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) Questions (for today)

How is the transition between
deconfined and confined phase?

What is the nature of the QGP?
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How is the onset of QGP production?
Emergence of QGP phenomena?
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CERN

\ Heavy-lon Collision, conceptually...
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w) Heavy-lon Collision, conceptually...

A 1ime
t":e / particle detection | t =3 cm/c
A
> 4
3 . 7
& o Kinetic freeze-out | t =10 fm/c
S
- Transport § chemical freeze-out
 Laco il 2 hadronization
% Relativistic
ghrodynamiol o o ol hydrodynamic evolution
R Pre-Equilibri _
- 8 Glasma Phase (< ) pre-equilibrium |t =~1fm/c
<D / \ A collision | t =0fm/c
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1fm/c=3-102%4s
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Significant impact of Russian
aggression against Ukraine
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 LHC (Run 3): 298_Pb on 2%8_,Pb at Vs, = 5.36 TeV
— Center-of-mass energy for hard processes

- Total available collision energy: Vsp, p, = 1.1 PeV

« Immense collisions with thousands of tracks
— Imagine a pp collisions with pile up of about 400
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p-Pb
5.02 TeV

) Heavy-lon Collision, experimentally...

pp: Vs = 13.6 TeV
Pb-Pb per nucleon pair:

Vs = 82/208 * Vs = 5.36 TeV
Total energy:

\Spp.pp = 208 * Vs = 1115 TeV

Hame)| Japuexaly abew|



) Centrality

Nl

* Impact parameter available experimentally
Not the case for pp: “hidden” parameter
Multiplicity is global event property (forward N, ~ mid N)

Cen_tral .

SPD clusters

mid rapidity
multiplicity

Low multiplicity > High multiplicity
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Multiplicity Vs. b
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Jhy

NL S
 The QGP affects bound-state formation
« Binding potential of quarkonia is modified
« ccbar produced in hard scattering does not
hadronize to J/y in presence of medium
000 og o 0.0..'0 3
% ¢ % — % %o S x
® 00 ... .. 00 o °
®¢q0g0® °°%°°®
... ® ® ..
o® ©
« Large ccbar density - regeneration
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°0 oo , 0 % 0'
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Jhy modification vs. energy density

H. Satz
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Regeneration

)

Suppression

sequential suppression

J/W Production Probability

Energy Density

R,a VS. multiplicity _ AN, /dp,
1.8

R =—
Jhy M < coll>d|\I /de

® ALICE, Pb-Pb s, = 5.02 TeV |y| <0.9 P, >0.15 GeV/c -
STAR, Au-Au |5, =200 GeV |y| < 0.5 P, > 0.15 GeV/c (PLB797, 134917_[
® NAS5O, Pbe\f =17 GeV0O<y<1

LHC 2.76 TeV ~ 100 c-cbhar
RHIC 200 GeV ~ 10 c-cbar
SPS 17 GeV ~ 0.1 c-cbar
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(iERN \J et Q u e n C h i n g PRL105:252303,2010

= 'E. [GeV]

« The QGP alters jet energies

— Radiative and collisional energy loss due to interactions of
traversing parton with quarks and gluons in the medium

« Back-to-back jets significantly altered

jet A; distribution
I B L L |
- (f) e PbPbys, =2.76 TeV 1 ‘ pTl — pT 2‘
0 2' — PYTHIA+DATA _ AJ = o1 E, [GeV]
g Tl Iterative Cone, R=0.5 i pTl + pT 2 40
S p. >120GeVic ] 30
® Ta ) ]
L _ p,,>50GeVic | Pti =Pt -> AJ =0 203‘
§ 01'+ A¢12>§n T ‘ > |
i I
kpf 113pr=pr, 2 A; =05
¥ quenching 0-10%
0- L 1 1 I 1 1 L I 1 I.l L 1 L I 1 1 1 I

0.2 0.4 0.6 0.8 1
A= (pT,1_pT,2)/(pT,1+ pT,z)
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chun)) Jet Quenching Photons

=T J | | T T IIII| .RAA \./S... .p-.rl
* For all strongly interacting probes T 61— ALICE Pb-Pb, {5y, = 5.02 TeV, 0-10%

. ‘o . e 1w K « p Phys. Rev.C101 (2020) 044907
— Significant suppression (Ra, ~ 0.14) 14 KO 2o aivel0613113
» Ratio of steeply falling spectra

« ch. particles JHEP 11 (2018) 013 v

FRRRNRRRRRAR

| _ _ _ 1.2
— Different dynamics depending on particle Y CMS Col., JHEP 07 (2020) 118
« Dependence on mass and quark content romapsonucerames ]|
0.8 B sk Koo n Hadrons
Il ch. particles w

T

« EW probes (y, Z, W) not suppressed 0.6

2
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.
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— Do not interact with QGP 0.4 -+ =
— Confirm correct scaling of Ry, pim—— -
B ™™ i
D—I ] ] L1 111 I| ] | L1 1111 | ] | [ I I |
_ _ 107" 1 10 10
« Used to constrain QGP properties p, (GeVic)
— Needs modelling (see later...) r __ N, /dp,

AA T
N _dN_/d
< coll > pp Pr arXiv:2211.04384
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w) A Flowing System @

« Collision zone not isotropic (coordinate space)

Coordinate Momentum

* Pressure gradient - momentum-space anisotropy space space
— Requires reinteractions, strongly-coupled system y D,

« Access to event-by-event fluctuations of nucleon density |_,
of T O PHoBos Glaber o | X Px

