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A bit of history: discovery of subnuclear particles
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Statistical Bootstrap and Hagedorn Temperature

very elegant idea:
o hadrons are made of hadrons which in turn are made of hadrons which in turn...
o no fundamental hadron (“nuclear democracy”)
o very popular in the sixties (pre-quarks)
(very much “sixties”, in fact: F Capra takes the idea and runs away with it in “The Tao of Physics”)

pioneered by Geoffrey Chew (UC Berkeley)

O e.g.: G. Chew (1962). S-Matrix theory of strong interactions. New York: W A Benjamin

developed by Rolf Hagedorn (CERN) into a full-fledged theory of strong interactions

O e.g.: R Hagedorn: Statistical thermodynamics of strong interactions at high energies 1965 Nuovo Cim. Suppl. 3 147

very successful in calculating hadronic collision cross sections

O e.g.: HGrote, R Hagedorn and J Ranft, Atlas of particle spectra, CERN-report (1970)
o calculated based on hadron exchange - need to know spectrum of all existing hadrons




Spectrum of hadron masses

— m
e spectrum of hadrons from “bootstrap equation”; p(m) «m 3exp(E)
o exponential growth of number of hadrons at higher and higher masses!

green: states known in 1967
red: states known by mid-1990’s
blue: expected spectrum for T, = 158 MeV
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e Dbtw, still holds: very similar results from lattice QCD
o e.g.: AMajumder, B Miller, PRL 105:252002,2010
o that's why bootstrap theory worked well for hadron interactions!

(the idea was very deep, even if the picture was not the correct fundamental one!)



Hagedorn temperature: a limiting value?

e.g. following K Redlich, H Satz in “Melting Hadrons, Boiling Quarks”, J Rafelski ed (Springer, 2016)

e partition function for a system of non-interacting pions:

2

VTm m
InZ(T,V) = = 5 Kz (=

e interactions as resonance formation:

o interacting system of pions <> non-interacting gas of all possible resonances
2

VTm; m; VT 5 m
InZ(1,V) = ) S pm)Ka() ~ 5. | dmmZp(m)ka(p)

e inserting Hagédorn’s spectrum:

K> (

InzZ(T,V) =V ll] dm _[T Tyl & diverges for T > T,
’ 2m m3/2 ¢

o energy pumped into such a system, goes to creating heavier and heavier resonances
o asymptotically reaching Ty

- Ty would then be the maximum possible temperature!



... but Quarks enter the scene...

e the other main idea proposed in the 60’s to explain the multitude of hadrons
e 1961: “eightfold way” (SU(3) flavour symmetry, Murray Gell-Mann)

e 1965: quark hypothesis (Murray Gell-Mann, George Zweig)

e 1968: observation of “partons” in Deep Inelastic Scattering at SLAC

e 1970: GIM mechanism (Sheldon Glashow, John lliopoulos, Luciano Maiani)
o to explain absence of flavour-changing neutral currents
o proposal of fourth quark (charm) - cancellation of flavour-changing terms

e 1974. discovery of charm (J/i) at Brookhaven and SLAC (+ Frascati 5 days later)

- quark hypothesis widely accepted, and in 1975...



1974: Lee and Wick: a key precursor!

PHYSICAL REVIEW D VOLUME 9, NUMBER 8 15 APRIL 1974

Vacuum stability and vacuum excitation in a spin-0 field theory*

T. D. Lee and G. C. Wick
Columbia University, New York, New York 10027
(Received 17 January 1974)

The theoretical possibility that in a limited domain in space the expectation value (¢(x)) of a
neutral spin-0 field may be abnormal (that is to say quite different from its normal vacuum expectation
value) is investigated. It is shown that if the ¢ coupling is sufficiently large, then such a configuration
can be metastable, and its physical size may become substantially greater than the usual microscopic
dimension in particle physics. Furthermore, independent of the strength of the ¢* coupling, if $(x) has
sufficiently strong scalar interaction with the nucleon field, the state that has an abnormal ( ¢(x))
inside a very heavy nucleus can become the minimum-energy state, at least within the tree
approximation; in such a state, the “effective” nucleon mass inside the nucleus may be much lower
than the normal value. Both possibilities may lead to physical systems that have not yet been observed.

e scalar field ®(x)
e extreme conditions (e.g. high T) 2 vacuum expectation value (®) may vanish
e — nucleons become effectively massless!



1975, Cabibbo and Parisi: “quark liberation” at high T

Volume 59B, number 1 PHYSICS LETTERS 13 October 1975 : - § AR e et 5
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Net Baryon Density
Istituto di Fisica, Universitd di Roma,

Istituto Nazionale di Fisica Nucleare, Sezione di Rome, Italy
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Istituto Nazionale di Fisica Nucleare, Frascati. Italy I
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Fig. 1. Schematic phase diagram of hadronic matter. pp is the
density of baryonic number. Quarks are confined in phase I
and unconfined in phase II.

The exponentially increasing spectrum proposed by Hagedorn is not necessarily connected with a limiting tempera-
ture, but it is present in any system which undergoes a second order phase transition. We suggest that the “‘observed”
exponential spectrum is connected to the existence of a different phase of the vacuum in which quarks are not confine

e T, not maximum attainable, simply: for T > T,, quarks not confined any more



1975, Collins and Perry: “quark soup” in neutron stars?

VoLUME 34, NUMBER 21 PHYSICAL REVIEW LETTERS 26 May 1975

Superdense Matter: Neutrons or Asymptotically Free Quarks?

J. C. Collins and M. J. Perry
Department of Applied Mathematics and Theovretical Physics, University of Cambridge,
Cambridge CB3 9EW, England
(Received 6 January 1975)

We note the following: The quark model implies that superdense matter (found in neu-
tron-star cores, exploding black holes, and the early big-bang universe) consists of
quarks rather than of hadrons. Bjorken scaling implies that the quarks interact weakly.
An asymptotically free gauge theory allows realistic calculations taking full account of
strong interactions.

the basic argument is contained in only a few lines...

A neutron has a radius’ of about 0.5~1 fm, and
so has a density of about 8 X10™ g em ™3, whereas
the central density of a neutron star™ can be as
much as 10107 g em ™3, In this case, one must
expect the hadrons to overlap, and their individu-
ality to be confused. Therefore, we suggest that
matter at such high densities is a quark soup.



ALEPHAA ®H3HKA
JOURNAL OF NUCLEAR PHYSICS

1978, the name is coined NucLEAR PHVSICS

by E V Shuryak in Yadernaya Fizika 28 (1978) 403: “Kvark-Glyuonnaya Plazma”

KBAPHK-T'JIIOOHHAS 1JIASBMA 1 POKIEHUE JEHTOHOB,
®O0TOHOB 1 IICOHOB B AJJPOHHBIX COYJJAPEHUAX

J. B. LIYPAKR

HHCTHTYT AAEPHOH PHBHKH CO AH CCCP

(Hocmynuaa 6 pedaxyuto 14 mapma 1978 2.)

