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The Large Hadron Collider (LHC)

/

%* The LHC is currently the largest and most
powerful proton and ion collider.

~100 m underg;ound & 27 km circ.

System Year Centre of Integrated luminosity
mass energy
(TeV)
Pb-Pb 2010, 2011 2.76 75 mb!
2015, 2018 5.02 800 mb!
Xe-Xe 2017 5.44 0.3 mb!
p-Pb 2013 5.02 15 nb!
2016 5.02, 8.16 3 nb™', 25 nb!
pP-p 2009-2013 0.9,2.76, 7, 200 mb!, 100 nb!, 1.5 pb!, 2.5 pb!
8
2015, 2017 1.3 pb!
5.02 o
2015-2018 136 pb
13 .
2022-2023 30 pb
13.6
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ALICE - The experimental set-up
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Obtaining a mini-big-bang: the quark-gluon plasma (QGP)

 accelerate and collide heavy nuclei — multiple (almost) simultaneous collisions
« extreme energy densities and huge temperature — Mini-Big-Bang in the laboratory

Simulation: MADAI.us

QGP — thermalised system of deconfined quarks and gluons
(the energy density is so high that it is not compatible with hadrons such as protons or neutrons)

expected temperature: ~ 2 000 billion degrees

10° times the temperature at the core of the Sun

similar conditions are thought to have existed about 10 ps after the Big Bang
quarks are no more confined inside protons, neutrons, etc...
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Exploring the phase diagram of matter at the LHC

15'1”" i The Phases of QCD

« Study nuclear matter under extreme conditions
of temperature and energy density

Temperature

 Conditions at LHC energies: f g, Quark-Gluon Plasma
close to the ones of the Early Universe 170 M ST P
high temperature: O(10'2K) .
vanishing baryon chemical potential: equal A Color”
number of baryons and anti-baryons et Suporf,onductor

Tl ]‘

» Phase transition predicted by Lattice QCD

calculations (state of the art): 122 4Lattice QCD =
Tc=155MeV and ec=0.5-1.0 GeV/fm? ol : ——
10.0 3
» Study the properties of a state where quarks and 80
gluons are deconfined (QGP). 601 ,, 3 flavour
4.0 2 flavour

20
0.0

A

"(2002) 661 ‘869 V "sAud "[oNN ‘yosiey "4

1.0 1.5 2.0 2.5 3.0 3.5 4.0
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. . . . . final detected
Relativistic HCGVY-IO” Collisions particle distributions

made by Chun Shen Kinetic
freeze-out

Hadronization
3 Initial energy
density

Q Hadron
as

QGP phase v JRihase

/ * B
‘(—

collision &
overlap zone

pre-

udnbmum

ynamics viscous hydrodynamics free streaming

collision evolution |
t~0fm/c T~1fm/c t ~ 10 fm/c T ~ 101 fm/c
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Limit of QGP formation at the LHC

5.02 TeV

ALICE pp 7 TeV (June 2010)

\!

| Xe-Xe
5.44 TeV

p-Pb
5.02 TeV

ALICE pp7 TeV (June 2010)

e Rare pp and p-Pb collisions can produce
very large numbers of hadrons. i.e. high
multiplicities

e Do they create QGP?
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Heavy-ion collisions at the LHC: Medium properties

. ,
i Ear{y Uzn'vve"fey : The Phases of QCD
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» Direct photons:
Teff = 297 + 12010 + 416ysh MeV > Tc

‘i: IIIIIIIIIIIIIIIIIIIIIIIIIII

o~ Pb-Pb ys,,=2.76 TeV

% 10° [e] 0-20% ALICE — PDF: CTEQ6MS5, FF: GRV ~170 Mev
g [+]20-40% ALICE - - (n)PDF: CTEQ6.1M/EPS09,

Crossover

10 [+140-80% ALICE ~ FF:BFG2
Z; '::_ JETPHOX Critical Point
S [B.10 = PDF: CT10, FF: BFG2 Haaro s
Q nPDF: EPS09, FF: BFG2 a Superconductor
3 1 (all scaled by N Nuclear
~— 2 Matter Neutron Stars
- '. 1 1
ﬁ 10 1 900 MeV
Baryon Chemical Potential
102
=] 1'? 5 E
10 0.8 E— —E
. 0.6 —
10 14F —
1.2F —
6 — 3
0 1E E
. 0.8 3
10 06E 20 30%—
10_8 L1 1 é 111 4!. 111 l 11 1 I L1 l1| L1 11121 1 l14 13; E
Nature Physics 16, 615-619 (2020) 0 & 8 10 p, (GeVic) “E i @3 Eij‘E 3
08E : E
06E . 70-80%-
Recall: Tc = 155 MeV 0 05 1 15 2 25 3 35 4 45
[ (GeV/c)
 anti-particle-to-particle ratio ~ 1 Phys. Rev. C 88, 044910 (2013)
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QGP droplets in small systems?