5 S5t

—_ (b
E o - E o | =
> > [
_5_— " — 5 py
e e
X (fm) Px
« Measurable through azimuthal distribution of particles v
dN o
— = A(1+ Zan\/n;cos n(go—‘I’n))
do o nucl-ex/0701025, PRC81 (2010) 054905
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) Flow coefficients v,

v, vs. Centrality

dN L -
@ = A(1+ Zan‘v_Qgcos n(go—\Pn)) of T Toal
« Magnitude depends on n = ] ' o vz >
- E.g. 2v, = 20% of particles "move” |~ ] I
from out-of-plane to in-plane T R e
o x (fm) I
§7 105 e . | I y
LN\ WA N PN | r‘/.,-——'—- 3
2 AL N E o 4 ﬁ >
5 T ) Pb%—* *—%Pb ‘
40 1 2 3 a N=915053 L T T T L L S

0=, 105, 0 o 0O 10 20 30 40 50 60 70 80

: x(fm) centrality percentile
« Clear centrality dependence

@ @) @D PRL107, 032301 (2011)
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Higher Orders

« Azimuthal distribution entirely described up to 5" order
* Finer structures can be extracted with high statistics (n = 9, at present)

CAg)vs. Ap

Centrallty 0-1%, ITl| <0. 8
e |An|>1
“'2,3,4,5{2s |An| > 1}
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Compact description of the data
Direct link to medium transport coefficients
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C\E?W Transport Coefficient: Shear Viscosity

Nl

« Shear viscosity n/s washes out initial-state anisotropies
— Large influence on higher-order flow

« Bayesian estimates for QGP medium properties

n/s vs. T/T,

Wat
e Water

P./2

] | | , ‘ P,  Helium
] Helium ™S , -
g \%P has very small shear viscosity

-> strongly coupled

0'1§ Quark-gluon plasma /

I [ 1

0 0.5 1.0 1.5 2.0 25
T'T.  J. Bernhard et al, Nature Physics 15, 1113 (2019)

n/s

QGP

Initial conditions
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CERN ¢ fx— o RAAP\;_SPQVF:—ZS.;“TZ\E, E
E Heavy Quarks e T 1
= z v<os {5
1.0F- H <
« Charm and beauty produced in initial scattering 081 i 8
(The < Toep fOrmation) % P g
— Initial production calculable perturbatively " E_L@. EI—
— Undergoes entire medium evolution 0'2; S 1100 wo radiave 1
(“Brownian motion markers”) 4107 LR woradave 0 2030 m%
» Experimentally challenging probe a— ) ,pf(, a8
— Secondary vertex reconstruction, small branching ratios, 7 A% - Tetulaw =80TV T g
large combinatorics 0'2'_ N - ncusne dh. 25 < y <4 §§
« D mesons strongly suppressed % %(%S);i;"}%'s",f4 | %%
— Collisional and radiative energy loss visible 0.1 | i* @; LI ‘ b oo ‘%;
- Sizable v, and v, for D and J/y, and v, forb > e K& Q% : $F
— Charmed hadrons and beauty (electrons) flow with medium 0_¢ | ? % | Iy 53%
— Thermalization (= sufficient re-interactions) e TN TaayaTe ‘g%%
P, (GeVic) gI&
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) Quark-Mass Dependence

N

* Energy loss depends on quark mass

L = e Non-prompt Jiy (CMS)

1+
9 6,5-=:qu30 GeVic, |y|<1.2  EPJC 77 (2017) 252
’ (empty) filled boxes: (un)correlated syst. uncert.
MC@sHQ+EPOS2 Phys.Rev.C 89 (2014) 014905 |
— = D mesons |

N — = Non-prompt J/y .

— Dead cone effect: gluon radiation in vacuum <14 RaaVS. Ny (Centrality)
< ' ' ' - ' - ]

suppressed for angles 6 < m/E = 1/y by ry 2 @ | Pb-Pb,|syy =276 TeV i

E 1_2‘_ m D mesons (ALICE) 8<p_<16 GeV/c, ly|<0.5 ]

0.8 :— N YJ{ ===+ Non-prompt J/y with ¢ quark energy Ioss—_

* Observed with B = non-prompt J/y at high p- W, 1 T~ B :
SN

TN \H T

: : 0.4]-2080% E\\“‘ g .

* Models need to simultaneously describe both SN s S :
0.2 040% a0 W - .

~ (") 50-100% for non-prompt J/y 10-20% 0-10% |

IIII|lIII|IlII|IIJI|]IIJ|IJII]IIJI|IlIJ

50 100 150 200 250 300 350 400

O
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@) Transport coefficient: Spatial Diffusion

e IQCD, L. Altenkort et al, PRD 103 (2021) 014511

- T IQCD, H.T. Ding et al, PRD 86 (2012) 014509

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

STAR, PRL 118 (2017) 212301

I  /ic: PLE 813 (2021) 136054

« Combined model fits of charm (R, + V,,)
« Constraints on spatial diffusion coefficient

— Governing Brownian motion of charm in medium R —— 27T Ds
— Strongly coupled (Dg small) > moves “with” the QGP S TUHNE - PR T s
— Weakly coupled (Dg large) = few independent scatters s ZfrDST°at Te= 105 MeV
— Strong temperature dependence S TiPs VS. pgéD'Lg(gs'_:_é,__g_);
« Strongly coupled at low T - Caana B
» Coupling model-dependent at large T = | T o ¢
— At phase transition: 1.5 < 2nDsT < 4.5 a 103_— MC@SHAHEPOS2 ,_,T_,;.f.-—-f ;
- Relaxation time (approach to equilibrium) S| e 1
— 3-9 fm/c at phase transition " /
n/s
- Charm thermalizes in QGP (t ~ 10 fm/c)
1/4m

