles, |<0.8
Charged pions, m|<0.8

IIIIIII|III|III|III<|
@ B O e

O
II|II||||I|III|III|III|III|I

charged particles

0.6
0.4 iﬁﬁ
0-2: g .g_”ﬁﬁ:'iﬂﬁ;
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| P, (GeV/c)
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Collisional energy loss

It depends on

path length through the medium, L (linearly)
parton type

.7: ..... E ET
— For light quarks | AE,_ , ~a, Cp piLiln—-
eeeat /J’

R RITTH ET

— For heavy quarks | + a";‘T‘ Cr ;12§L§1n

temperature of the medium, T
mass of the heavy quark M
average transverse momentum transfer p in the medium

— Data are well described by models that include
both collisional and radiative E,,¢
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Summary 1/2

Evidence of the creation of a strongly-interacting
medium in central heavy ion collisions comes from the
observed strong suppression of particle production,
explained by the energy loss of colored partons in the
colored QGP.

« Radiative energy loss dominates at high pyfor light
flavours, gluons and charm

« Collisional and radiative energy loss play similar role for
beauty

A quantitative characterization of the properties of the
medium (e.g. transport coefficient, ...) requires models.

5

2015 data: Pb+Pb 0.49 nb™", pp 25 pb™' Eig - ggﬁ/;
EEEEN (T Y and luminosity uncer. EIGO ~70%

ALICE
0-10% Pb-Pb, | s, = 2.76 TeV
« Average D°, D*, D**, |y|<0.5

o with pp pT-extrapoIated reference
= Charged particles, i|<0.8
e Charged pions, |<0.8

— MATTER 90% CR
8 ---LBT 90% CR
= - JET Collaboration
09# 7

10 15 20 25 30 : "
p, (G <

p =100 GeV/c

.1 02 03 04 05 06 07 08
T (GeV)




How does the presence of a colored QGP affect
hadron formation?



Quarkonia

c-cbar (J/W¥, W',..) and b-bar (Y’, Y, Y'”) pairs are a laboratory for QCD:
« Small decay width (~keV), significant BR into dileptons
* Intrinsic separation of energy scales: mq >> Aqcp and mqg >> B

« Avariety of states characterized by different binding energies

— Goal: understand mechanisms of dissociation and regeneration in QGP

Y(S1)  XoPorzd)  JWES:)  Y(Sip=)  Y(PSypes) W (*Syn=2)

To larger radius
To lower binding energy

a
>

T/TC 1/('") [fm-l]

Y(1S)

J/y(1S)

Xb'(zp)
%P}

e8
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Quarkonium as a thermometer for QGP

Charmonium suppression (J/y, ¥’,...) suggested
as “smoking gun” signatures for the QGP back in
the 1980’s.

In vacuum (T=0), qgbar is bound by the Cornell

potential. o
V(ry=——+kr
r

When the gqgbar is immersed in the dense and hot
QGP (T>0), the surrounding color charges screen
the binding potentials (color Debye screening),
resulting in

V(r)y=-— & el
r

The effective coupling between q and gbar at
large distances gets reduced - q-qbar melting

IN VACUUM IN HED|UM
e Ty >
el o /P @
e o> .
: ; ) B B |
: ‘ ] 4 | ' :
— e
Rv 0,56 ; s
A ho bound stake
Effective coupling from (2+1) QCD at various T
1.2 T T T LI B E T T I
110 %)
T [MeV] 1 ,OVS(I”)
T o | 2ear) “CF  or
o9 1T
o7
06 | 1200 -+
os| Q=
04F
03 r
rfim] =

0 1 1 1 I 1 ;cfSJ%:. A a ¥
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J/Y suppression