IlpegnaraeTca Teopus sABJeHHH, CBA3aHHRIX ¢ MaccaMd M H IDOHepeYHHIMH HMOYJb-

caM| p, TakaMH, 9T0 1 ['9e¢ <M, p, <Vs. [InaA BX ONMCAHHEA NPHUMEHSETCA MOJIeNb JIOKAAb-
HO-PABHOBECHOM KBapK-IVIIOOHHOA IJIA3Mbl, pasieTaloliedcs IO OoNOpefel]eHHOMY 3aKOHY.
IlpuMenenne KBaHTOBOM XPOMOAMHAMHUKHA JJIs BEIYMCJIEHHSA CROPOCTEH pAMa peakOmid B Ta-
KOH mJIa3Me [03BOJIAET BHIYHCIAHTH CHOEKTPH MAacC AHICNTOHOB, paclupefejeHHe IO P,
NeNTOHOB, POTOHOB, IMOHOB W AJPOHHEIX CTPYH, Ce4eHUA POKAEeHAs IIap 0YapOBAHBHIX
KBapKOB W PasjHYHEIX COCTOSHHHA YapMOHHA (ICHOHOB): J/¥-, -, P'-Me30HO0B. PesynbTaTsl

COTJIACYIOTCA € 3RCOepAMEHTAJbHEIMHE H3aHHBIMH.
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Lattice QCD

e the rigorous way of performing calculations in the non-perturbative regime of QCD
e discretisation on a space-time lattice
o - ultraviolet (i.e. large-momentum scale) divergencies can be avoided
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[A Bazavov et al. PRD 90 094503 (2014)]

o

around critical temperature (T): rapid change of
m energy density ¢
m entropy density s
m pressure p
due to activation of partonic degrees of freedom
at zero baryon density = smooth crossover
Tc = (156.5 £+ 1.5) MeV [A Bazavov et al. Phys.Lett.B 795 (2019) 15]

e ~ O(GeV/fm3)

Temperature T [MeV]

11




The QCD (de-)confinement phase transition
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origin of nucleon masses
o 2m,+my~10 MeV!

phase transition in QFT
o the only experimentally accessible one!

Big Bang evolution
o QGP =» hadrons att~ 10 ps

structure of compact stars
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1980’s: the huntis on ...

e how to access this physics experimentally? high-energy nuclear collisions!

o since the 70’s nuclear physicists were already colliding heavy ions

m Coulomb barrier, shock waves...
m  UNILAC (GSI), Super-Hilac and Bevalac (Berkeley), Synchrophasotron (Dubna)

o it was realised that nuclear collisions could provide the conditions for QGP formation
o but to reach T, higher-energy accelerators were needed - ultrarelativistic AA collisions
e starting from the mid-80’s: high-energy beams of nuclei on fixed target
o at the Alternating Gradient Synchrotron (AGS)
= at Brookhaven National Laboratory (New York)
m +/syn~5GeV
m O (1986), Si(1987), Au (1993)
o atthe Super-Proton Synchrotron (SPS)
= at CERN (Geneva)

B \Sy\N~ 17 GeV
= O (1987), S (1987), Pb (1994)
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Nuclear beam experiments at the SPS (1986 — 2000)

e a wide spectrum of observables (and technologies!)

2000 ¢

Pb

1994

1992

1986

dimuons

NA34/3

HELIOS3

photons  multistrange dielectrons
hadrons
NAS7
; hadrons
WA || wAo7 NA45
] X CERES
NA44
WA94 ;
I
wash e \ NA34/2
HELIOS2

hadrons
dimuons
NA49 | strangelets
NASO
NAS2
hadrons
NA35 || NA36 || NA3S

(from F Fleuret)

14



Two historic predictions...

e QGP phase, if existed, would obviously be very short-lived, how to observe it?
o is there a memory of the passage through the QGP phase?
o are there “signatures” of the QGP that we can look for in the final state?

two major proposals made in the 80’s:

e strangeness enhancement (Johann Rafelski and Berndt Muller)
o enhanced production of strange quarks in the QGP
- enhancement of strange particles in the final state

e J/Y suppression (Tetsuo Matsui and Helmut Satz)

o colour field screened at short distances in QGP
— suppression of production of tightly-bound quarkonium states

15



Strangeness enhancement

Strangeness Production in the Quark-Gluon Plasma

Johann Rafelski and Berndt Miller
Institut fiir Theovetische Physik, Johann Wolfgang Goethe -Universitiat, D-6000 Frankfurt am Main, Gevmany
(Received 11 January 1982)

Rates are calculated for the processes gg—s5 and uit ,daT —5% in highly excited quark-
gluon plasma. For temperature T 2 160 MeV the strangeness abundance saturates during
the lifetime (~ 10"22 gec) of the plasma created in high-energy nuclear collisions. The
chemical equilibration time for gluons and light quarks is found to be less than 10”# sec.

PACS numbers: 12.35.Ht, 21.65.+f

Given the present knowledge about the interac-
tions between constituents (quarks and gluons),
it appears almost unavoidable that, at sufficiently
high energy density caused by compression and/
or excitation, the individual hadrons dissolve in
a new phase consisting of almost-free quarks and
gluons.! This quark-gluon plasma is 2 highly ex-
cited state of hadronic matter that occupies a
volume large as compared with all characteristic
length scales. Within this volume individual color
charges exist and propagate in the same manner
as they do inside elementary particles as de-
scribed, e.g., within the Massachusetts Institute
of Technology (MIT) bag model.?

It is generally agreed that the best way to create
a quark-gluon plasma in the laboratory is with
collisions of heavy nuclei at sufficiently high ener-
gv. We investigate the abundance of strangeness
as function of the lifetime and excitation of the
plasma state. This investigation was motivated
by the observation that significant changes in rela-
tive and absolute abundance of strange particles,
such as X could serve as a probe for quark-
gluon plasma formation. Another interesting sig-
nature may be the possible creation of exotic

1066

multistrange hadrons.* After identifying the
strangeness-producing mechanisms we compute
the relevant rates as functions of the energy den-
sity (“temperature”) of the plasma state and com-
pare them with those for light 4 and d quarks.

In lowest order in perturbative QCD s5 -quark
pairs can be created by annihilation of light quark-
antiquark pairs [Fig. 1(a)} and in collisions of two
gluons [Fig. 1(b)]. The averaged total cross sec-
tions for these processes were calculated by

Y >~<

b)

FIG. 1. Lowest~order QCD diagrams for s§ produc-
tlon: (a) g7 —s5, (b) gg—s3.