020 025 030 035 040
Temperature (GeV) 5,xiy:2211.04384

High Density QCD with Heavy-lon and Proton Beams - Jan Fiete Grosse-Oetringhaus



) Transport Coefficient: Quenching Power

N

* Quenching power characterized by “ghat” ghat/T3vs. T
A 5 average transverse [ o~ === gﬂjg 2; Emgg-Dm:nToLp)oles) 1
— S N L L : + —
H q _ M momentum transfer 60_ i \\\ e Eum=0.4ugl
E g 1 < ! \ DREENA-A (i = 0.6p¢)
<— mean free path 8 ] \|  —— JETSCAPE (LBT)
! \ JET collaborati
« Strong temperature dependence R 40F/ # BT oolaboration :
i [ \
— Cubic dependence on temperature " \
— Various approaches: weak-coupling approaches, . \\
monopoles, Bayesian estimates 2 20r . .
— Large spread at lower T where quenching is _ L '+‘"""""*u:;':::.':_';"_';--_-_:
overall smaller e + |
— Similar values at large T 085503 04 05 08
* Most stringent from Bayesian | GeV2 Temperature (GeV)
estimates (JETSCAPE) =15

arXiv:2211.04384
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QGP Temperature

N, S .
Inv. yield vs. p+
* Photons emitted by the medium 3 oL [s]ALICE ) _
Q__ - 0-20% Pb-Pb \s,, = 2.76 TeV
— Signals from all phases of medium evolution NESE —Aexp(p /Ty :
_ _ = |a T T =304 £ 115 £40™"° MeV -
— Mix of temperatures - effective temperature B> F [o] PHENIX E
: - 0-20% Au-Au ys,, = 0.2 TeV ]
« Temperature from slope of photon yield = T 7 ey ]
. _— ™~ 3
« Large initial temperature :
— T ~ 240 MeV at RHIC (Nsy, = 0.2 TeV) 5 9 _
I % 12 -
300 j\'Ea”y Universe Quark Gluon Plasma 0 [e] E
g I
EEOO LHC Lower energy collisions 1045_ E
§ Crossover (Lattice QCD) e%’% o R ‘ @ ‘ i
: 0%~ Large initial temperatures P, (GeVic)
ol A in heavy-ion collisions

Phys. Lett. B 754 (2016) 235-248
ALICE-PUBLIC-2015-007

Baryochemical potential g (MeV)
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Transition from
QGP to Hadrons



EE?W Hadronization

Nl

« Hadronization is a non-perturbative process
— No first-principle description
— Aqcp--- but when does it begin exactly?
— Understanding is very important, as a fundamental element of QCD
 Affects all observables which measure hadrons
* Needed for background estimates, including in searches :

— Experiment guides the way hand-in-hand
with theory-inspired phenomenological models

 Initially: Factorized description of hadron production

h

<p;>vs. multiplicity

i =7 TeV
PP is=7TeV & ALICE, charged particles

(p,) (GeV/c)

O-PP—HL\' = PDF(xn k) Q2 )PDF(xb -’Qz ) ® O-{.rb—m@ ® Dq—ﬂi (Z-’ Qz) o |q|<0'3'0'15<"3T<10'DGEWC 5

— Multiple interactions within collision combined incoherently v ‘Colour reconnection E",

« But: Picture fails when multiplicity increases PYTHAS, ine 4G E
— Addition of e.g. colour reconnection needed . % wihCR s

60 80 100 N

=<
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CERN . |
D) Baryon Production NI

/ N\

q q

« Baryon production (e.g. A) not described by e*e" inspired models
— E.g. in Pythia, need for more than basic color reconnections (e.g. junctions, JHEP 08(2015)003)
« Baryon enhancement not visible for jet constituents
— Fragmentation remains independent of other activity in the event

A/KOvs, P+

A/KS 0 itum at /5 = 7 TeV 0 Q¥ LI B L LR : 5o
. s A/KOPvs. p; Vi=7 . " [ ppie-7Tev ALCE D
2 12 —e— Data Q = — . i C -

Z : + H 315 S g. lf 1-Jet: anti-k;, R = 0.4, pT'jl_et> 10 GeV/e, n,| <035 §
oy 11— = = == New CR model B Ve 1~
g, - + + . 3 < i 7™ 1< 0.75 e Inclusive 13
0.8 — + 1 = ~ N
N R S e L e U 0 [ ] ) o Perp. cone SRS
o6 b T T T %XJ i inclusive = RV’ jet) <0.4 A Q
o4 ¥ _ —t+— & 0.5 ﬁﬂ v Vsinjets —=18
LH Basic CR ‘_—t - "%‘i@& s
C m T B ey B e Hy oo m—m—— i
2: | I\IIeIV\II gIRI I || T R T me) é /E//E/ E
1. :_ I---JI o
S 12gM Y i /02 —/E—/ W|th|n Jet — — PYTHIA8 p O— +«—0 p
Q G E TN, —aun i ~ ol vy ]
% o.SM pO—ii—ﬁ I“l| = 0 2 4 6 8 10_ 12
Rl S s s Fragmentation within jets unaltered (e*e like).

a
[ 5]
=
(=3

Independent and “higher-order” fragmentation present in same collision
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A /DO vs. py

_.I ‘ ' I i
) Charm Sector Torhl T pmenords” -

N/ S 06 5 . oo Mode 3 E

SHM+RQM
sy Catania
QCM

« Charm and beauty produced in hard scattering,
rarely in string fragmentation

o pp, Vs=5TeV
. pp, Vs=13TeV

T002TO0 (2202) 82T114dd

e*e  expectation |
 Baryon enhancement also in charm sector (including LOCR)—¢> =

— More A, in pp than e*e- and ep i
02 .F

.
— Surprise: A/D significantly larger than e*e- expectation po—<«op| PGV
— Pythia with reconnections beyond leading colour works :c; Taemm<ts |
. mys= e
to_/ 0.8_— " 5=;?0-2|—T\£V — rcir.l
- Significant effect on fragmentation fractions Rl SAA 13
. . - e HERA, ep, DIS 12
— Less DYin PP than in e*e- and ep - @HEF{A, ep, photoproduction N
0.4ﬂ El | | \B).B
2
‘ (@]
|
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=== Quark distribution

C\E/RD/ Coalescence and Statistical Hadronization o
» Coalescence in filled phase space of quarks and gluons i ]’