¥ Measurements at the LHC have revealed that small collision systems exhibit collective-like behavior, formerly
thought to be achievable only in heavy-ion collisions, where the data support the formation of QGP.

| | T \ T | — ~ ' ' T T T
EZOOO | e =5.02TeV S 102 ALICE, /sy = 5.02TeV _
£ _ o~ - I pp B pr> BN rbDb Pb-Pb, \/5nn = 2.76 TeV =
~~ - o, E — _
Fs Pb—Pb, 0-5% Gy L CNpartp —
3 150 ~+ B p-rv, 05% % o B -
= o0 =
L - pp, INEL >0 &D_/ - -
60 = B B ]
—* Data (symmetrised) ? ) B /.,/./ __
40 | T° Reflected E %
o 7 : Glauber area _
= +/® l — U . . .

ZZE rmeme E| \:' neor: Syst. une B ® Upart. O Npart. |

s s o e

nlab <Npart>
1 1 /dE; 2
ct St \ dy )~ (o) 18 = (my 14 :
23 y Srotar dy <m> Srotar dy
St ~ TR? ~ 7N, . . :
T part Jrotal = 0.55 £0.01, the ratio of charged particles to all particles
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Hadronic phase lifetime

—~ P TT=TTrTrT L | X10—24
c\é RHIC LHC G
= B Cu-Cu, |s=62.4 GeV ¥ pp, {s=7 TeV E 20
o) # CU-CU, |Syy=200 GeV ® p-Pb, |5,=5.02Tev [ 1318
-§ [JAu-Au, {s\\=62.4 GeV ¢ Pb-Pb, s =276 Tev ~ H16
yi—) * AU-AU, |5 =200 GeV []Pb-Pb, |5,,=5.02 TeV % <14
3 it g
© ] B —10
£ E
S ] % % e
8 =
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e * —4
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© *? ® # =
I 0 ala s aal .*.....I M | ‘0
10 10 10°
<dN_, /dn>
D. Sahu, S. Tripathy, G.S. Pradhan and R. Sahoo,

Phys. Rev. C 101, 014902 (2020)

9 0.2 I I | 1 I I I I I I
o &5 ]
o <017 o BRNERRG s
-_g ~ (\;’Q\ A\ \% -
) Q) .
= 0.14 ) N 3 .
@ N |
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_g 0.08 © p-Pb, Vs=5.02TeV _
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0.05 Global Blast-Wave fit to |
| 71(0.5-1GeV/c), K (0.2-1.5 GeV/c) , p (0.3-3.0 GeV/c) 1
1 | 1 1 I

% pp collisions have a finite hadronic phase!

% Comparable Ty;, and collective radial flow wrt HIC

N IR R 1
0'020 01 02 03 04 05 06 0.7

B

The ALICE experiment - A journey through QCD,
arXiv:2211.04384
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Strangeness enhancement

% s-quarks are not part of the colliding nuclei (hadrons)
% (u,d)-quarks form ordinary matter

% 5(95 MeV): are sufficiently light to be produced abundantly during the collision
% Strangeness is produced in hard partonic scattering processes by
< flavour creation: ¢gg — 55§
gq — 88
< flavour excitation: 5 — g5
qs > qs
< gluon splitting: ¢ — SS

strangeness enhancement

one of the first proposed QGP signatures
Rafelski, PRL 48 (1982) 1066
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" Strangeness enhancement in heavy-ion collisions

& 100 ALICE Pb-Pb 2.76 TeV: ;
©)] [ R ]
e Observed strangeness enhancement o | tex % } *Z
hierarchy: with s-content (relative = "E4E ) :
to pp) o *A X g\{} _
i . H) ¢ We L
g ¢ b
2 ¢ T MY
S ¢ %
What do we observe in small systems < ML ]

