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Large colliding systems:

Huge number of partonic collisions,
softening through time —collective
partonic motion —Viscous hydro

hadronization when temperature drops
T —statistical approach to particle
production

~100 fm dense partonic medium —
parton energy loss and quarkonia melting
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Small colliding systems: i R Large colliding systems:
. . . %KD, .. time /
* Early times dominated by hard jets T f T * Huge number of partonic collisions,
' softening through time —collective

* Presence of several partonic primary

collisions (MPI) set a semi-hard scale partonic motion —Viscous hydro

* hadronization when temperature drops
T —statistical approach to particle
production

e UE — soft scale

* hadronization described through effective
description of QCD potential

Pre-Equilibrium

Phase (< 1) e ~100 fm dense partonic medium —

e cross-talk among (mini-)jets (and UE?) ///%\ =2 parton energy loss and quarkonia melting
A

necessary to explain dynamics (normally
introduced ad-hoc)




Small colliding systems:

Large VS small systems

Early times dominated by hard jets

Presence of several partonic primary
collisions (MPI) set a semi-hard scale

UE — soft scale

hadronization described through effective
description of QCD potential

Pre-Equilibrium
Phase (< 1;)

cross-talk among (mini-)jets (and UE?)
necessary to explain dynamics (normally
introduced ad-hoc)

Large systems as an extension of
in-vacuum hadronization with
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Large colliding systems:

* Huge number of partonic collisions,
softening through time —collective
partonic motion —Viscous hydro

* hadronization when temperature drops
T —statistical approach to particle
production

e ~100 fm dense partonic medium —
parton energy loss and quarkonia melting

large #MPI?

and far-from-equilibrium hydro?

can small system be described by statistical hadronization
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Collectivity: Partonic energy loss:
* flow: correlation between space and momentum (particles close in * Opaque fluid: absorbs
space — similar velocity in magnitude and direction) energy of partons
) travelling through it
* In contrast to random o 388 0 U0 oTTeS ok L0000
Q‘\ E ‘ ’ ‘\, \ ! f <

&‘!4‘,@ e ®

i ’f/)(  Jet quenching

| * (Can be exploited to
i measure physical
properties (e.g. density)

thermal motion

Freezeout

Hot Hadron Gas
5< T <7

7 e
Equilibrium QGP

* Model: hydro 2< <8 e

e Radial and anisotropic flow

Non-equilibrium QGP
0.2<T <2fmic

Hadrochemistry: ’s Quarkonium suppression:
® S|gn|f|cant|y m0d|f|ed When *1 fm/c :4-—ln ** seconds ° Debye Screening Of COlOur brakes-
comparing to elementary collisions up qq states
* Relative yields of particles studied Compelling evidence of QGP * Sequential suppression of
o formation putting together rogressively tiehter-bound sta
* Model: Statistical (thermal) SPS, RHIC and LHC results Sh U e S

* Measures medium’s temperature
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Collectivity in a nutshell (1)

According to the hydro picture, the strongly interacting

medium is expected to develop:

* Radial flow (important in central collisions):

e common expansion velocity of partons

e translates into spectral shape modification

* baryon/meson anomaly
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ALICE: Pb-Pb at | 5,,,=2.76 TeV
—— A/KQ 0-5%
—4- A/Kg 60-80%
systematic uncertainty
Theory 0-5%
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ALICE VO Multiplicity Classes

Pb-Pb |5 = 5.02 TeV
Pb-Pb |5, = 2.76 TeV
pp, Vs = 5.02 TeV
pp, s = 2.76 TeV
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According to the hydro picture, the strongly interacting v, = (cos[n(¢ —¥)])
medium is expected to develop: d3N 1 d2N

E— 1+22v cos[n Y]
dp? anpoTdn (@ =)

* Radial flow (important in central collisions):
e common expansion velocity of partons

e translates into spectral shape modification = 0

c - ALICE Pb- Pb Hydrodynamics B
> 0.15|-5.02 Tev 2.76 TeV 5.02 TeV, Ref.[27] ]
* baryon/meson anomaly Cav,2 bt O G2 Y) o2 T
| ev, {2 [anj>1} O va{2jAn>1}  =vai2 ani>1) ]
L ev, {2 a>1} O V{2, |An>1} |
[ #v,{4) & vy {4} ]
0.1y —
e Anisotropic flow (important in semi-central collisions) ]
* initial spatial anisotropy translates into final 0.05 p
momentum anisotropy (pressure gradients) .
* measured through angular anisotropies in the T SARRLA AR APART AR va R AR A s e L +—
. . . =] E -- n/s(T), param1 3
momentum distribution c T et E