— Partons close in momentum and position space coalesce to hadrons % g
— Probability is p;r dependent 01, fe 2
] ) . 26 4 ’“mﬁ p
— Can be successfully applied to large objects " Cevsef 910, S
. . m
* Nuclei have small binding energy and are formed late 11 different species
 Statistical hadronization: Relativistic ideal quantum S
. . e . ( 10° ,; ) Pb-Pb |[syy = 2.76 TeV, 0%-10% centrality 1>
gas of hadrons in thermal and chemical equilibrium o [ wp-s ol §eo] 12
¥ 3
— 3 free parameters: V, T, pg SO Quark Guon Plasma = Ur Twig 1o
— Central Pb-Pb at LHC - | g = g 5
— 5200— LHG Lower ener gy collisicns . % 102 — = - =2
T=156%2MeV £t - S < = 12_3; Remarkable agreement 5
° HB — 0.7 i 3.8 Mev g;_ Crossover (Lattice QCD) %fg’/' 2 ? 1e ? :ll
3 E 100? ‘%; % 107 ? ® Data from the ALICE Collaboration ,Q,, —= %
V 5000 + 500 fm | O%-* B 10 £ Statistical hadronization ) 1({@
| Nuclear Matter = o)) : ﬁ;? Total (after decays) -, He _; =
0 | 161 | 162 | %B_ \ 0_7§|an<|)rdla|1||||+:
Baryochemical potential j1p (MeV) Lo 05 10 15 20 25 30 35 40
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Onset of QGP Production



Cﬁw Strange/n vs. dNih/dn
_/V Strangeness Enhancement - MRt

E wo O 0 0B
— 2K? @
. : : o 10 S
* Hadronization for strange particles density-dependent & T 0 gy %
@ 1P
« Strange particle production increases with multiplicity > rAea)
— Kirn, Aln, Eln, Qln -% L ﬂl_ f'_:j
— from pp, over p-Pb, to Pb-Pb T =06 |
X Independent fragmentation T 010 (c16) -

'~

D 2 B :
qg—h (Za Q ) o i ! . ﬁ Pb-Pbh
D EPOS A % i - Pb ALICE

® pp.\s=7TeV

(core-corona) | = ,i. O Db (o= 502TeV |
el / [0 Pb-Pb, {5 = 2.76 TeV
L4 Colour rope mechanism AT op T Prihiss -
(DIPSY) Ry " eros Lo
- 10 10° 10°

(dN_ /dn)

|7l< 0.5
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@ statistical Hadronization Model in pp and p-Pb

N

arxiv:2211.0438
Pl 0'122_ o O e E “g_ 0-035}A|;3E;3:3|H”| S L=
0.1 [®lpp 5=7Tev : F 57 Te 7
¢ THERMUS SCE . 45 p/'ch %E?Pgby'?ﬁsgjz;;ivv 3 0.03:— %E?PL u,%z:mmv (I)/TC =
. . R TR VST SR TR o C [#1p-Pb sy =276 Tev ]
— With fixed T 000 T IR
.. E color ropes enabled = =
— No good description 008~ s rognsson 002 tap
0.07 — . Thermal-FIST y CSM 0015 —
d ThermaI_FIST 0 065— LT —_ N _E C PYTHIA predictions n
o OE — o o e
- MUItlp“CIty dependent T 0-05:_ ‘H"‘ TTT s H H H H H _: E Stat. hadronisation E
. 0 045 H H H ] 0-005:_ -~ -- THERMUS SCE (pp)
— Strangeness suppression o L o I T emarer oo

1 10 10? 10° 1 10 10? 10°

parameter yq dN_/dn dN _ /dn
— Good description: ¢/m and Q/n

— p/= only qualitative

« Colour ropes in Pythia
— Successful for ¢/n andm

— Far off for p/n 104

=
a ALICE data

[®]pp {s=13Tev +

[®]Pb-Pb {5, =5.02 TeV

107

(Jh)im

Qln

ALICE data
®pp Vs =17 TeV

] p-Pb s, = 5.02 TeV
[#1p-Fb |5, = 2.76 TeV
— PYTHIA 8 Monash 2013 | =
> — PYTHIA 8 with Color Ropes

PYTHIA predictions L
------ Monash 2013 tune
color ropes enahled 7]

PYTHIA pp predictions
----- Monash 2013 tune
—— caolor ropes enabled -

Stat. hadronisation
<_p p » - —-- THERMUS SCE (pp)
, |

||||||||J| T T
-
: 2y *
@y

10°°

Thermal-FIST y_CSM

SHM works in small systems but needs additional parameter... aN,_Jdn o aN,

— =TT |
— L
=)
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C\m Collective Phenomena

« Two-particle correlations
— “Probably density” to find second particle

CMS pp \s =13 TeV
offline & 20

10 < Ntrk
1< ptT"g, pI%*% < 3 GeVic

h*-h*

,a;&- ™, %,
ORLLNASEEY
- annnnee

Away-side jet

Near-side jet
Resonance decays

PLB 765 (2017) 193
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http://dx.doi.org/10.1016/j.physletb.2016.12.009

CERN - cusppis=137ev | 0.0002% of MB |
D) Collective Phenomena R M e
\_/ 1<pT s P <3GeV/t':.“,. _U)
o
« Striking observation of long-range ridge structures >
— First publication: JHEP 09 (2010) 091 | 1200 citations! g
o
 Initially seen in high-multiplicity in pp and p-Pb N

— Jet subtraction procedure revealed

almost symmetric away-side component IN o= 502 o
L . . %Pb >
 Entire field emerged; paradigm shift S
— What is smallest system for which heavy ion “standard model” | T
remains valid? Z5 / ' 3
— Can the standard tools for pp physics remain standard? L §
&
S

Intriguing interpretations involving QGP in small systems
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) Higher-Orders Collectivity