—
T
|

like pp collisions at the LHC? :
¢ 9 ALICE Pb-Pb 2.76 TeV |

o0 STAR Au-Au 200 GeV -
1 ! Lol L L

10 102
(N__)

part

Phys. Rev. C 91, 024609 (2015) [ALICE Collaboration]
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o Strangeness enhancement

v' Significant enhancement of strange-to- non-strange
ratio with particle multiplicity

v" Origin of strangeness production in hadronic
collisions is driven by the characteristics of the final
state rather than by the collision system and energy

v At high-multiplicity, the yield ratios reach values
similar to that observed in Pb-Pb collisions

v" Non-trivial Observation: Particle ratios in pp and p-
Pb are identical at the same dN../dn: final state
particle density might be a good scaling variable
between systems

Ratio of yields to (n*+n")

—
<
\v]

1 0_3 H TR T S L

—
Q

Jrsmeragis

pp, Vs =13 TeV

pp, Vs =7 TeV

p-Pb, \'s,, =5.02 TeV
Pb-Pb, m =276 TeV
—— PYTHIAS8 + color ropes
....... HERWIG7

------------- PYTHIA8 Monash

ERETE PYTHIA8 Monash, NoCR
\‘ Il Il Il 111 ‘

10

10? 10°
(@dN_/dn)

Inl<0.5

ALICE Collaboration, Eur. Phys. J. C, 80, 693 (2020)
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Spectra and collectivity

,'|I__| |||||||||||||||||||||II|III|II
s 10° ALICE pp Vs =7 TeV
S 108 (event multiplicity classes)
a:
©)
= 10’
n=
S 10°
> 2@ KS (x10%)
S 10 e A T
S g O
%5 10* - “~~ (V1)
103
== (x
102 0
10 . SV A+A (x10%)
’ X)
10~
1072 W SV Z4E (x10%)
1073 3:::. RN
10_4 ’ .’5 E‘\ \:\.\\ (I ”)
-5 H AN
10 AN (2 o o
-6
10 (IX+X)
—7||||||||||||||||||||||||||||||
0% "2 4 6 8 10 12 14

P, (GeV/c)
ALICE: Nature Phys. 13 (2017) 535

v' Spectra become harder as multiplicity increases

v' Hardening is more pronounced for higher-mass particles

v’ Similar observations like p-Pb and Pb-Pb showing
collective behavior

v Simultaneous fit: T, = 163 £ 10 MeV, <B1>=0.49 £ 0.02
- Similar to the same class of events in p-Pb with
comparable dN./dn
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Strangeness hierarchy

[T T T T T S=0 . Smooth evolution as a function of event

k
£ multiplicity (in pp, p-Pb and Pb-Pb
g 18=1 llisions
S o@mm& AL L o )
0107 & o E _ .
- pppen? O D EEDIm,, 1 g=1 v Measurement at different energies as a
2 b0 B0 W00 g0 ] function of multiplicity indicate that the
T K ﬂ’”ﬁm 1s=0 hadron chemistry is driven by multiplicity
Lyl O GOGTP Ve 1 regardless of the collision energy
107 O+ (12 Q = o .
@MM} + ] S=2 Ratios increase from low to high
] multiplicity in small systems and reach
b e ooty S=3 values similar to those observed in Pb-Pb
—ﬁ O pp, 1s=7TeV 0 Pb’-Pb,\sNN=5.02TeV il collisions.
Q p-Pb, |5 =502TeV W Xe-Xe,\s,, =544 TeV
10—3 Ll Lol Lol Lol . .
10 10° 10° 10° v' Strangeness enhancement increases with
(AN /9o strangeness content.
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Long-range ridge-like correlations

(a) CMS MinBias, p_>0.1GeV/c (b) CMS MinBias, 1.0GeV/c<p <3.0GeV/c e The collective flow of Sfrongly in’reraCfing matter gives

rise to an azimuthally collimated long-range (large An ),
near-side (small Ag) ridge-like structure in two-particle
azimuthal correlations.