© 1982 The American Physical Society

onof s
urrent value




Strangeness enhancement

e restoration of y symmetry -> increased production of s
o mass of strange quark in QGP expected to go back to current value K*
m mg~150MeV ~Tc e
—> copious production of s§ pairs, mostly by gg fusion

[J Rafelski: Phys. Rep. 88 (1982) 331]
[J Rafelski and B Miller: Phys. Rev. Lett. 48 (1982) 1066] He—

e deconfinement - stronger effect for multi-strange
o can be built recombining s quarks T «—
- strangeness enhancement increasing
with strangeness content
- expect larger for Q(sss) than for Z(ssd) than for A(sud) Qr+—

[P Koch, B Mller and J Rafelski: Phys. Rep. 142 (1986) 167]
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Particle / event / wound. nucl. relative to pBe

Strangeness enhancement at the SPS

o WAQ7/NASY
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Quarkonium suppression

e QGP signature proposed by Matsui and Satz, 1986
Volume 178, number 4 PHYSICS LETTERS B 9 October 1986

creened

J/y SUPPRESSION BY QUARK-GLUON PLASMA FORMATION *

T. MATSUI
Center for Theoretical Physics, Laboratory for Nuclear Science, Massachusetts Institute of Technology,
Cambridge, MA 02139, USA

ind - suppressed

and

H. SATZ
Fakultdt fiir Physik, Universitdt Bielefeld, D-4800 Bielefeld, Fed. Rep. Germany
and Physics Department, Brookhaven National Laboratory, Upton, NY 11973, USA

Received 17 July 1986

If high energy heavy ion collisions lead to the formation of a hot quark-gluon plasma, then colour screening prevents ¢¢ binding
in the deconfined interior of the interaction region. To study this effect, the temperature dependence of the screening radius, as
obtained from lattice QCD, is compared with the J/y radius calculated in charmonium models. The feasibility to detect this effect
clearly in the dilepton mass spectrum is examined. It is concluded that J/y suppression in nuclear collisions should provide an 19
unambiguous signature of quark-gluon plasma formation.



Quarkonium suppression

QGP signature proposed by Matsui and Satz, 1986
quarkonium: c¢ states (charmonium), bb states (bottomonium)

in the plasma phase the interaction potential is expected to be screened
o analogous to Debye screening in electromagnetic plasma
o beyond the Debye screening length 4,

AD depends onT

os bl Y (0.56 tm
As Debye length from lattice OCD

04 J/ﬂf'{u.zﬁ im)

O T . T (013 m)

[Digal, Petrecki, Satz PRD 64(2001)0940150]

06 | Xe @ > states with radius > A, will not bind - suppressed
e JY, Y, x. 2 cc states
e Y > bb states

20



JY suppression at the SPS

e NAS5O: “anomalous” suppression

C {
FARS e measured/expected
a Z
=48
5 |1 e setsinat &~2.3 GeVAm3 (b~ 8fm)
:8. | <] |
808 | ‘s .
. ® (on top of nuclear suppression)
B 06 | o due to nuclear absorption effects
g ; o measured in pA, light ion collisions
=047, by pb 1osswith Minimum Bias o scaled to Pb-Pb (= 1 in the plot)
Pb - Pb 1996 with Minimum Bias
Pb - Pb 1996
0.2 = S-U NA38 *
, p-A NA38
. o p-p(d) NA51
0 e —

0 05 1 15 2 25 3 35
e (GeV/Am®)



Two pillars of year 2000 announcement

e strangeness enhancement, Ji suppression

New State of Matter created at CERN

10 FEBRUARY, 2000

Geneva, 10 February 2000. At a special seminar on 10 February, spokespersons from the experiments on
CERNY's Heavy lon programme presented compelling evidence for the existence of a new state of matter in
which quarks, instead of being bound up into more complex particles such as protons and neutrons, are
liberated to roam freely.

SPECIAL SEMINAR

TITLE A New State of Matter:
Results from the CERN Lead-Beam Programme
TIME ¢ Thursday 10 February at (930 hrs
PLACE ¢ Council Chamber, bldg 503
ABSTRACT

This special seminar aims at an  assessment of the results from the heavy ion
programme with lead ion beams at CERN which was started in 1994, A series of talks
will cover the essential experimental findings and their interpretation in terms of the
creation of a new state of matter at about 20 times the energy density inside atomic
nuclei. The data provide evidence for colour deconfinement in the early collision
stage and for a collective explosion of the collision fireball in its late stages. The new
state of matter exhibits many of the characteristic features of the theoretically
predicted Quark-Gluon Plasma.

Ulrich Heinz (CERN)
Making Quark-Gluon Matter in Relativistic Nuclear Caollisions.

Louis Kluberg (IN'P")
The Iy suppression paitern observed in Pb-Pb collisions ions: a signature for the
production of a new state of matter,

Johanna Stachel (University of Heidelberg)
Virtual and real photons radiated by the cooling and hadronizing fireball.

Reinhard Stock (University of Frankfur)
Hadron Signals of the Little Bang.

Emanuele Quercigh (CERN)
Strange signals of a new state of matter from nuclear collisions at SPS.

Luciane Maiani (Director General, CERN)
Summary.

22



... meanwhile, in the US...

1978: start of construction of ISABELLE pp collider at Brookhaven (400 GeV)
1978: approval of transformation of SPS into pp collider at CERN (630 GeV)
1981-82: problems in production of ISABELLE magnets

1983: discovery of e (January) and Z° (May) bosons at SPS collider

23



meanwhile, in the US...

1978: st
1978: ar
1981-82
1983: di

A6

THE NEW YORK TIM.