1.4
< - ° -
0:< ~ m ALICE (Pb-Pb s, =2.76 TeV), 2.5<y<4 global sys.=*+ 12% observed at the SPS (\/SNN 17 GeV)
1 o~ @ PHENIX (Au-Au sy, = 200 GeV), 1.2<[y|<2.2  global sys.=+9.2%  later measured at RHIC (\/SNN=200 GeV)
~ O PHENIX (Au-Au \s,, = 200 GeV), |y|<0.35 global sys.=+ 12% up to very h|gh mu|t|p||C|t|eS
-l suppressed suppressed For s?millar.multiplicities the suppre§sion at
0.8 SPS is similar to that at RHIC despite the

| energy difference

0.6 % % % LHC_$ | 4

| At the LHC (Nsyy = 2.76 TeV), J/w is less

0'4:_ BH ﬁ* {)— | suppressed, due to the larger charm cross
0.0k 4 | section.
: * TRHIC
%200 400 600 800 1000 1200 1400
dN_/dn| )0
dN/dn|

Centrality
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J/w production vs Vs

c-cbar production cross section

e) - | The cross section for producing a c-cbar
o . ALICE LHC N pair increases with Vs

- PHENIX —

= ¢ STAR
©

©

In a central event

At SPS ~0.1 c-cbar
At RHIC ~10 c-cbar
At LHC ~100 c-cbar

10°

c from one c-cbar pair may combine with
| cbar from another c-cbar pair at

FONLL | hadronization to form a J/y

10 BN\ O | -> regeneration!

4x10% 107'2x10™" 1 D3 10
Phys. Rev. D 105, L011103 (2022) \'s (TeV)
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J/@ suppression vs regeneration 1/2

(Re)generation of charmonium and charmed hadron production take place at the phase

boundary or in QGP.

Dissociation and regeneration work in opposite directions vs energy density.

a Development of

Start of collision quark-gluon plasma Hadronization

Low _

(RHIC) B —= 2 — @D
c

energy C%-» co oD
A o v i VALK LA
*> Y % s by \Vj/w w/o\‘D CRAOP:

. ) | \@ <& 5
High A . $ N e peos _ = @D.ce\Jw
(LHC) ” o028 25005 @0° LT
energy | 58 A #00°9 0 @“@Do o <

¥ > v oD
@D g

P. Braun-Munzinger, J. Stachel., Nature 448, 302-309 (2007)

F. Bellini | SSL 2023 | Heavy lons

'

J/ W Production Probability

[—

H. Satz

regeneration

sequential suppression

Energy Density
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J/@ suppression vs regeneration 2/2

ALICE data from 5.02 TeV Pb-Pb collisions confirm the J/y recombination picture:

* Rpa(LHC) > Raa(RHIC)

* Ra, midrapidity > Raa forward rapidity
-> Signature of de-confinement.

ALICE

T T I T T T T

Pb—Pb, |sy = 5.02 TeV

Inclusive J/y
® 0-10%, ly| <0.9

1.4
::E [ | Inclusive J/y — u*w, Pb-Pb | s\,=2.76 TeV, Au-Au | s,,=0.2 TeV
Q: 19 a | B ALICE, 2.5<y<4, P, <8 GeV/c global syst.= + 15%
M o PHENIX, 1.2<) (<22, p>0GeV/c  global syst=* 9.2%
1 ..................................................................................................................................................
0.8}
L LHC, Vsyy = 2.76 TeV
i M
0.4
i & i :
8 B
0.2 : m [:] |Ej
O-lllllllllllllllllllllllllllllllllllllll
0 50 100 150 200 250 300 350
<Npan>

Centrality

F. Bellini | SSL 2023 | Heavy lons

ALICE, arXiv:2303.13361
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Sequential melting of quarkonia 1/2

Measurements reveal a sequential suppression of high mass bottomonium states.
The centrality dependence of the suppression is consistent with progressive suppression in a
hotter medium.