R(An,A¢)

e It was first observed at the RHIC in Cu-Cu and Au-Au
collisions and later at the LHC in Pb-Pb collisions.

e Most of the pQCD based models fail to explain the ridge
formation.

o
<
$4
q
I
m
©
—
o
O
0
O
O
=
N
O
—
o

e Belle at KEK has reported no ridge-like structure in e*e
collisions at 10.52 GeV

R(An,A¢)

e Observation of ridge structure in high-multiplicity
pp collisions: a feature seen in heavy-ion collisions
possibly due to collectivity
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= UMQS model explains ALICE J/y production

O N B B B
i ; ﬁ‘t:gg ga’;a g :3T$VV lyl< 0.9 1 v J/y self-normalized yield as a function of self-
1ok aa © /] normalized multiplicity follows a scaling across
- UMQS Model Prediction: ; * ] collision energies.
B @ 13 TeV i : 4
8 — @7 TeV ¢ ¥ —
. —@502TeV ; 1 v/ UMQS model which incorporates the suppression
Sl _ of J/W through color screening, gluonic dissociation,
i - and collision damping and regeneration of
4 — charmonium due to correlated ¢ — cbar pairs.
2r p

ch
N,
C.R. Singh, S. Deb, R. Sahoo, J. Alam, Eur. Phys. J. C, 82(6):542, 2022
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~ Jet-like region modifications

IX=

1.5

0.5

dN,,
dpr

| L L L AL AL |
ALICE

Toward - Transverse

8<p 'Teadi"g<1 5 GeV/c
4<pT<6 GeV/c, Ini<0.8 L

A4

VSNN =5.02 TeV

Away - Transverse @ pp (VOM mult. classes)

M p-Pb (VOA mult. classes)
AL Pb-Pb (VOM cent. classes)

............ §'“”“ SSEESESEE. = -t.?....,,"-." ,._. e
| y ” om

Event classes

® 0-5%

® 5-10%

10-20%

® 20-40% | X flat background

® 40-60% 0 v, background

@® 60-90%

jet—like signal in X collision

dN,,
dpr

- Pb—Pb collisions: Ix values in the toward (away) region exhibit

jet—like signal for MB pp collision

1 a1
1 10

T
(N

10

10?

an enhancement (suppression) relative to MB pp with <A™

Toward
|Agp| < n/3

Transverse
/3 < |Ag| < 21/3

Transverse
/3 < |Ag| < 21/3

Away
|Ag| > 2n/3

ALICE, arXiv:2204.10157 [nucl-ex]
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Jet-like region modifications

l L] LJ lllllll L) L) 'll'lll L] L) "lll L] L} Illllll L] L] |"llll L} L] LI
ALICE 8<p Ieading<1 5 GeVle VS_NN =5.02 TeV
Toward - Transverse T Away - Transverse @ pp (VOM mult. classes)
1.5F 4<p <6 GeVic, <08 B p-Pb (VOA mutt. classes)
@ ) Qt X Pb-Pb (VOM cent. classes)
LA ] e, 4
- X 1|'".'t'¢""0 """ !"'it """""" t """""""""""" T e 1 .=
=~ e Event classes t X ®
mu—} @ 0:5% aun-m-* & @
® 5-10%
0.5F p ;gig:f -+ ¥ flatbackground Q -

@ 40-60% 0 v, background &
@ 60-90%

l L L lllllll L L lllllll L L lllll L L lllllll L L lllllll 'l LAl LLll

2 2
1 10 10 1 10 10
dn,, < NT )
dpr jet—like signal in X collision ch
dn,,
dpr

jet—like signal for MB pp collision

pp and p—Pb collisions: Absence of jet-like modifications

Toward
|Ap| < @/3

Transverse
/3 < |Ag| < 2n/3

Away
IAg| > 2n/3

Transverse
/3 < |Ag| < 21/3

ALICE, arXiv:2204.10157 [nucl-ex]
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Opacity of the QGP and nuclear modification factor