. , & Toas IR3IL.
S — L ___ N __ ]
. . ~ Y - . .
R - [ mnmucmm.nmmmw
- A M. ROSENTHAL, Exeentive Editor

@he N e ﬁork_anmes

F’mddul 1851

" ADOLPR & GCHS, Publisher 1596-1535
ARTHUR HAYS SULZBERGER, Publisher 1535-1961
ORVILE DRYPOCS, Publisher 19611963

-~ =

. SEYMOURTOPPING, Mancging Editer
ARTHUR GELB, Deputy Managing Editor
JAMES L. GREENTPTELD, Assiviant Menaging Editar
LOUIS mvmd.:-mumm
JACK mubg:q Editorial Page Editor
CHARLOTTE CURTIS, Associate Ectitor
mwmAmEM-

o 'JOHN D, POMIRET, Esee.V.P, Generad Manager
. LANCE R, PRIMIS, Sr. V.P., Advertising
! J. A RICGS JR., Sr. V.7, Operations
HOWARD RISHOW, V.P, Employes Relations |
RUSSELL T, LEWIS, V.P, Circulation * 1
JOMN M. O’BRIEN, V.2, Controlier
ELISE J. ROSS, V.F, Systems 1

]

Eu.rope 3 U S. Not Even Z Zero

A team of 126 scientists at the CERN accelera~
tor in Geneva reports proof of an important new
subatomic particle, the Z-zero. The
carries two messages. The good news is that it con-
firms a major theory about the fundamental forces
of nature. The bad news is that Europeans have
taken the lead in the race to discover the ultimate
building blocks of matter. -

Spurred by an esthetic faith that pature’s laws
are at root elegantly simple, physicists have lonz

Amerim physicists blamelackof Fedeulsup-
port. But some observers, like the President’s sci- |
ence adviser, George Keyworth, blame the physi-
cists for routinely spreading funds among the three
major American research centers. ‘‘Our worid lead-
ership in high energy physics has been dissipated,” .
he has said. “In the years American physicists .

squanderedonapurkbarrelsquabblg,theEum-l :

pee.us moved boldly ahead.”

f»
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... meanwhile, in the US...

1978: start of construction of ISABELLE pp collider at Brookhaven (400 GeV)
1978: approval of transformation of SPS into pp collider at CERN (630 GeV)
1981-82: problems in production of ISABELLE magnets

1983: discovery of e (January) and Z° (May) bosons at SPS collider

July 1983: construction of ISABELLE stopped, project cancelled

July 1983: NSAC town meeting in Aurora: ISABELLE infrastructure to build a RHIC

o Relativistic Heavy-lon Collider
o (that was quick, but already in 1981, at an ISABELLE workshop in Brookhaven...)
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.. meanwhile, in the US...

1978: start of construction of ISABELLE pp collider at Brookhaven (400 GeV)
1978: approval of transformation of SPS into pp collider at CERN (630 GeV)
1981-82: significant problems in production of ISABELLE magnets

1983: discovery of e (January) and Z° (May) bosons at SPS collider

Jul 1983: construction of ISABELLE stopped, project cancelled

Jul 1983: NSAC town meeting in Aurora: ISABELLE infrastructure to build a RHIC

o Relativistic Heavy-lon Collider
o (that was quick, but already in 1981, at an ISABELLE workshop in Brookhaven...)

1986: start of heavy-ion collisions at CERN/SPS and Brookhaven/AGS
1987: start of RHIC R&D
1991: start of construction

2000: first collisions
27



The RHIC experiments
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Azimuthal asymmetry

.. In the transverse momentum distribution

of produced particles
P e Reaction:
? -
e why is it important” olane
® non-central collisions are asymmetric in azimuth
azimuth = angle in the plane of the screen

Out-of—g_laﬁe

— transfer of this asymmetry to momentum space provides a measure of the strength of
collective phenomena
« large mean free path
— particles stream out isotropically, no memory of the asymmetry
— extreme: ideal gas (infinite mean free path)
« small mean free path
— larger density gradient -> larger pressure gradient -> larger momentum

— extreme: ideal liquid (zero mean free path, hydrodynamic limit)
29



v, at RHIC

e to quantify the asymmetry:

- Fourier expansion of the anaular distribution:
oc1+2v, cos(@p—w;)+2v, cos(2[@p— v, ]) +...

o in the central detector region (3 ~ 90°) 2 v, ~ 0 = asymmetry quantified with v,
o Vo “elliptic flow coefficient”

e experimentally: low-pt v, ~ as large as expected by hydrodynamics

o mean free path ~0 s 035 s STAR Charged particles, minimum bias ]
o je. 77/5 at minimum > 0.3F - - Hydro calc. (Huovinen et al.) PP ]
0.25 ;
- “almost-perfect liquid” 02t ]
. [ ’a' —-— - _i_ - ]
o very efficient transfer of asymmetry 0450 il —¢—_+ ;
from coordinate to momentum space ; - ) ) ]
13 ” . 0.1 r b
- “hard” equation of state : ]
- crucial support for QGP picture! 0.05¢ ]
% : s 4 s 6

p-(GeVic) *°

STAR: Phys. Rev. Lett. 90 (2003) 32301



Nuclear modification factor

e participant vs collisions

o __ (@N/dp),
=
<Nw”>(dN /dp,),

e R, “nuclear modification factor”
o quantifies deviation from Ncoll scaling

- “soft”, large cross-section processes expected to scale like Ny,

« “hard”, low cross-section processes expected to scale like N
31



Nuclear modification factor at RHIC

dN/dp;dn (STAR)
Tas do/dprdn (NN)

Raa

. : ® high-pt should follow Ncoll
 0-5% [ 5-10% o if no nuclear/medium effects

1 i _* ?fﬂffifﬂ { i e clearly violated for central collisions
F DL ) indication of energy loss of partons in the QGP!
e e o not due to initial-state effects
[ 10-20% [ 30-40% o (checked with pA, dA collisions)

fﬁ‘”iu * } g‘f—f!f!!f} { } e coherent with picture from azimuthal correlations
""" N . GAUFTPCAUOZ0% ]

0.2

. ——p+p min. bias

* Au+Au Central

STAR: Phys.Rev.Lett. 89 (2002) 202301 A ¢ (radians)
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The RHIC experiments

8 [RLET

= e
- 5Y

.

BOObTE

C-/)y{

—> strongly-coupled QGP (sQGP)

much more in the “RHIC White Papers” (NPA 757, 2005)
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... meanwhile, in Europe...

1984: ECFA meeting in Lausanne: pp machine in LEP tunnel

o (n.b.: first collisions in LEP only in 1989!)
1986 start of heavy-ion collisions at CERN/SPS and Brookhaven/AGS
capability to collide heavy ions in LHC quickly realised

o mentioned at a workshop on Physics at Future Accelerators in La Thuile in 1987

1989 LHC workshop in Aachen
o physics case for heavy-ion programme, start of organisation of experimental community

1992 Expression of Interest (Heavy-lon Proto-Collaboration)
1993 Letter of Intent (A Large lon Collider Experiment)

O  reusing the magnet of LEP experiment L3 at Interaction Point 2

1995 ALICE Technical Proposal

1997 ALICE approved by CERN Research Board
2000’s construction, installation, commissioning
2009 first collisions

2010 first Pb-Pb collisions!
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Nuclear collisions at the Large Hadron Collider

® ideal conditions: net baryon density =0
o close to conditions at Big Bang
o theoretical calculations more reliable
® | HC is an excellent collider of nuclei!
o excellent luminosity
o even asymmetric collisions (p-Pb) in spite of 2-in-1 design!
® abundance of hard, “calibrated” probes
© heavy flavour, jets, ...
® very high multiplicity
o key for precision studies of collectivity
e state-of-the-art detectors

e ALICE
o0 dedicated experiment
o ~1070 authors, ~ 170 institutions, 40 countries