«10° PbPb 368 ub (5.02 TeV) PbPb 1.6 nb™!, pp 300 pb™' (5.02 TeV)
—_ e L s e e e [(TT T[T T T[T T T[T T T[T T T[T T T[T T T[TTTT]T] ]
Al C _ | N |
L 450 (1S) ﬁ p, <30 GeV/c CMS - 20 p <30 GeVic CMS T ]
% aF lyl <2.4 E - _lyl<24 Preliminary 1 . = |
(D E pu > 4 GeV/c PbPb E L i e _ """" :"'_
~— 35F i T ¢ Data ] B T 0-90 %
s Ok Cent. 0-100% _g?g;ﬁlafllt ] i ——Y(1S) (2015 PbPb/pp) T
— 3F ‘ Background = 0.8y HE ]
@ 250 Y (23) 3 < f = Y(29) 1
*UE) E TR Y (3S) P L 0o 6f H T ]
q>> 2;_ == Qverlaid _; - H = Y(3S) i
L 155 - ol H-} § T g
1E - I % @ @ B
052_ HE bB _i 0.2:— I:*:l - _:_ |
O - TR | Il ] 14)14 ekt v e b ] : @ o ﬂ = 3] == :_ -
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> 0 50 100 150 200 250 300 350 400
m,, (GeV/c) (N
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Sequential melting of quarkonia 2/2

HIN-21-007 _ - 1.6 T0Pb 368/464 b, pp 28.0 pb” (5.02 TeV)
PbPb 1.6 nb™, pp 300 pb™ (5.02 TeV) P | | | | | s ]
N [ L L BN BN BN [ p; <30 GeVic CMS T ]
125 o4 CMS - 1.4 i ly" <2.4 Preliminary g
| Cent. 0-90 % Preliminary 1 o/m T 7
1_ e A B e o B - L i —
. . ] lgooooYya g Cent 4
T Y(18) (2015 Pbe/pp)__ 1;_ PR Py o0 E) 605
< F —=— Y(2S) i :(( 0 8% ﬂ - \/SNN =5.02 TeV T N
[ i o YO T i
@C o6 — - T ’
- —=— Y(39) ) 0.6 I I - .
garIEEs. : - 0.4 T . TR
X - - D . T i
02— —] 02__ T __
::.:]:':tE;:-:' : 5 B 1 i
h _I L 11 | | | | | | | | | | | | | | | | || | || | | B ]
o:l*lil l 1 I 1 I1I0I L1 1 l L1 1 1 IOI L1 1 l L1 1 I30 OO 50 100 150 200 250 300 350 400
(GeV/c) Npart
Increased suppression with increased
Raa(Y(3S) ~ 0.5 RAA(Y(ZS).) collision energy
— Can be used to constrain models! - no recombination at hadronisation
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Heavy quarks in equilibrium??

Charmonium Raa

< 1.4 _ — —
< B Inclusive J/y — p*p’, Pb-Pb \'s, =2.76 TeV and Au-Au | s, = 0.2 TeV
m 1 2 - B ALICE (PLB 734 (2014) 314), 2.5<y <4, O<pT<8 GeV/c global syst.= + 15%
’ I.I, [ PHENIX (PRC 84(2011) 054912), 1.2<|y|<2.2, pT>O GeV/c global syst.= + 9.2%
18
0.8+ I
:
0.4
5 & o o 5
0.2:— 4 o f
O_IIII|IIII|IIII|IIII|IIII[IIII|IIII|IIII
0 50 100 150 200 250 300 350 400
<Npar’[>

Charm is partially equilibrated
(thermalised) with the medium

-> a partially-equilibrated probe of the
late hadronization stages
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Bottomonium RAA
_PbPb 368/464 p.b pp 28.0 pb™'(5.02 TeV)

1 _6 _l T I T | T 1T l T I ‘ T T | 1T | TT ‘ 1 ]
i pIulLl <30 GeV/c CMS T ]
1.4 H |yw| <24 Preliminary | B
12" T
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Beauty/bottomonia: no evidence that
beauty is even partially equilibrated with
the medium = non-equilibrium probe
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Summary 2/2