\ . .
= How many particles contribute to the phenomena?
CMS V) (— second Fourler harmonlc of rldge structure) vs NCh
I T T I—I I I I I I I 1 1 I I I I 1 1 1 I 1 I 1 1 I 1 1
0.10F PP \s=13TeV o ysubp |AT]|>2} ; pr \sNN = 5 TeV a Pbe \sNN =2.76 TeV -
I O—» «— @ p - V2{4} 1 [ ] ¢
[P + V,{6) | | ° pade s
() B ko2
¢ v,{8} 1 ! ' V]
O V,{LYZ} | «® ® © 0000,, | &®

L _ ,j_;_-_fj_____:__.i'_'_t!_i_ B L Y |

a 03<p, <30 GeV/c | 03<p <30 GeV/c 1 03<p <30 GeV/c |
| 1 1 1 1 1 1 ||T]|| < 2I.4I 1 1 1 1 1 | 1 1 1 1 1 1 |Tl| < 2 4-I 1 1 1 I 1 1 I | | 1 1 1 1 |T!| <I 2|4-I 1 1 1 I 1 1
0 50 100 150 0 100 200 300 0 100 200 300
Nﬁ’[ﬁlme N;)r:illne Ntor::hne
Ridge component characterized with multi-particle correlations: pp ~ p-Pb < Pb-Pb
- At least 6 particles involved above N, ~ 90 PLB 765 (2017) 193
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Cw . _ o % S;|?SE;P1r§|igBéry Vo VS,I. Pt - fit method |
/) ldentified-Particle Collectivity =< &t o
- g 8 7
- Light particles (r, K, p, ¢, A) group by quark 00 B S &
content (baryon vs. meson) SR po~<—op|
— Large systems: shows partonic degrees of freedom '%_ * e Bep
— Also observed in high-multiplicity p-Pb and pp h 1' 5 5 n 5

p, (GeV/e)

_ _ CMS 'V, VS.pP; pPb186nb"(8.16 TeV)

« Charm quarks show collective behaviour L e
— Large systems: they thermalize in the medium ok o Pomet >k Pometly _p
— Also observed for D and J/y in high-multiplicity p-Pb 02f 12<ly,l<24 P ow%Pb _‘§

f . . ]
! - G —{3
a>'N M O - v s oo
] 0.1 o o ¢+. ~ ~
« Bottom quark flow in large systems o0 ++ be ; &8
I o))
— Large systems: they are affected by the medium AR ff* ____________________ + ________ + ___________ p!

— Hint in high-multiplicity p-Pb L, e
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Measured/true v, vs. relative Ny,

- g s M
C\ﬁw LOW M u |t| pl |C|ty A arXiv:2407.07484
- “25
S Does the phenomena switch off? r RN
A Un,M = ONUp N
« Low multiplicity dominated by jets, resonances 3 Template method
(~negligible in high-multiplicity pp or p-Pb) L
: “ : . Iy g™ TS
« Key problem: Ridge “too small to stick out e
H HP : . 0-5; ow-multiplicity subtraction metho
— Extracting v, coefficient requires subtraction procedure Co =10 Fovrmulliplilly subfraction mefhos
* Low-multiplicity subtraction AY(Ap) =G"+ N 20, cos(nAyp)  O0-grgrg gy
. Template fit method Relative Multiplicity N/M
\ AY (Ap) =G (l + Z 207 c-m(n&,:)) MS V, VS. Nch
" &O pr\sNN—ISTI'eV = '_’_I‘_l N
i 0'14*',41'1_,&3‘ L V, VS. Nch ﬁ 010__ O PbPb \s,, =2.76 TeV P° ° p__
g - EvSel M BEe . DDDDDD o
o %127 03<p <3Gev 19 - lAn>2 g o ° 19
S C mi<25 1~ i B O 1~
0.11- e e e oo SF - s nnlBmge 15
Experimental result 008 e o _:cf\i BN sl 2o © == " . 18
procedure dependent —in I ’ RV - 80 9 e 8 ®ppis=13TeV 43
particular at low multiplicity 0065 mgm)\.@t Eop fG-s0zmev 4O ;’ SPPIS=TTV.
:_ 5 p+Pb |5, =5.02 TeV _: % /_ 0.3 < pT<3GeV/c Opp\s=5TeV | i
)):)_ ——J0 2oo+'Pb+Pbsv£—276Te:oo_ o o 20 30
pe=*ep (N_(p_ > 0.4 GeV)) Nk
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Y vs. A
i) Even smaller systems ossoETT
\ > : - ALICE pp Vs =13TeV ]
- R . 1 < Pr. trigrassoc < 2 GeV/c =
NS e+e and ep LlJ zzizz 3_1.4Z|An|<1_8 _
. . . . . . . % 0.0075 5_32<Nch537 _é
« Low-multiplicity pp collisions studied on near side 2 oo | mmree e e :
) e e . .. ) S : F - ««.« F(A@) a3 term ——C(ag) %
— Ridge found for multiplicities as low as minimum bias £ 00025 | ’ —Fourier fit )
‘:'_: 0.0000 ; .........
. + _0'0025—1.5I - IO.OI - Il.5l 3.0 4.5
« Archived e*e” (ALEPH) and ep (HERA) data re- 8o
analyzed Yridge VS. Nch
. . 10—1 ———T ———T LISIg)s R, I .
— Thrust axis analysis _ALICEI | | ARsuan
— No ridge observed 10_3 op VE = 13TeV i Y
(minor hint at high multiplicity, see backup) i o o % 15
. 1074 H T ¢ 1 < Pr. trig/assoc < 2GeV/c — 2
§ s _TTI 1.4<|An|<1.8 s
>~ N
: % L J \5
« 5 difference between pp and e*e- at 10-¢ [ :j i aep st ] o
. . . —7 ° e*e” 91 GeV -
the same multiplicity . o7 T s S
— Comparison as a function of multiplicity challenging S RS A U B I S
0 8 16 24 32 40 48
po—<+eop (Nen) @:-— <« .Q
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Cw _ _ o CMS Preliminary 138 fb ' (pp 13 TeV)
\ Very High Multiplicity Jets