® ATLAS, CMS, LHCDb also participating in programme

Cross section
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The ALICE experiment

PERREUA W YR YA

e two main parts
o barrel (In|<0.9), B = 0.5 Tesla
o muon spectrometer, -4<n<-2.5

e high-precision reconstruction
o low material tracking
o high-resolution vertexing
o hadron and lepton ID

e trigger-less readout

o for the main detectors
o up to 50 kHz for Pb-Pb

e collisions systems (so far) : Pb-Pb, pp, p-Pb, Pb-p, Xe-Xe, OO, pO, Ne-Ne)
/
this July! %



|dentified particles
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More and more species

e Resonances, hyperons,...
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- QGP hadronisation, radial expansion, freeze-out, ...
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(mod.-data) (mod.-data)

AlLarge lon Cdlider Experiment

|ntegrated ylelds e hadron chemistry in central Pb-Pb HL&CE

»ox K K K ¢ p P A = E d 3@ °HeFe 3H IA ‘He ‘Fe o ~at thermodynamic equilibrium
10° bl i 0 b ALICE 0-10% Pb-Pb, 276 Tev 7 - very different from pp!
e can - VemzroTey Y PP
oE L T T iele N - strangeness enhancement!
Fo L T leed S . . . i
o e o looking at the fine print: some deviations
" F Model T(I.VIeV). V(im) ' 2INDF% Bﬂées%é i ] afew o: K* p//\/E
107 F | THERMUS 3.0 1552 5825411 45519/ o Wi @i | ] . ’ . . . oo
[ |-r-sares 156:3 aa76:696 27eMef i . i i - key window on interactions in hadronic final state
107 F {o Thermal-FIST (energy dep. BW) 1552 4962 +363 22,119 P . .
107 : |- - - GSl-Heidelberg (S-Matrix) 1572 4175380  17.1/19} 4.5.: o ... even for nUCIGIa hypemUC|e|
—_——————————————— — o in spite of very low binding energy!
o substantial enhancement wrt pp
B - AAis a (hyper-)nuclei factory
E o for each additional nucleon:
- - : , : : : g 1? o FI’ - A‘LICéPP‘\s‘:T}e\;, L\r|‘<l2;.5 1 _§ %102; ALCE
L e —c At it 3 10—
arXiv:2211.04384 v F
Tehem = Tc = 156 MeV w0 : i o
m‘%r I —% 1073;_ -
- hadronisation very close to the phase transiton '+ pp: /1000 E 132? Pb-Pb: /300
ms? He E 753 .
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Lattice QCD

e the rigorous way of performing calculations in the non-perturbative regime of QCD
e discretisation on a space-time lattice

o = ultraviolet (i.e. large-momentum scale) divergencies can be avoided

16 [ SROS———
non-int. limit

12 I
8 Te

3p/T4 B

gT4 Il
4 3s/4T3

T [MeV]
[

(N S S Y Y T N N N S [ S N [ [ |

130 170 210 250 290 330 370

[A Bazavov et al. PRD 90 094503 (2014)]

o around critical temperature (T;): rapid change of
m energy density ¢
m entropy density s
m pressure density p

o due to activation of partonic degrees of freedom

Temperature T [Me
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AlLarge lon Cdlider Experiment

Higher harmonics: a beautiful tool...

initial-state geometrical asymmetries — final state momentum asymmetries

o dynamic response of QCD medium

Pb-Pb 2.76 TeV, 0-2% central

2 <p! <2.5GeV/c

o interaction of hard probes with QCD medium 1.015- * 15 2pt < 2 GeV/e
101 R 0.8 < |an] < 1.8
= 1.0051 _6::/. § —
3 H B s - \ *,
° 15/{5{ ‘;\.*\ :"";'/_ Toeate®
09951 i A
"0 , .‘-. .'"
0.99~ ¥ . A x¥/ndf = 33.3/ 35
2 1'002: ok *Ia.dr L U TRV - "".a.;
© 1-*1-'?‘* RS PSR U R
0.9981- ' ' 1 -
2 4
A¢ [rad]
0.35-1 - Centrality
0.3+ ——0-2%
0.25 2 < p! <2.5GeVic
[ m} 1.5 < p} <2 GeV/c
cg 0.2+
o015 -
. g . . . . =
— Fourier decomposition of azimuthal distribution 0.1
o “flow harmonics” 005 a5 .
‘e . o g, T
o sensitive to transport parameters of medium o ‘

ALICE
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“ALICE =
. CMS 7 P : \ALICE, Nat. Phys. 15,(26/22019)

AN, /dn, dNidy, dE, /dy (GeV)

(py) (GeV)

AlLarge lon Cdlider Experiment £ \ /

Entering precision era! ALICE

e High data quality enables quantitative extraction of medium parameters
o e.g.: Bayesian parameter estimation from ALICE (mainly) data (Duke group)
- extraction of temperature dependence of medium bulk and shear viscosity

QGP shear viscosity vs. temperature
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2> Q
- QGP ~10 times less viscous than any other form of matter



Heavy flavour!

a gold mine!

H -+ 1

4fp T T T controlled probe
ALICE ly] <05
12fLl  Po-Pb {5y =502TeV E ©  Mmass
Centrality 0-10% gl o colour charge
1 ................................................................................................................................................... l_: o pQCD
0 M + =1 [ [ [ [ L]
.fl e 1 e generated in initial parton scattering
0.8} H]- ° Charged particles i .
- v i, 0-20%, Iy] <0.9 ] e conserved throughout evolution
0.6 0 Prompt Jiy, ly| < 2.4, CMS — “ : ”

- e NoReembldy, <08, Clis 1 e large mass - "Brownian” probe
0.4 N CHZ - e powerful probe of hadronisation
- i # -

g e 1 experimentally:

1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l— .
¢ 10 20 30 40 so e strongly coupled to medium

ALICE: JHEPO1 (2022) 174

GeV/ .
Pr GOV o clear hierarchy at low p+
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Strongly involved in the flow
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ALICE: Phys. Lett. B 813 (2021) 136054

and v,!
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State-of-the-art...
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® substantial model constraints...
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® 50% uncertainty on diffusion coefficient
it starts to be a measurement!

I sTAR, PRL 118 (2017) 212301

I  ~LiCE, JHEP 01 (2022) 174

IQCD, L. Altenkort et al, PRD 103 (2021) 014511
IQCD, H.T. Ding et al., PRD 86 (2012) 014509

IQCD, D. Banerjee et al, PRD 85 (2012) 014510

ALICE, PLB 813 (2021) 136054
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A new regime for J/iy production!

e aremarkable change of behaviour from SPS/RHIC!