« Estimate the opacity of the created medium

: L AA d?Naa/dprd
Raa is called the nuclear modification factor Raa = — AA/dprdy

rescaled pp  (Neo)d2Nyp /dprdy

Raa equals unity means no modification at all

AL AR AL L B RS ' 'ALiCE'Pblpb'\/{'NQzJéTév """"""""""
1.8  ALICE, charged particles - jet 1a 0-5% o 5-10% -0 . 10-20% §
" e p-Pb m=5.02 TeV, NSD,IT]cms|<O.3 ] Alse 0.8 & o+ 1 A 3 .9 i
1.6 Pb-Pb |5y = 2.76 TeV, 0-5% central, | 1| < 0.8 A% =K *
1.4 Pb-Pb V8, =276 TeV, 70-80% central, | n| <0.8 08~ £ % *pHD ,
g f I 0.4 ' eh+h
£ H E 0.2
m,, HHHBH-B-H‘ BH ““““ E “““““““““ - é T T T T T T T T T T T T T T T T T T T T } } } } } T
& B 1 T . m 1T
= fmaBn B@M B
@4% WEEg BT A’ %_ 0.8
) QeGP 08
E rton
i - CI] M f"gg pa o
'--...--.-l‘ ' e [‘, 0.2
"8'"'1'0"‘1'2'"1'4"'1'6"'1'8"50 02 46 81012141618 0 2 4 6 8 1012141618 0 2 4 6 8 1012 14 16 18
P, (GeV/c) P, (GeVic)
Phys. Rev. Lett. 110 (201 2302 [ALICE Caoll.
ys. Rev. Lett. 110 (2013) 082302 [ALICE Coll ] Phys. Rev. C 93 (2016) 034913 [ALICE Coll ]
strong suppression (quenching) in Pb-Pb collisions
p-Pb collisions is a control experiment for the nuclear modification factor pp collisions are considered as a baseline

first clear particle mass and centrality dependence energy loss in the medium
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Proton as a composite object , , , . o
Anisotropic and inhomogeneous density profile of proton

3 3
11—k K _ ry Tk
pc—f(r;r1,T2,13) = Ny 3 qu(r —T;7g) + Ngg Zpg[R Ok, drl(r — CRIE 5]
k=1 k=1
1 T T T T T T
° NCh’ Glauber Model 0.1 2 D I LELELIL I LELELIL I LILELIL I LILELEL I LB I LI I LI I LB I LI L L~
102 e N, ALICE, pp, /s =7 TeV i ® ALICE Datapp@13 TeV ]
* i m Thiswork pp@7 TeV
£ 0.1~ * IP-Glasma pp@7 TeV
o 10 i 7
> i i
= - .
6 0.08 -
10 - -
1078 > 0.06 __. ° °® Y [ e O PY ® 00 __
1.5 0.04f~ ]
_ k ]
0.02 -
o b G 11 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 111 l-
. . . . . . 0 10 20 30 40 50 60 70 80 9 100
0 20 40 60 80 100 120 N
Nch ch

S.Deb, G. Sarwar, D. Thakur, Pavish S., R. Sahoo, J Alam, Phys. Rev. D 101, 014004 (2020)
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A hypothetical picture of Proton collisions at TeV energies

Hard scattering: perturbative QCD Hard scattering
Proton Proton
ﬁ _

MATE, Hungary | 21-26 August-2023 | Raghunath Sahoo 24



ISMD-2023

A hypothetical picture of Proton collisions at TeV energies

Hard scattering: perturbative QCD Hard scattering
Soft QCD processes:

low transverse momenta

— non-perturbative QCD
Includes: Proton Proton

¢ Underlying Event (UE) — <
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A hypothetical picture of Proton collisions at TeV energies

Hard scattering: perturbative QCD

Hard scattering

Soft QCD processes:

low transverse momenta

— non-perturbative QCD
Includes:

¢ Underlying Event (UE)
¢ Multiparton interactions (MPI)

Proton
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A hypothetical picture of Proton collisions at TeV energies

Hard scattering: perturbative QCD

Hard scattering

Soft QCD processes:

low transverse momenta

— non-perturbative QCD
Includes: Proton

¢ Underlying Event (UE)
¢ Multiparton interactions (MPI)
¢ Initial- and final-state radiation

» Initial state radiation
Proton

—

P

*. Final state radiation
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A hypothetical picture of Proton collisions at TeV energies

Hard scattering: perturbative QCD
Soft QCD processes:

low transverse momenta

— non-perturbative QCD
Includes:

¢ Underlying Event (UE)
¢ Multiparton interactions (MPI)
¢ Initial- and final-state radiation
¢ Beam remnants

Hard scattering

» Initial state radiation
Proton

Proton

Beam remnants

P

*. Final state radiation
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A hypothetical picture of Proton collisions at TeV energies

Hard scattering: perturbative QCD
Soft QCD processes:

low transverse momenta

— non-perturbative QCD
Includes:

¢ Underlying Event (UE)
¢ Multiparton interactions (MPI)

¢ [nitial- and final-state radiation
¢ Beam remnants

¢ Hadronisation products
¢ Collective effects

» Initial state radiation
Proton

Proton

Beam remnants

.......... ; % Final state radiation

':": Hadronisation/
Fragmentation
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| QGP droplets in small systems?