<7/ 0.25[- p°' > 550 GeV ¢
M < 1.6
« Particles in very dense jets ool Aan>20
0.3<j <3.0GeV
— p;>550GeV/ic <N, >=101 ShestEen s
* Rotation of jet “into” beam axis 0.15 0
: : : : o
* Ridge-like contribution 3
0l >~ |po—r<+ep |?
Dynamics of a “single-parton” in the vacuum 5 |x I
y . ) Jet frame: Q-Z 2_ 1.8 @ Data + 4
% - QGP-like] expansion? 1086 = (jr, 0, ") S| O —— Fourier fits N
B _—= o 17 — - coS(A9") S
9o F cos(280' z
Fo %

Can a single parton hadronization develop its own dense e e e e
environment or is it a fundamental QCD (“not QGP”’) property? AO*
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CERN

\
N

More about small systems...

* Field shifted paradigm due to small system discoveries
— Enormous experimental and theoretical work in the last 10+ years

Table 1. Summary of observables or effects in Pb-Pb, Xe-Xe and Au-Au collisions, as well as in high multiplicity p-Pb, a-A and pp collisions.
References to key measurements are given. See text for details. Table adapted from Ref. 9@land extended by publications of the last 5 years.

| PbPb, Xe Xe, AuAu | p Pb, a A (high N)

Observable or effect

pp (high N)

| Refs.

Near-side ridge yields yes yes yes B31-36] 7476 77]70] 70| 100
Azimuthal anisotropy g s Vo Uy B41 5646131 8D L0 L0
Weak 7 dependence yes yes yes 21001 9

Characteristic mass dependence Vg U Vg, Ug Uy TRIEL EA)ETIE 10
Higher-order cumulants A b8 LYZ “A b~ 8~ LYZ “d 6 83841 B 106100 T 1123

(mainly vo{n}, n > 4)

+higher harmonics

+higher harmonics

Symmetric cumulants (SC)

up to (5,3)

only (4,2), (3,2)

(]n]y (412)' (33 2)

688|241 130

Non-linear flow modes

up to vy

not measured

not measured

Factorization breaking n = 2-4, {2}, {4} n =123, {2} not measured

Event-by-event v, distributions Vg Vg not measured not measured

Flow—pr correlation up to vy Vg not measured

Directed flow (from spectators) yes no no

Charge-dependent correlations yes yes yes

Low pr spectra (“radial flow™) yes yes yes

Intermediate pp (“recombination”) | yes yes yes

Particle ratios GC level GC level GC level

Statistical model 489 =1 78 ~1 78 <1 52 6T L6071

HBT radii (R(ky), R( {/‘/N)) Rout/Rsidu Al let/Rsidu = 1 Rout/Rsidc =1 i

Direct photons at low pp yes not measured not observed 811 182

v, in events with Z, jets not measured up to vy Uy 84188

Jet constituent v, Vg Vg vy in jet frame LerEE

Jet quenching through 2 5 yes not observed not observed G567 T8A-204
... through dijet asymmetry yes not observed not observed 051212

... through correlations

ves (Z jet, v jet, h jet)

not obs. (h jet, jet h)

not measured

POATTTEL D5y
Ll e

... through high pt v, and jet-v,

yes

yes

not measured

EEIDDEIEI DI
o bt i)

1V > hep-ex > arXiv:2407.07484

High Energy Physics - Experiment
[Submitted on 10 Jul 2024]

A Decade of Collectivity in Small Systems
Jan Fiete Grosse-Oetringhaus, Urs Achim Wiedemann

Signatures of collectivity, including azimuthally anisotropic and radial flow as well as
characteristic hadrochemical dependencies, have been observed since long in (ultra)relativistic
nucleus-nucleus collisions. They underpin the interpretation of these collision systems in terms
of QGP formation and close-to-perfect fluidity. Remarkably, however, essentially all these
signatures of collectivity have been identified within the last decade in collision systems as small
as pp and p-Pb, where collective phenomena had been assumed fo be absent traditionally.
Precursor phenomena may have been found even in ep and e*e~ collisions. This article
provides a complete review of all data on small system collectivity. It reviews model simulations of
these data where available. However, in the absence of a phenomenologically fully satisfactory
description of collectivity across all system sizes, we focus in particular on the theoretical basis
of all dynamical frameworks of collectivity invoked in heavy ion collisions, and their expected
scaling with system size. Our discussion clarifies to what extent all dynamical explanations are
challenged by the available data.

Comments: Invited article submitted for consideration in World Scientific Annual Review of Particle Physics

Heavy flavour anisotropy

up to vz (¢), up to vy (b)

up to vy

up to we

STHET

7

|
2

Quarkonia production

suppressed

suppressed

not measured

Nkl
013
32]3401 284

Read more in: arXiv:2407.07484
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https://arxiv.org/abs/2407.07484

Nature of the

Summary

« Particle production significantly altered
- Distinct phénomena-connected to guark and gluons‘as‘degrees/of freedom

39



@) Summary: Transport Coefficients

N

« QGP studies allow to constrain several transport coefficients
« Shear viscosity n/s washes out initial-state anisotropies