é L L I LI L L I LI L I T T T T I T TT I T T TT I T TT I T T TT I g | T I T T T I T T T I T T T I T T T I T T T
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e in both the centrality and the p; dependence
e evidence for production by recombination of exogamous cc¢ pairs!



Charm quarks themselves flow
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Beauty is quenched, too...

ALICE lyl <0.5
Pb-Pb, \s, = 5.02 TeV
Centrality 0-10%

= Average D’, D*, D**

4| o Tt
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... and it flows, too...

5.02 TeV PbPb (0.58/1.6 nb™)
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Y states seem to follow a sequential suppression pattern

Events / (0.1 GeV)
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... but the Y doesn’t seem to flow much...

0 PbPb 1.7 nb (5.02 TeV) e could it be that b quarks don'’t flow?
| 0 >35 Gew": | CMS | o and B get their flow from light quarks?
0_15’_ Cent. 5-60 % N
FoY(18) Inclusive J/y E
[ elyl<24 m25<y<4 (ALICE) ]
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0.05] -
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e
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~0.05- .
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CMS: PLB 819 (2021) 136385



... but the Y doesn’t seem to flow much...

0 PbPb 1.7 nb" (5.02 TeV) e could it be that b quarks don't flow?
“r | | 1 d B get their flow from light quarks?
© pl>35GeVic CMS | © an ’
0_15’_ Cent. 5-60 % N
- Yas) Inclusive Jy ] e but should Y flow reflect b quark flow?
[ elyl<24 m25<y<4 (ALICE)
0.1~ ©25<y <4 (ALICE) . - o recombination component should be small
L _3 ]
0.05- .
- o™ $ ]
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CMS: PLB 819 (2021) 136385



... but the Y doesn’t seem to flow much...

PbPb 1.7 nb' (5.02 TeV)
0.27 T | }

© pl>35GeVic CMS |
- R0 ©
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- Y(18) Inclusive Jhy .
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CMS: PLB 819 (2021) 136385

e could it be that b quarks don'’t flow?
o and B get their flow from light quarks?

e but should Y flow reflect b quark flow?
o recombination component should be small

e shouldn’'t Y suppression feel the geometry?
o shouldn’t that asymmetry be there, at least?
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... but the Y doesn’t seem to flow much...

_PbPb 17 nlb'1 (5.02 TeV)

0.2
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could it be that b quarks don'’t flow?
o and B get their flow from light quarks?

but should Y flow reflect b quark flow?
o recombination component should be small

shouldn’t Y suppression feel the geometry?
o shouldn’t that asymmetry be there, at least?

perhaps two populations?
o e.g.: colour octet and colour singlet?
o colour octet disappears?
o colour singlet goes through ~ isotropically?

@..
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Small systems: a new frontier

e long-range ridge on near side in high-multiplicity pp collisions at the LHC!

e very similar structure as in Pb-Pb collisions
o where it is connected with v,

p P

CMS 2010, s=7TeV
MinBias, 1.0GeV/c<p <3.0GeV/c N>110, 1.0GeV/c<p<3.0GeV/c g T 35-40%

= = . lg /
2 2 23 I:ZI y
4 S < - ©3 14 =5
& 25 NN & - —F 1217
AN > .
4 0 7 5n g\\
: -

CMS: JHEP 1009:091,2010 ALICE: Phys Lett B 719 (2013) 29
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Near- and away-side ridge in p-Pb

e evidence for collective behaviour in high-multiplicity p-Pb,

e.g. symmetric double-ridge when subtracting low from high mult'y p-Pb

0-20%

p-Pb |\ sy, =5.02 TeV

2<p,, <4GeVic

60-100%

p-Pb | 5, = 5.02 TeV

| 60-100%

ALICE: Phys Lett B 719 (2013) 29

p-Pb |5, = 5.02 TeV
(0-20%) - (60-100%)

56



Vv, for identified particles in p-Pb
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® clear mass ordering at high multiplicity
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same as in Pb-Pb

ALICE Pb-Pb |5, =5.02TeV  Er*
lyl < 0.5, 10-20% - K*

- -
8 10
p; (GeV/c)

o
of
N
»

e consistent with common velocity field

—> consistent with hydrodynamic expansion!
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Strangeness enhancement in pp!

one of the hallmarks of QGP nature i

e predicted in 1982 ¢
E) Rafelski & B Miller, PRL 48 (1982) 1066 phySICS

— observed at SPS in the 90’s
WA97, NA57, NA49

Ratio of yields to (n*+n")

e now observed in high-mult pp!
o not reproduced by models
a precursor phenomenon?
QGP in high-mult pp???
new directions for research!
ey 1 o study effects turn-on, evolution
o new weapon: pp generators!

\\‘

ALICE
r i pp, Vs =7 TeV q
Ll o O p-Pb, (5 =5.02TeV |

ﬂ 0O Pb-Pb, sy =2.76 TeV

\l/.Q

10_3; 1 1111111 1 1 lllHM 1 1 lllHM
10 102 10°
Echh/dnqryK 0.5

Nature Physics (2017) doi:10.1038/nphys4111 58



But no sign of quenching yet!

. g- | T T T | G | l T T T T E A F b I T T T T L T |
& | ALICE Preliminary, p-Pb, \}sNN =8.16 TeV _
3 5"_ [e]n° -1.3<y<0.3 N
L n, -1.3<y<0.3 )
1.0 —
0,5_— - m® NLO, PDF:EPPS16 - FF:KKP, w=p,. —
& 3] 7° NLO, PDF:nCTEQ - FF:KKP, u = P,
B —— 1°m CGC, «, fac., FF:DSS LO ]
i -] n® FCEL, y =-0.5, 99 — gg ]
1 1 1 L1 11 I 1 1 1 1 1 11 I 1 1 1 1 11 11 l 1
0053 1 2 34567 10 20 30 100 200

P, (GeV/c)

[ALICE: PLB 827 (2022) 136943]



Light ions in the LHC!