@ ©

\ v "

5 Collective interaction | y ;_.+....... Ll ‘|“”|””|”“;
: “" Y 0 10 20 30 40 50 60 70 80
. - X * - Px
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Coordinate space: Momentum space:
initial asymmetry final asymmetry
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According to the hydro picture, the strongly interacting
medium is expected to develop:

* Radial flow (important in central collisions):
e common expansion velocity of partons
e translates into spectral shape modification
* baryon/meson anomaly

e Anisotropic flow (important in semi-central collisions)

* initial spatial anisotropy translates into final
momentum anisotropy (pressure gradients)

* measured through angular anisotropies in the
momentum distribution
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Coordinate space: Momentum space:
initial asymmetry final asymmetry
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In small systems spectra evolve with(dN_ /dn)in a
gualitative similar way as in heavy ion collisions

(valid for all identified particles studied)
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In small systems spectra evolve with(dN_ /dn)in a
gualitative similar way as in heavy ion collisions

(valid for all identified particles studied)
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165 (VOM Mulipliciy Classes) - (VOA Mult. Classes - Pb side) 1. o in a qualitatively similar way in pp, p-Pb and Pb-Pb
1.4F £ e .
1.2F T T : The magnitude is smaller in pp with respect to p-Pb and Pb-Pb,
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doi: 10 1038/nphys4111 Phys. Lett. B 728 (2014) 25-38 Phys. Rev. Lett. 111 (2013) 222301
X’ 2 ALICE Preliminary pp 15 7 TeV | ALIGE p-Pb |5y, =5.02TeV | T ALICE Pb-Pb |y = 276 TeV - , S
<. d of. 53 0-1%, N, any = 21.3 _:_ 5 0-5%, (AN, /cn) = 45.1 1 E=Jo5% @N, /o) =16010 The ratio depends on the event multiplicity
e & -100%, (dN ) =2, T -80%, =9. r -90%, =13. . . . e e .
G, ™ i ) A in a qualitatively similar way in pp, p-Pb and Pb-Pb

1.6F (VOM Multiplicity Classes) 1T (VOA Mult. Classes - Pb side) I

The magnitude is smaller in pp with respect to p-Pb and Pb-Pb,

but note that for similar percentiles{dN_ /dn>is dramatically
different among the three systems

How to be more quantitative
in the comparison?

e zmoeve | T oo 650< b <600 Gevie Chose three p_bins (low, mid and high) and
T 240<p_<3.20GeVic ﬁH p-Pb:  6.00 < p_<8.00 GeV/c ] plot the(chh/dn>dependence of the ratio

Pb-Pb: 2.40< p < 3.00 GeV/ic T Pb-Pb: 6.50 < p.< 8.00 GeV/c
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but note that for similar percentiles{dN_ /dn>is dramatically
different among the three systems
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pp collisions feature complicated
P topologies. Jets and Underlying
Event (UE) coexist

/4 Jetty (5, 0) Expect QGP-like features to

> x emerge in UE rather than in
Isotropic (S, — 1) boosted jetS




Are spectra modified in the same way in- and out-of-the jet?

A @z
Yy
_qﬁ
lﬂ "'
. l'z
x4
Jetty (S, = 0)

X

Isotropic (S, — 1)

pp collisions feature complicated
topologies. Jets and Underlying
Event (UE) coexist

Expect QGP-like features to
emerge in UE rather than in

boosted jets

~

Jet finding:

Charged track selection:
In] <0.9, p, >0.15 GeV/c

Jet finder: anti-kT, R=0.4,

|77jet | <0.35, Prjer> 10 GeV/c

Strange particles found in:
o JetCone —

Strange hadron, jet

jet cone

=V(An? + Ap?) < 0.4
o Underlying Event — perp. cone method

o Jet fragmentation — JE =JC - UE

jet axis

‘‘‘‘‘
_____

5, 1
el

.
\\ R(hadron, jet)
Jet(p,m) A = [Ag7 + bg?
Strange hadron(g,n)

Leading hadron method:
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* jetdirection: the one of the highest p_hadron

. pTIeading > 4-5 GeV/c

e hadron-strange correlation method to extract
particle yields in- and out-of-the jet