* Bulk viscosity /s which reduces rate of radial expansion

« Spatial diffusion coefficient Dg governing motion of charm

« Quenching power @ governing the energy loss of traversing partons
ghat/T3vs. T

oar n/s,&/svs. T e 2nTDgvs. T i . e
' EKRT PQCDLO( =0.3)] . ¢ | === PHSD pQCD LO(as = 0.3) S === CUJET 3.1 (mag. monopoles) 1
06 TRENTo+VISHNU seees 1 %3 - catania e .| 60+ ’; \\ ..... CUJET 2.0 (pQCD+HTL)
. IP-Glasma-+ MUSIC ? % 15-_ LGR 2 I \ DREENA-A (uy = 0.4u¢)
L”C_ 04— TrENTo+v-USPhydro == I TAMU % % 7 ’r \\ DREENA-A (t1y = 0.611,)
S | LIDO m % s | \\ = JETSCAPE (LBT)
02 il I | — wcesHasepos gpors| - S 4ol \, & JET collaboration
oofl . AdS/CFT limit] -0  __-Z o T ™ X AX
: Qm e 1 ” | \\
| Pt L L
0.15¢ = PSS 0.35 — AN
o~ . m I N
w 0.10F = 20+ S
> nis ‘= <
MO.OS ’_sAdS/NCH r "'-.._,__ ..................
0.00 ____:-_.-::__—::___==—_—_—=n.r\.- ------ e I [ ] o 1/4 -—-‘...____ + + s
. . . PACD L0 = 930 1 _ 0.2 Gev 0.20 0.25 0.30 0.35 0.40 Ole e
0.2 0.3 04 0.5 0.6 Temperature (GeV) 0.2 0.3 0.4 0.5 0.6

Temperature (GeV) Temperature (GeV)
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w) Summary: Temperatures

Hadrons i QGP

Hydrodynamic stage | | Depends on model and 1,
o S « |P-Glasma+MUSIC: up to 0.8 GeV
T | * TRENTO+VISHNU: up to 0.35 GeV
To: Y(25),Y(15) « From Y: up to 0.64 GeV
o
\
Teff{}")
y effective temperatures
@ Th*) averaged over medium lifetime
o
@ Chemical freeze-out (Tchem) from Statistical Hadronization Model

@ Kinetic freeze-out (Tiin) from Blast-Wave fits

<+ Lattice QCD: Crossover phase transition range
015 030 045 060 075  0.90
Temperature (GeV)
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w) Summary: Medium Evolution

Nl

Kinetical freeze-out
\ 'y T ~90 — 150 MeV
Large pressure \ T ;Z
N/ : Chemical freeze-out
collective flow = T ~ 156 MeV
0@0 ) " . - v:f'.‘. : V ~ 5000 fm3
N "
. o> QCD el
Dense medium 5 %@@ Relativistic QP i ;
N2 a~15% _ Viscous Viscous hydrodynamics
Energy loss, ; e %-f"i%“__ , 5QG n/s ~0.08 - 0.24

Quarkonia melting

Pre-Equilibrium
Clasma Phase (< 1)

Density fluctuations

N

spatial anisotropies / \

A B

Values for central Vs, = 2.76 TeV collisions (LHC)
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300

QE?W High-Energy Frontier s el . Large-ug Frontier
LHC + RHIC RHIC + FAIR

/
\
/

LHC

§ Crossover (Lattice QCD) e%%o -
NICA + SPS
il Major upgrades  adrons o og
58 B4l 5 completed in 2021 O

Baryochemical potential g (MeV)

BM@N CBM
¥ Major upgrades in (2) |
& 2026-28

SPHENIX R —
T Data-taking
¥ since 2023

ALICE 3
. (2035?)
& g

/C)io nb-l Pb'Pb\ / 35 nb-l AU'AU\ @ 200 pb_l \

1011 108 events

Nep > 12 <N>

MB (25h0 particleijs
events in |n| < 1.5)

\_ LHC 2022-32 /
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G Jof-Ho]lp---§o Oxygen Run

S~ Run 3

* 0O-0O, p-0O collisions in LHC planned for July 2025
— 3 days p-O: ALICE: p-O: 2 nbt, ~108 events
— 1 day O-O: ALICE: O-0O: 0.5 nb1, ~7x107 events

* AAgeometry but Ny, N, Neoy @s p-Pb
— Centrality shoulder allows geometry selection (N, €5)

« System large enough to exhibit jet quenching
— Ciritical test for energy loss for short path lengths
— If no quenching in O-O
—> also p-Pb has insufficient energy density for quenching
« Cosmic-ray community expressed strong interest in
pP-O to constrain models for cosmic-ray showers

— Muon deficit in cosmic-ray simulations mitigated by adding
collective effects or strangeness

(see e.g. arXiv:1902.08124)

High Density QCD with Heavy-lon and Proton Beams - Jan Fiete Grosse-Oetringhaus

(InN,,) — InN<f

Probability

10%E

1.2

1.0

0.8

0.6

0.4

0.21

0.0

-
o

- P(#signal) vs. #signal

—p-Pb, s, = 5.02 TeV

Glauber

0-20%

0\ L1 I10= L1 I20\ 1 30\ 1 I4UI \50I 60
forward multiplicity (a.u.)

#Muons vs. X, .«

——EPOS-LHC

------- Ad hoc modified EPOS-LHC, a rescaled

===:Ad hoc modified EPOS-LHC, Nyu: rescaled
QGSJet-11.04 -

w420 %

700 750 800 850
(Xmax)/gem™

2//90°CT8T:AIXIe "HA NH43ID



CE/R_W - 1105 | Pb-Pb (5=5.02 TeV 0-10%
\ Run 5 and 6 ALICE 3 @ LHC S0 ey e @
L 3102 N =
S 103 I ¢ ;
© 10: NN e
- Detector for LHC Run 5 and 6 (2035-41) 10 \\ 5D
« s,y = 5-6 TeV (PbPb, XeXe, InIn?, KrKr?) T
— Species driven by detector design and physics (no scan!) podof oo ‘e
e Thermal |epton5 18_12 SHMc, T,,=156.5 MeV T :
. . : : 1073+ do, idy—0532+0096 mb 1
— Precise medium temperature, chiral symmetry restoration N -
i 1.5 2 25 3 35 4 45 5 55 6
* Multiple charm (&, Q. -..) production s e Mass (GeV)

Ei s Eint - Entnt wt QL - 0%nt - 0t wt § | AUCE3study ]