< Measurements at the LHC have revealed that small collision systems exhibit v | e
collective-like behavior, formerly thought to be achievable only in heavy-ion
collisions, where the data support the formation of QGP.

% Traditionally, small collision systems are used as a baseline for the study of the
possible formation of QGP in heavy-ion collisions.

% The origin of the collective-like behavior in small systems is still unclear. To

understand one can isolate different physics regimes (soft and hard physics) using
event shape observables:

‘ Leading particle
v' Relative Transverse Activity Classifier (Ry)
v' Transverse Spherocity (So)

v’ Spericity

v Fla-l-enici-l-y Transverse Transverse

/3 < |Ag| < 2n/3 /3 < |Ag| < 213

S. Prasad, N. Mallick, D. Behera, R. Sahoo, S. Tripathy, Sci. Rep. 12 (2022) 1, 3917
A. Khuntia, S. Tripathy, A. Bisht and R. Sahoo, J.Phys.G 48 (2021) 3, 035102.
G. Bencedi, A. Ortiz, S. Tripathy, J.Phys.G 48 (2020) 1, 015007 MATE, Hungary | 21-26 August-2023 | Raghunath Sahoo
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Important results based on Color String Percolation
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D. Sahu, S. Tripathy, R. Sahoo and S. K. Tiwari,

Eur. Phys. J. A 58, 78 (2022)
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D. Sahu and R. Sahoo, J. Phys. G 48, 125104 (2021)
D. Sahu, S. Tripathy, R. Sahoo and S. K. Tiwari, Eur. Phys. J. A 58, 78 (2022)
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TeV pp collisions and QGP droplets

Observed:

“» Enhancement of strangeness

“* Hardening of particle spectra: Ty;,, radial flow like HIC
% Collectivity in small systems

% Long-range correlation

Yet to be explored:
» Quarkonia supression
» Jet quenching efc.
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R. Sahoo, AAPPS Bulletin (2019)
R. Sahoo, T. Nayak, Current Science (2021)
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(particle multiplicity in different systems] 'E,I’pbp‘b 30-50°

100 |
Oxygen-0xygen 5 |
Collisions@LHC 5

> System size of Oxygen overlaps between high
multiplicity pp and peripheral Pb-Pb collisions

> Provides an opportunity to explore the origin of
flow-like signatures in small systems

> Probe the a-cluster tetrahedral structure of
oxygen nucleus
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" Nuclear density profile of Oxygen
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o 0.8- ~®- Woods-Saxon -
: —— g-cluster ]

0.6 -

0.4}

0.2}

© Proton © Neutron
0 1 2 3 | @ Alpha particle 8+ Oxygen nucleus
r [fm] Qe

Probability of the radial positions of the nucleons in oxygen (0°)
Depiction of a-clustered structure in oxygen nucleus
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D. Behera, N. Mallick, S. Tripathy, S. Prasad, A.N. Mishra, and R. Sahoo, Eur. Phys. J. A, 58, 175 (2022)
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Global properties: Oxygen collisions
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+* The initial energy density for a de-confinement transition is 1 GeV/c (IQCD)

+* Both a-cluster and harmonic-oscillator density profiles show 15% higher energy
density than the Woods-Saxon density profile
+* The speed of sound is independent of the density profiles and below the ideal

as limit
& D. Behera, N. Mallick, S. Tripathy, S. Prasad, A.N. Mishra, R. Sahoo, Eur. Phys. J A 58, 175 (2022)
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Some detailed studies: Oxygen collisions
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Summary and Outlook

% Small collision systems: much more than just a reference!

% Strangeness enhancement and collective-like effects are seen for high multiplicity pp and p-
Pb which are reminiscent of effects observed in heavy-ion collisions. No jet-like component
modifications are observed for small systems yet

< Multi-differential studies with event shape observables such as relative transverse activity
classifier, transverse spherocity and flattenicity help to distinguish soft and hard events at
the Large Hadron Collider

“* Observation of a threshold in the final state multiplicity for QGP-like behavior

% Small system QGP a way ahead: Oxygen collisions at the LHC

.................
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