The study of quarkonium (ccbar, bbar) states

provides information on the mechanisms of | A1t Pretiminary
dissociation and regeneration of strongly-bound N oo s ase s
state in a medium (T>0). " oma o < Ganrzo

Mid-y, 0-10%s+

« The high density of color charges in the QGP
leads to melting of quarkonia

« The large abundance of charm quarks at LHC
results in regeneration of the amount of J/y

»

N
G L 0o N O W b~ O

P, < 30 GeV/ic
lyl<2.4

p: >4 GeVic
Cent. 0-100%

w

« States with smaller binding energies are more
suppressed

"OT/Te /ey [fm]

Events / (0.1 GeV/c?)

—_
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Characteristics of a heavy-ion detector: ALICE

Inner Tracking System ITS2

ALICE is the dedicated heavy-ion detector at the
LHC, designed and built specifically for this purpose.

o —

P
A
5~V\E=/‘.

e\
O

Solenoid: magneticfield B=05T

// )
il Ay
, l//// oy /2w

[
H

Inner Tracking System + Time Projection
Chamber: vertexing and tracking + identification
(TPC) down to very low pr ~ 0.1 GeV/c

Time-Of-Flight, TRD, HMPID, etc.:
Particle identification detectors

Electromagnetic calorimeters

+ Forward rapidity detectors and ZDC: trigger, , Forward muon spectrometer
centrality, event time determination, ...
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Energy loss of long lived particles in TPC

Particle identification o

S5 E "Pb-Pb
& 900E So, =2.76 TeV
% 800F
: : e e : : : 12 700F
- Direct identification: m, K, p, light (anti)nuclei 5 ook -
o -
- Electron identification using calorimeters and transition radiation " s00F-
detectors 400E
300
- Strange and heavy-flavour hadrons: 200F- e
- reconstruction of secondary vertex and weak decay topology 100 e
+ PID + invariant mass reconstruction 01 02 03 T 2 3 45
p/Z (GeV/c)

- Photons detected in calorimeters and through pair production

- Quarkonia through leptonic decays Particle velocity from TOF measurement
and momentum

o 11pF
pr— . p— — L F
=—ATn =—Am S 1
similarly for Q—AK~ — - - 09
( y for ! ) (smn]@ﬂy for Q—AK") Jy— Jy—ete :
TN ) : 15¢ 1.0< Py <15 GeV/c 2 ALICE 1 20-40%Pb-PD |5, =502 ToV 08 E
! I .I ' 2 . fa— g1 5000k !;gl:s.ﬁ.ngég <4 GeVic 1 :"ﬂ‘:’é’.’&z.&g<:'zesmc J 0.7 :_
DCA VO Neg. dghter s VO0.b 8 (d) = +-—- 8 L,, 225 b’ L, -13pb" o5 g
o Prim. Vix V0.a ,," @  Opposite-sign pairs == Fit total . ®  Opposite-sign pairs TE
) AT e 100001 — Fit signal ==+ Fit background { L ° O Mixed event pairs | 051
\ T X"V = MC signal shape F
PP / o 0.4 -
pim. \ /. 93’5. 03F
Vi el - V0.a 5000 °e g
T ®e, 0.2
Vo c ‘ : - . i ' 1 I — i\ N} | 0'1 :‘ I I — = : 1
hach 13 132 134 1.36 242628 3 32 34 5638 424 26 28 3 32 34 36 ¢ 05 1 18 2 25 3 93 4 (é:V /Cf
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<df 'rch /d77>

Light ions at the LHC

100

10

LI A | T | L L L

0

,A,XeXe 30-50%

'~ "PbPb 30-50%

From A. Mazeliauskas, EPS-HEP 2021:

Light-ions (e.g. O, Ar, Kr) Yeliow report (2018) [17]:
m High achievable luminosity.
m Short oxygen run planned in LHC Run 3.
m pO: strong interest from cosmic ray physics.
m OO comparable to pPb, but better geometry control.
m Many physics opportunities se oppoatLHC [indico]

Experimental projections and theory calculations show
measurable energy loss signal in 10 GeV < pr < 50 GeV.
Huss, Kurkela, AM, Paatelainen, van der Schee, Wiedemann (2020) [41]

Opportunity to discover jet quenching in small systems.