. . I PYTHIA 8.2 Angantyr, Pb-Pb |s, = 5.52 TeV

— Hadronization models; coalescence on quark level o Ip— A /
« Heavy-quark correlations: D°-D° for QGP scattering - — o {4 12
. L S/B=0.41 ¢ J =t
* Quarkonia beyond S-wave: y. and y, - Signfcance =512 ¢ AV ® N
— Dynamics of bound-state interactions within QGP 0% vf deuteron E
» Hadronic interactions and bound-state formation ﬁf? W "
bl A

— For example: D-D* and c-deuteron u&h PP

d Ultra-SOft phOtOﬂS 28 29 T e an ar b EE e

Invariant mass (GeV/c?)
CERN-LHCC-2022-009
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ECAL
RICH

Absorber
Magnet

) [mnswmis]  ALICE 3 @ LHC "o

 Retractable vertex detector 5 mm from beam
— Pointing resolution 3-4 um @ 1 GeV
— XIX, ~ 0.1% per layer
 All-silicon tracker (p; resolution 1% @ 1 GeV)
« ECAL, RICH and muon detectors

' TOF
- Tracker
: : : : Vertex detector
« Continuous readout and online processing
Pb-Pb: 35 nb1 | pp 18 fb-!

60 TTcc-NIXIe

E. ATLAS/CMS Run2 ATLAS/CMS Run 3
« Strangeness tracking: a MHz bubble chamber ‘é’ 100 G e 15
‘II; ® ALICE Run 2 \T-AS e
» Status & Plan T o el N
— Lol submitted in 2022. Positive assessment by LHCC g LHCbRun\ =
— Scoping document to be submitted this year % Mwmﬁ;ﬁ B ALscE s
— Installation in LHC LS4 (2033-2034) > » LHCb Run 4-6 ;E\ALICE3Run56
— Data taking in LHC Run 5 and 6 (2035-2041) 3 o ALICE Fun 4 % 32

1 10 100 1000
Acceptance (An)X Pb-Pb interaction rate (kHz)
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https://cds.cern.ch/record/2845241

?E/RW Silicon R&D

« ALICE ITS2 demonstrated: large scale (~10 m?) use
of monolithic active pixel sensors (MAPS), 50 um thin

« Ongoing R&D for ITS3

— Wafer-scale sensors using stitching + bending
— “Zero-mass” detector: 0.02-0.04% X/X, per layer
— Carbon foam + air cooling (power consumption < 20 mW/cm?)

0.8

Other Silicon
—— mean = 0.05%

0.8

0.7 mmm Carbon 0.7 1
Aluminu m

E Kapton

E Glue
Silicon

— mean = 031%

1
o
o

rtracks in |n| <

w

XiXo [%] fo

s o o o o
=N =

o
[=]
o
o

T 10 20 30 a0 50 60 "o 10 20 30 a0 50 60 R=18.24. 30 mm
Azimuthal angle ["] Azimuthal angle [*] ! K !
(only 2 layers in mock up)

« ALICE 3 R&D for picosecond timing and radiation hardness

More details, see seminar by Magnus Mager
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https://indico.cern.ch/event/1071914/attachments/2316015/3942587/2021-09-24_DetectorSeminar-ITS3.pdf
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EE?W LHC Schedule

2021 2022 2023 2024 2025 2026 2027 2028 2029

3|FMAM]3]3]Als|ON[D FlMAM 3]3]A]s|oln|pf 3] FiMAM] 3] 3]Als|oIN[D| 3| FIM M) 3] 3] Als|oINID] 3| FiM[AM] 3] 3]A]S 3|FMAM[3]3]Als|O]NID
B - | h L A

‘ Run3 {
Imlmenlpel ] IMIWIMTWIUI 1 |
X ALICE Y NAGO+
2030 2031 2032 203 2034 2035 203 2037 203
JFMAMJJASONDJFMAMJJASONDJFMAMJJASONDJFMAMJJASONDJFMAMJJASONDJHWNWﬂﬂNﬂqMDJFMAMJJASONDJFMAMJJASONDJFMAMJJASOND
Run4 154 | Run5 |
] JXALICE 3
2039 2040 2041
3[FMAM] 3] 3]Als|oN|Df 3] FIM AlM] 3] 3] Als|oINID| 3] FiM[AJM] 3] 3]AlS|QNID) Shutdown/Technical stop
_ _ _ * Approved Protons physics
LS5 Ions
: Run 6 ‘ * Proposed Commissioning with beam
| Hardware commissioning

Last update: April 2023
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) Summary

Unigue environment created in high-energy heavy-ion collisions

* Precise characterization of QGP matter
— Strongly interacting with very small viscosity
— Particle production significantly altered

« Small-system observations (“collectivity”) challenge two paradigms at once
— What is smallest system for which heavy ion “standard model” remains valid?
— Can the standard tools for pp physics remain standard?
— Challenge to find universal hadronization model for these phenomena

« Future programme until end of LHC (in 2041)
— Measure QGP dynamics with charm states

— Study multi-charm production and temperature evolution of QGP
Thank you for your attention!
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w) e*e Highest Bin

Thrust Axis
! 1 | L
Y. ...VS. N - .
-1 ridge - 'Nch
10 T % S ] g b - Niaac 290 -
10_2 I —] v 4 = -
pp VS = 13TeV 1 | e e |k M@b) !
1073 |- o ® ® —w - | [ M
o '® v ™ i s 1l
. 104 _‘l'-[—l— ’ i:?igﬁrfolcEZGewc —§ i l | |
f 1073 |- ' ' —15 -I l | 1 arXiv:2312.05084
¥ 95% CL ® ALICE = [
-6 ¥ — .
10 95% CL AI+_E_PH thrust “: 3'5
10-7 £ ° b e"e” 91 GeV ] ]
I 959% CL I ] . ALEPH thrust 8 |
10-8 |- ' MB! : e*e” 183-209 GeV | &
TE | I |',| |'I LY | I | I [ T B | | Ll 1 1 N (SYS_ = 1_?%) -
0 8 16 24 32 40 48 P T
(Nch) D "l 2 3
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