L N I
| ALICE Preliminary

L e o
4 stat. error

: PP, Vs =13 TeV Dsys(. error
- h-K2 correlation, p‘T'igg >3 GeV/c ]
[ 12<pc<16GeVic
I ® |An|<0.75
0.75<An<1.2
L e =]
- ¢ Anl<
m @
o
L g |
= —
- -
e = = e e e S S
| P e | ! ! Lio
-1 0 1 2 3
Ap




baryon/meson anomaly in- and out-of-jet in pp
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ALICE, Phys. Lett. B 827 (2022) 136984
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§ EALICE pp Vs =7 TeV A+7R, |n <0.75 3 N L pp Vs =7 TeV ALICE -
= 10" =) - i = ch —
o = ==, EE |[< 1—Jet: anti-k;, R = 0.4, PT et > 10 GeVl/c, |njet| <0.35
> - = : B - V'] <0.75 y
8 15% 3 o . 3 = i e Inclusive l
= E - - ] B o Perp. cone i

= =]

§ 10 EE - E " = R\’ jet)<0.4
Q. o . - | 0_ . . _
T 104k ° Inclusive - = 4 0.5 % E|$ v V’sinjets

E © Perp. cone = 3 - ~——S1g 4
10° - = R(V’ jet) < 0.4 - - . / E:E~—== N——
E E ) C|
F v Vsinjets 3 _ ;/ E/E/E//E/ |
—6 —
10 EJet: anti-k;, R = 0.4, p® >10 GeV/c, |n_| <0.35 a g — — PYTHIA8 g
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0 2 4 6 8 10 12 0 2 4 6 8 10 12
p_ (GeV/c) p. (GeVic)

Dynamics in the baryon/meson are
dominated by what observed in the UE

Spectra are harder in the jet than in the
perpendicular cone (UE)

Statistics-hungry analysis, but missing the multiplicity dependence we miss part of the fun!

Need to change our “definition” of jet
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Difference in spectra in- and out-of-jet consistent with what observed with the anti-k_algorithm

Evolution of the spectra with multiplicity not appreciable when looking at the two components separately.
Huge evolution in the inclusive spectra comes from relative contribution of jets and UE across multiplicities?



excursus: baryon/meson anomaly for hard probes
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Al Kg (Eur.Phys.J.C 80, 167 (2020)) —
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Striking similarities between light and
heavy flavors in small systems

Intriguing observation:

Hydro for charm? Hard to believe! Not supported by
A-A observations:

S low-py hierarchy vl > v§ > v§°

S A/KS > A./ D,

—> Challenges hydro hypothesis for light flavors in pp

Coalescence at intermediate p; with same net effect
for light and heavy flavors?

Need to extend A./D, at lower p; and with larger statistics
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ALICE Collaboration, Phys. Rev. Lett. 123, 142301 (2019)

* v, higherin A-A (eccentricity evolution), almost flat in pp and p-Pb R PP p-PbXe-Xe Pb-Pb

v2>v3>v4¢ 0 in all colliding systems: = ; 15_ (a) vz > 14 ]
5 E MM;», o E

* v,{4}, ,=v,{6}in pp: small influence of non-flow 008 o 00 ¢ —
: C o —— e -

006 9,4,,‘1,,2,,'2»,5,»‘5” . —

0.04F 502 13 502 544 502 |Sy, (TeV)
_— e : : - B (=0 N O AuicE
* v, &y, similar across systems (larger sensitivity to parton density anisotropy) 0.02= [ 53 IP-Glasma+MUSIC+UrQMD &
O__ — PYTHIA 8 . __
%’0_04 va{2, [an| > 1.0} |

...but does this make sense at all? % e .

Can hydro develop in so small systems?

0.02

n| <0.8 -
0.2< p, < 3.0 GeV/c

o -
=T - : -
. . . Z 0.03— © Va{2, jan| > 1.0} _|
Naive expectation: need “large” and “live-long” | , S T it ‘ Rl ) i
: e oo restrictive — far - _
enough medium to reach thermal equilibrium . i hod ooz— K ¥ ;‘-’fig“‘gg“ow o0 65000 i
. . > rom equilibrium ro ¢ * o
and apply hydro (several interactions needed) VS'U - rxiv: 1704 032'76 oot—t ¢ ¢ + *
O u—
2 Fao ' P " .
> 0.08 RS ¢ »7%“5 ° —
No model can quantitatively describe the data 0.061— % =
over the full multiplicity range 0.04/= SR A =
0.02E 13 5.02 5.44 5.02 \syy (TeV) _—
C el mo BEE 80 v,{4) ‘:’3 -
oE—open = without n-subevent [ <~ [EEN [AA v,{6} o
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v, of identified hadrons in pp and p-Pb