Rleksas Mazeliauskas aleksas.eu

Brewer, AM, van der Schee (2021) [42]

€ pprtunities
at the LHC

Pebn' 5&8-10, 2021
cern. ch/OppOatLHC

0.9
0.8
0.7~ Ly=1nb"
2 I nPDF + E-loss models
[JwtEPPS16

- ALICE projected

0.6~
% W Norm. uncertainty

0-00-100% sz =6.37 TeV

I
10 20 30 40

|
50

[ (GeV/c)

ALICE (2021) [43]

21 /23

Npart9

- large )
,EI PbPb 50-70%
: ArAr,éxxexe 50-70% ]
: smal| OO4 PbPb 70-90% |
- pPb -~ XeXe 70{80% |
LQ
i PAr _
- pO -
PP & proposed [1812. 06772] :
L L [ R | 1 [ | L

1 10 100
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Initial stage of heavy ion collisions

207

CT18Z at 100 GeV Color Glass Condensate: at high energy and small x, the hadron
_° content is dominated by gluonic matter “packed” into high density

Saturation (momentum) scale p
Q.. = inverse size scale of ’
smallest gluons which are

b | closely packed

= R ey —> gluons of size larger than

10°10% 107 10° 107 02 05 09 1/Q4t N0 longer fit
A
Q3(x)
{ <
pQCD !
~ evolution i
S equation i
- ? a .
> | CGC Initial Glasma sQGP Hadron Gas
. | Singularity
saturation v
non-perturbative region %1 L. McLerran, https://bib-pubdb1.desy.de/record/296833/files/ismd08 mcl_intro-corr.pdf
In x + more reviews in literature,
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Glauber model

Nucleus-nucleus interaction as incoherent
superposition of nucleon-nucleon collisions
calculated in a probabilistic approach

[M. L. Miller et al., An. Rev. Nucl. Part. Sci. 57 (2007) 205-243]

- nucleons in nuclei are considered as point-like
and non-interacting

- nuclei (and nucleons) have straight-line
trajectories (no deflection)

Input:

 Nucleon-nucleon inelastic cross section
* Nuclear density distribution, e.g. Fermi

1 + w(r/R)?

p(r) = ,001 -|—exp(

F. Bellini | SSL 2023 | Heavy lons

r—R

a

)

p° = density in the nucleus center

R = nucleus radius

a = skin depth

w = deviations from spherical shape

Cross section (mb)

Proton-proton cross section (from PDG)

IR

I TTTHI
| 6 ...

[LBLLALLL

[LRLLAALL

I TTTHI

I

I

1T TTTT T TTTT T T

LHC(Pb}

102 f

10

107 1 10 10° 10° 10* 10 10° 10 10

I T T TTTTIT
19 2 10

T T T TTTIT1
107
Center of mass energy (GeV)

I [T TTTTTT
10°

I [T TTTTIT | T
10°

Examples of density distributions of nuclei

— O (A=16)
— Cu (A=63)
— In (A=115)

8 9 10
Radius [ fm ]
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Glauber model (2)

Output:

These variables are fundamental to study the scaling
properties of observables in HIC — Rule of thumb:

Interaction probability
Number of elementary nucleon-nucleon collisions (N.,)
Number of participant nucleons (N,,)
Number of spectator nucleons
Size of the nuclei overlap region

do/dN_, (arbitrary units)

N,.. scaling of soft particle production
- bulk of the system

N_,, scaling of high p; particle production
- hard partons produced early in the collision
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