OO, pO and Ne-Ne collisions in the LHC in July

e significant quenching observed! ® beyond nPDF suppression

g _I T T T T T T 1 T ‘ LI I LI | LI I T 1 T ‘ T T T T 1T T T T T |_ 8 1.3:I T T I T T T | T T T ‘ T T 7 I LI ‘ LI | T 1T ‘ LI | T 1T ‘ LI I:
c C ALICE Preliminary ] (a1 C — h* pQGD at NLO (PRL 126, 192301 (2021)) .
— — 1.2 0 . . -
140 p—Pb, {5, =5.02TeV, 7% 0-100% [* | Xe—Xe, {5y =544TeV, h*,0-80% | n ()" deta nPDF: EPPS21, FF: BKK 3
C [2] 00, {5,-536TeV,n% 0-100% [=] Pb-Pb, {5, =5.02TeV, i, 0—100% ] 11 — 7 pQCD-based energy loss model (arXiv:2505.14568)
1.2— -] e collisional + radiative energy loss n
L - E  INorm. unc. 13.5% -
B ’ - g e e SRR —_
1_*||"' """ "G A e i S Ry RS S ] = 7
C ] 0.9 -
0.8 [ S E— - - ]
e S — ] 0.8 R R —
0.6 s — o 1
C ] ] 07 THEg _ —
0.4_ - L 53 1 - F = I
- ] 0.6— ALICE Preliminary  —
0.2~ = _ 0 5:_ ﬁ=5.36TeV _:
C _ TE ly]<0.8 .
0_| L1 | | - | | ‘ L1 I L1 | L1 I | I ‘ L1 | L1 1 ‘ L1 | |_ 0 4_I L1 | L1l | L1l ‘ L1 | | L1 ‘ L1 | L1 1 ‘ | I - | L1 1 ‘ L1 | I_

0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
p. (GeV/c) p_ (GeV/c)

—> stay tuned!
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ALICE results from LHC Run 1, 2:

The ALICE experiment:
A journey through QCD

arXiv:2211.04384

full review ALTGE
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0 qpt 1 10 1
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The new frontier: ALICE 3!

a next-generation heavy-ion experiment at the LHC

Outer Tracker

Inner Tracker

RICH
ECal
Magnet
Absorber

Muon identification

FCT

ALICE 3

compact, “all-silicon” tracker
wide rapidity acceptance (8 units)
high-resolution vertex detector

o as close as possible to beams!

superconducting magnet system
hadron, muon, electron identification

forward conversion tracker

62



IRIS: inside the beam pipe




IRIS: inside the beam pipe




IRIS: inside the beam pipe

Beampipe n




IRIS: aperture

Minimum aperture at injection: 16mm radius
Closes to 5mm radius during operation
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Physics potential ALICE

* some personal favourites...
Outer Tracker ALICE 3

Inner Tracker

RICH
ECal
Magnet

Absorber

Muon identification
FCT
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Low-p1 beauty!

- b mass just at the right spot?

e beauty not fully equilibrated? o to see equilibration “in action”...?
o less suppression than for charm

o less flow than for charm & [ AUCEPbrbysy-502Tev] oqgh [ ALCE Po-Pb fEy - 502 TeV.

o SHM seems to fail o o | 16F om0

' o prompt D’ 1 14F o prompt D° e

] ] i 1 1.2k 7

e relaxation ~ 3 times slower than charm ~ 1of---- Hm ------------ T -+
m . . ] 0.8 =

o Tg = (TQ) Dg  (with my~3m,) IJLIJ @ | 1 o8 3

0.5 N - ]

o of course this does notimply thatb | %ﬁmﬂﬁ 1 oF
Cannot fu”y eq ui|ibrate_ . I A AT ] Shalibividiiessnil b BT 3

10 p,(GeVic) 1 10 p,(GeVic)

L

= given enough volume/time...
o ....out experimentally it looks like it

doesn’t. . - need high-precision b down to p;=0

- (and watch the hadrochemistry!)

68



Multi-charm: the final frontier?

® huge enhancements predicted

Statistical Hadronisation Model o up to 10% wrt pQCD for the Q!
—_ 2
- Pb-Pb |5,=5.02 TeV 0-10% F Becattini: Phys.Rev.Lett. 95 (2005) 022301
o 1 \\ A y1<0.5 V Minissale et al.: EPJ C (2024) 84:228
;]8:; SIS e negligible production in Single-Parton Scattering
S 10 e o unlike J /i R —
S 107 S BN e -
10-5 +QEC*C g 1 &l 0'3?: gt:ia-illsltDPS i a= = f 25F +—¢—+++ &
10_: gr;z 1 {’%‘;\%0022: : zitr:.l)l:.lc::;t—sa;z-c- _._I+ E %;E 2 :—_‘_:::_—:::_’__._—._ ++4__+_+4|:§
107 u,d.s only particles 1 E ¢ GenXice geEliba- E 1‘5;— }  Pythia- Al 3
10_2 —— c =1 particles % 9e ‘ 0017_ 11 EZ“J _ 1~ t Pyth%a-lust DPS #++ _+__+_
10;0 ¢ = 2 particles 5 B 1 0_052_ :8:::: D+ _i 0_5? t Pyrhla—Jll_s:;Sf.S_+_._+ 3
— o i e ) 'i :.EE"’,‘ ﬂ_'_._ikf.__‘_: :_._+—'— ) )
18—11 ¢ = 3 particles by . _ of = 5 . 05 m - -
10—12 SHMc, ch=156.5 MeV Li g S & C X 220 1 681
10—13 docﬁ /dy=0.532 + 0.096 mb ; P kandS . adrAliv. 5 5
—14 U T SN N TN S N S N S S S S N S T S ST S [N S T T [N T S T T N ST S S S S S S | “« ’ .
10795 2 25 3 35 4 45 5 55 6 ® only“exogamous’ production
Mass (GeV) o unlike J /Y

A Andronic et al.: JHEP 07 (2021) 035

e ultimate sensitivity to degree of ¢ thermalisationbl9



DD correlations

e ~ Rutherford experiment on QGP!

e constrain energy loss and angular decorrelation simultaneously

e collisional vs radiative eloss vs momentum scale

60

—— No quenching
AAAAAAAA Full thermalisation

e full isotropisation at low p;?
50

40
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1 dNassoc 1
rad
NDO dA(p (

e e.9..:ALICE 3 Lol

30

T ] | K s § T I T T T T ] T T T T ] T T
ALICE 3 Study, L;,, = 35nb™

PYTHIA 8.2, s, = 5.5 TeV, 0-100% central
D°-D° azimuthal correlations, bkg-subtracted
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Correl. unc. + 1.8e-04 (indep. c-cbar contrib.)
Unc. NS width + 18.0%, AS width + 3.8%

4
:Illlllllll#?lﬁ

Unc. NS yield + 19.3%, AS yield + 3.4%
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Charmed hypernuclei?

nuclei containing a charm baryon
o sometimes called supernuclei
e.g.: c-deuteron (Afn), c-triton (Atnn)
first suggested in the 70’s
o C BDoverand S H Kahana, PRL 39 (1977) 1506

existence/stability debated ever since

at SHM abundances - expected to come into view at LHC

if full equilibration confirmed both for ¢ and for nuclear states...

—> discover or exclude existence!