v, {2PC, 1.4 < |An| < 6.8}

| | | | |
ALICE Preliminary Template fit method
021~ pPb |5, = 5.02 TeV N
VOA, 0-20% , H E
0.15 - E C —~
0.1} ° % -
a@E :
iy
0.05 ggﬂmﬂ e ok o
. =K #Hp@E)
+Ks [¥]A(A)
0 . ] ] ] | |
0 1 2 3 4 5 6
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| |
ALICE Preliminary
pp Vs =13 TeV
VOM, 0-0.1%

] |

| |
Template fit method

!

OOl B

é s N
: %
g ¢
g W
B _
5 [o]nt  [g]h*
. =K*  [HpE)
] | | ] ]
1 2 3 4 5
p_ (GeV/c)

Not only we observe v, in small systems, but the particle hierarchy (in different p_regions) is the one that we
expect from hydro and observe in Pb-Pb collisions
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Hadrochemistry: measurement of relative
abundancies of produced particle species e

(Recetved 11 Jamary 1942)

Rates are caloulsted for the processos gy~ <% and a¥,éd —~a¥ ia highly excited quark-
ghoon plasma. ur temperature T 2 160 MoV the strangwmess alendance wsturstes dusing
the Histime (~ 10"% sach of the plasma crested in Mgh-eoergy mclear collivlns. The
chemioal equflibration time fur gheons and Light quarks ls found to be lass than 16" wec,

Light hadrons (composed by u and d) abundantly e R

: - ool eyl o i 28
produced in elementary collisions, but strange ey e .
’ high energy demsity caused by compn asa/ sity (“tempe ") of the plasma state and com-
or excitation, the individual hadroas dissolve in pare them with those for light u and d qn:l.ﬂu.
hadrons are suppressed! e e L R e e e e 8
cited state of hadronic matter that occupies a antiquark pairs [ Fig. 1(a)} and In collislons of two

volume large as compared with all characteristic gluons [Fig. 1(b)L. The averaged total cross sec~
length scales. Within this volume individual color  tions for these processes were calculated by
charges exist and propagate in the same manner

a8 they do inside elomentary particles as de-

What happens at high energy densities? T S8 S e s

R is generally agreed that the best way to create T
& quark-gluon plasma in the laboratory is with by \<,
collisicas of heavy maclet at sufficiently high eser-
x, K, Piose . We the o N
time as function of the lietime and excitation of the J -G \ o sl

Y K p plasma state. This investigation was motivated I /{t x
by the cbservation that sigaificant changes in rela- fl\ p
tive and absolute abundance of strange particles, o, % . -

T+ sueh as A’ could serve as a probe for quark- 8

gluce plasma formation, Another inferesting sig- G, 1. Lowest-order QCD disgrams for 5
nature may be the possible ercatica of exotic ooy () 753, M era3. SRR

Statistical Hadronization Model (SHM): -
all hadrons formed from an excited 1982 (Rafelski, Muller): Strangeness
state following pure statistical laws. enhancement relative to elementary
Strangeness enhancement can come collisions proposed as smoking gun

from: N, for QGP formation:

Hydrodynamic o s
Evolution Pre-Equilibrium * Lower Q-value for sS relative

Phase (< o) :
to HgH; formation

a) without QGP \ b) with QGP i - it :
Faster equilibration in partonic
A B medium

* Canonical suppression in pp

* Incomplete equilibration
of strangeness
e ??
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Strangeness enhancement in A-A observed from SPS up to LHC.
More important for lower energy experiments! Why?

