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The attribute “small” normally refers to two
different things:

e Size of colliding objects
=  Common way of thinking
= (ee<)pp<p-A<A-A

e Size of created medium

The correspondence to the previous
is ~ true only on average

- Npart Y |\Icoll

= Multiplicity
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=  Common way of thinking
= (ee<)pp<p-A<A-A

e Size of created medium

The correspondence to the previous
is ~ true only on average
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Multiplicity is a very simple concept:

 Number of particles produced in a
defined kinematic region

 HEP experiments have very good
performance in reconstructing tracks

But:

 We are mostly interested in primary
particles! Need to remove secondaries

* Important concept of MULTIPLICITY
ESTIMATOR



Multiplicity

Multiplicity is a very simple concept:

 Number of particles produced in a
defined kinematic region

 HEP experiments have very good
performance in reconstructing tracks

Multiplicity estimator:
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* Tool to categorize each event according to its multiplicity

* 1 gap: important trick to avoid bias in the multiplicity estimation!*

 Comparison among different colliding systems should always be
done using unbiased multiplicity estimators

But:
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* if you are interested in this technical but KEY detail, just ask ©



Multiplicity

Multiplicity is a very simple concept:

 Number of particles produced in a
defined kinematic region

 HEP experiments have very good
performance in reconstructing tracks
But:

 We are mostly interested in primary
particles! Need to remove secondaries

* Important concept of MULTIPLICITY
ESTIMATOR

Multiplicity is serious
business

Multiplicity estimator:
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* Tool to categorize each event according to its multiplicity

* 1 gap: important trick to avoid bias in the multiplicity estimation!*

 Comparison among different colliding systems should always be
done using unbiased multiplicity estimators
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Hot Hadron Gas
5< 1T <7fmlc £

AN

Equilibrium QGP &
2< 1T <5fm/c

Non-equilibrium QGP
0.2< T <2fmlc

Semi-hard particle production
0<1T <0.2fmc

>

eam direction

*1 fm/c ~ 3 x 10~2* seconds
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Collectivity:

* flow: correlation between space and momentum (particles close in
space — similar velocity in magnitude and direction)

* In contrast to random oo 0°° o 200 %% 2 ° . o

@
0@@9 @OQQQQQ ®

. e e ® ,°
thermal motion 5( ;\ \\U! /(

Hot Hadron Gas

* Radial and anisotropic flow s<t<rme  [IRSS
b
Equilibrium QGP =

* Model: hydro 2<1 <5

Non-equilibrium QGP
0.2< T <2fmlc

Semi-hard particle production
0<1T <0.2fmc

>

*1 fm/c ~ 3 x 10~2* seconds
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Collectivity:

* flow: correlation between space and momentum (particles close in
space — similar velocity in magnitude and direction)

@

* In contrast to random °oe o°° o %00 °° o 0o 4 ©

@
@@@@ QQQQQQQ ®

] e o ® P
thermal motion w | /(

Hot Hadron Gas

* Radial and anisotropic flow s<t<rme  [IRSS
b
Equilibrium QGP =

* Model: hydro 2<1 <5
Non-equilibrium QGP "
0.2< T <2fmlc
H a d roc h e m iSt ry: Semi-hard particle production
0<1T <0.2fmc

—>

e Significantly modified when
comparing to elementary collisions

*1 fm/c ~ 3 x 10~2* seconds

* Relative yields of particles studied

* Model: Statistical (thermal)
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Collectivity: Partonic energy loss:
* flow: correlation between space and momentum (particles close in e Opaque fluid: absorbs
space — similar velocity in magnitude and direction) energy of partons
travelling through it
* In contrast to random oo %% 0 %0 o0%3S 00 g00 o ©

thermal motion 5( ;\ w@ § __//ﬂ * Jet quenching
Lr <t — * Can be exploited to

* Radial and anisotropic flow s<t<rme  [IRSS
b :
o - measure physical

* Model: hydro A ST properties (e.g. density)