+ direct study of AZ-N potential via femtoscopy?

significance

Counts

—_

o
o)
I

Correlated background .\ |

.
1% S/B=0.41 . /
- Significance = 51.1 . |

102

L e s e e B L e
F Pb-Pb0-10%, 5.5 Tev ITS2, BR(AGN) = BR(AC) * 10% 7
F oL, =7nb --eeee- ITS2, BR(AGN) = BR(A) * 3%
[ 2<p,(AN)>B GeVic ITS3, BR(AGN) = BR(AG) * 10% |
" BWp, shape - ITS3, BR(AGN) = BR(AG) * 3%
10 =
EXHIC EXHIC EXHIC
ISHM Tmu\liquark TMUL TSIat, |
PRI S IE ST R S T N S SRS N T SN |
0.002 0.004 0.006 0.008 0.01
ITS2&3
T T T T T T
- ALICE 3 study
[ Layoutvi,|n| <1.44
| PYTHIA 8.2 Angantyr, Pb-Pb |s,, = 5.52 TeV

[ —— Signal
| = Primary background

T\ R RN T

) Rt ] 1S TR AL 1 B L LA I L L
28 29 3 31 32 33 34 35 36 37

Invariant mass (GeV/c?)

ALICE3 (SHM)
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An old dream: thermal charm?

E V Shuryak: Yadernaya Fizika 28 (1978) 403
¥ ~ 30 = thermal component only ~ 3% i g ( )

b Ut th at S fo rcen tra l P b - P b r GBAPK-I‘JIIOOHHAH II.JIABM;) POKIEHUE JIEIITOHOB,
AJIPOHHBIX COYIAPEHHAX

9. B. IIYPAKR

initial production: Y;,,(c&) o« A%/3 HHOTHIYE % XEPHOM @WAITRI c0 AW CCCP
thermal production: Y, (cc) «< A (Mosmymac o peoamguto 14 xagma 1978 &)

IlpepnaraeTcs Teopus SABJIEHUHA, CBA3AHHBIX ¢ MaccaMH M H IONEepeYHBIMH HMIYJb-
caMu p,, TakaMu, 910 1 I's¢ <M, p; <Vs. Jlna X ONACAHAA NPUMEHACTCSA MOJeNb JOKalb-
HO-PAaBHOBECHOH KBAapK-TAIOOHHOM IJIA3MBI, pasieTalomeidics IO ONpefeleHHOMY B3aKOHY.
IlpuMeHeHre KBaHTOBOM XPOMOAMHAMHEKH JJIsI BHIYMCICHHS CKOPOCTeH pAfA peaKknmi B Ta-

Yl"l’l 1 /3 KO IJIasMe [O3BOJIAeT BBEIYHCIHATH CHEKTPEl MacC AHIENTOHOB, pacupejeleEHe IO P

‘y X — X A JNenToHOB, POTOHOB, OMOHOB M AAPOHHHEIX CTPYH, CEYeHMA DOMKAEHMs IIap 0YapOBAHBBIX

C KBApKOB W PasiHYHEIX COCTOSHEHA YapMoHHAA (ICHOHOB): J/¥-, %-, V’-Me30H0B. PesynabraTsl
th COTMIACYITCA ¢ 9KCIePIMEHTAMbHEIMA TaHHBIMHU.

e.g. for central Ar-Ar (or ~ 60% Pb-Pb) y. ~ 15
thermal component already 6%
o + centrality / A dependence different from initial component

can it be separated from other centrality-dependent effects with very-large stats?

btw: already in our minds at time of ALICE TP
o (but theory predictions were overestimated...) 29



An old dream: beauty shock waves?

e low momentum b quarks are slow! (e.g.: at 10 GeV S ~ 0.9)
— angle of shock wave emitted by propagating b quark should depend on p

0 (rad)
e taking ¢z ~1/V3...1/2
® b subsonic forp < ~ 3 GeV/c

® p-dependent wake in multi-GeV range?
o ~40°at5GeV, ~55°at 10 GeV!

=)

m.
os
S
=
o (=]
° S S ‘ c -
ST T T T T A

rTrrrrTTTT TTTTTTTTTTTTTTT
2 4 6 8 10

P

p (GeV/c)

F Antinori, E V Shuryak: J.Phys. G31 (2005) L19 73



Physics potential (more examples)

ALICE

* heavy flavours, quarkonia ALICE 3

— multi-heavy flavoured hadrons (Z¢, Qce, Qcce)
— D D correlations

— B mesons atlow pt tTOF
—  xc. X, Y, Z states and exotic hadrons T

* low-mass dielectrons
— chiral symmetry restoration
— thermal continuum (virtual photons)
» fluctuations of conserved charges
— over wide rapidity range

Outer Tracker

Inner Tracker

FD

RICH
ECal

Magnet
» ultra-soft photons Absorber
— down to MeV scale with dedicated forward spectrometer Muon identification
* nuclei, hyper-nuclei, search for super-nuclei (with c baryons) FCT

* BSM searches

— dark photons

— axion-like particles
Letter of Intent: https://cds.cern.ch/record/2803563
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Axion-Like Particle (ALP) searches

ALICE
= |
!g. LEP Outer Tracker ALICE 3
5‘“ L LHC Inner Tracker

| (pp) h

. Pri t ------ . :

‘ N S

1 V ”
inv.

RICH

107 ' ECal
Magnet

ATLAS/CMS

(10 nb™) Absorber

| Beam-dump Muon identification
102 —m T FCT

1072 107 1 10 10° 10°
m, [GeV]
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Conclusions ALICE

* we have come a long way!

from the realisation of the possible existence of deconfined matter in the 70’s
to the first explorations of collective effects (AGS, SPS S beams)

through the discovery of deconfinement (SPS Pb beams)

through the evidence for strongly-coupled QGP (RHIC)

to the LHC harvest
« parton-dependent energy loss
« direct observation of QGP hadronisation
« discovery of collectivity in small systems
« quantitative access to QGP parameters

« today:

the plans of the community are being drawn for the next two decades
we are entering the next phase:

- systematic exploration of the emergent properties of QCD condensed matter
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Conclusions

ALICE

* we have come a long way!

« today:

- systematic exploration of the emergent properties of QCD condensed matter

from the realisation of the possible existence of deconfined matter in the 70’s
to the first explorations of collective effects (AGS, SPS S beams)

through the discovery of deconfinement (SPS Pb beams)

through the evidence for strongly-coupled QGP (RHIC)

to the LHC harvest
« parton-dependent energy loss
« direct observation of QGP hadronisation
« discovery of collectivity in small systems
« quantitative access to QGP parameters

the plans of the community are being drawn for the next two decades
we are entering the next phase:
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