Phys. Lett. B 728 (2014) 216-227

Pb-Pb at \Sww = 2.76 TeV (b)
(a) ol 2
A
10 _ ] 10 B Q +Q VAN é
| m = o @ . §+ %

pa
=
pa
ey
L -
iy
il e

Yield /(N __) relative to pp/p-Be
Yield /(N __) relative to pp/p-Be

gl . - H o .
I NAS57 Pb-Pb, p-Pbat 17.2 GeV | \| NAS7 Pb-Pb, p-Pbat 17.2GeV |

[[] STAR Au-Au at 200 GeV 1 a []/\ STAR Au-Au at 200 GeV

1 Illlllll 1 llllllll 1 11 1 llIlllll 1 Illlllll 1 11

1 10 102 1 10 10°
(N_ ) (N_ )

part part

The enhancement of strangeness in AA actually comes from a suppression in pp, which is
more important for lower energies: canonical suppression in pp!!
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Strangeness enhancement in A-A observed from SPS up to LHC.
More important for lower energy experiments! Why?

Phys. Lett. B 728 (2014) 216-227
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~ ~ > 3 2
= = é T 10° ﬁ
\2/ é \2/ é ] .Q/TC % b
o LI T T L T
© B o) e
> >
o

M ALICE Pb-Pb at 2.76 TeV
I ALICEppat7TeV

[ ]' B ALICE pp at 900 GeV
L 1 e ] TR 7 A [] STAR Au-Au, pp at 200 GeV
1

-4
NAS57 Pb-Pb, p-Pb at 17.2 GeV | \, NAS57 Pb-Pb, p-Pbat 17.2GeV | 10 A ALICE Po-Pbat2.76 TeV
A ALICEppat7TeV
[] STAR Au-Au at 200 GeV | “ [JA STAR Au-Au at 200 GeV \ STAR Au-Au, pp at 200 GeV
L 1 Illllll 1 1 lllllll 1 11 1 1 lIIllll 1 1 lllllll 1 11 1 Lllllll 1 llll[lll 1 1.1
2 > >
1 10 10 (N ) 1 10 10 N ) 1 10 10 (N )
part ( part part

The enhancement of strangeness in AA actually comes from a suppression in pp, which is
more important for lower energies: canonical suppression in pp!!
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: : : : . ALICE Preliminary, Pb-Pb V5, = 5.02 TeV, 0-10% : 7 Production of light flavor hadrons fit over 9 orders of
L e e -1 magnitude by Statistical Hadronization Model (SHM) in

s B . F S its Grand Canonical Ensemble (GCE) formulation
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Friction with p being addressed through

S-matrix approach / re-scattering
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P. Alba et al., Phys. Rev. C 101, 054905 (2020)

e Short-living resonances not described (influence of hadronic phase)
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ALICE, Nature Physics 13, 535-539 (2017)
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1 lconic figure at the LHC:
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ALICE, Nature Physics 13, 535-539 (2017)
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1 lconic figure at the LHC:
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ALICE, Nature Physics 13, 535-539 (2017)
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1 lconic figure at the LHC:
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® smooth strangeness enhancement (SE) VS final state multiplicity
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Strangeness enhancement: model comparison

ALICE Collaboration, Eur. Phys. J. C 80 (2020) 693
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Models have been challenged for many
years in trying to describe these
observations

Recently: with very different production
mechanisms can qualitatively describe
the data
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d, 3He and 3H significantly enhanced throughout multiplicity! Qualitative agreement with Thermal Canonical

Statistical Model and coalescence model.
What causes this enhancement? Lifting of canonical

suppression? Coalescence probability at kinetic freeze-out?
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Jet quenching
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Recoiling jet suppressed by energy loss inside the medium

Clearly observed by STAR at RHIC... ... and extensively studied at the LHC
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Nuclear modification factor (RAA): heavy ions

Nuclear modification factor,
indicates how far A-A observations

are from the “normal” pp (binary
scaled)
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Nuclear modification factor (RAA): heavy ions
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...but no jet quenching in small systems...
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ALICE, Eur. Phys. J. C76 (2016) 271
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No evidence of jet quenching in p-Pb collisions at the LHC
High-p_ hadrons do also not show any suppression
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R, in very peripheral collisions is far from 1 The answer is selection bias:

PYTHIA (with no energy loss) ~describes R, in

... but it actually decreases from the value it has in . -
very peripheral Pb-Pb collisions from ALICE!

semi-peripheral. Why?
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“small systems” path the way to a possibly deeper (microscopic) understanding of QGP phenomena :

Final state multiplicity drives light flavours observables across systems and energies.

Strangeness enhancementin pp collisions. In highest multiplicity, hadrochemistry = to the one in the QGP
v,#0 in pp and p-Pb collisions at the LHC.

No parton energy loss observed in pp and p-A

Intriguing (and unclear) results on quarkonium suppression in p-A (and pp!) collisions
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