Non-equilibrium QGP
0.2< T <2fmlc

Hadrochemistry:

0<1T <0.2fmc

Semi-hard particle production Qu a rko n i u m s u p p re SSio n :

>

e Significantly modified when

ifme=3x10 *seconds  ®  Debye screening of colour brakes-
comparing to elementary collisions

up qq states

* Relative yields of particles studied . Sequential suppression of

« Model: Statistical (thermal) progressively tighter-bound states

* Measures medium’s temperature



Collectivity:

flow: correlation between space and momentum (particles close in
space — similar velocity in magnitude and direction)

In contrast to random
thermal motion

Radial and anisotropic flow

Model: hydro

Hadrochemistry:

Significantly modified when
comparing to elementary collisions

Relative yields of particles studied

Model: Statistical (thermal)

@ X ) @
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T > 7fmlc et oed

Hot Hadron Gas

_—
5< T <7fmlc £
Equilibrium QGP \J-%

2< T <5fm/c

Non-equilibrium QGP
0.2< T <2fmlc

Semi-hard particle production
0<1T <0.2fmc

—>

*1 fm/c ~ 3 x 10~** seconds

TAKE HOME

Smoking guns do not survive long.

Compelling evidence of QGP formation
in HI comes from several coherent
observations

Partonic energy loss:
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Opaque fluid: absorbs
energy of partons
travelling through it

Jet quenching

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

Quarkonium suppression:

Debye screening of colour brakes-
up qq states

Sequential suppression of
progressively tighter-bound states

Measures medium’s temperature



Livio Bianchi
QM 2018

Students day

pp e p-A traditionally studied as “control
experiments” to highlight the formation
of QGP in A-A collisions

e -8 -
Pb

Pb

Initial state
@ —F effects (e.g.
P shadowing)
Pb
©— «— 0 reference
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Y

Change of perspective:

QGP production in small system

We are searching for:

Collectivity
(flow, common freeze-out)

Chemical properties

(hadronic abundancies compatible with a

QGP phase before hadronization)

Physical properties
(jet quenching, high-p; particles - or
guarkonia - suppression, ecc..)

s?
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According to the hydro picture, the strongly interacting

—
o
'hd
T

- E I 1T T T 1T 1T 1T E
medium is expected to develop: S F | o ]
% 10°E P+DP E
0] - ®10-5%x 2° 91510%x2° ]
. . . . . . ) = 10°L 10-20% x 2’ 20-30% x 2°
Radial flow (important in central collisions): — 107E 30-40% x 2° 40-50% x 2* 3
] ] > F #150-60%x2°  [#160-70%x2? ]
* Common expansion velocity of partons 1 044—'\\,’ 8]70-80%x2'  [@]80-90%
. e L - o.% T ]
« Translates into spectral shape modification 2 L %%, ALICE Preliminary _
= o Pb-Pb\s,, =5.02TeV -
* Baryon/meson anomaly N Lol e B
10°E 9= E
10 % oty E
om 2.2 » LS o= = 3
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8¢ 4~ A/K 60-80% @ na ';:"-t.j* . % B
1.6 3 . systematic uncertainty 10 = ) Yoy e — % 3
1.4¢ : Theory 0-5% = % .
o K ° _o e ——i
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06} ey, - Bis ]
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(b) (c)

Py

According to the hydro picture, the strongly interacting
medium is expected to develop:

i A A
Collective interaction

N f.
pressure ¢
x Oy - e 1
4 &

¥

* Radial flow (important in central collisions):

Coordinate space: Momentum space:
initial asymmetry final asymmetry

« Common expansion velocity of partons
* Translates into spectral shape modification
* Baryon/meson anomaly

= 03 ® v,(ALICE) m v,(ALICE} & V. (ALICE)
. . . . . . . . o v, (ATLAS) O v, (ATLAS) A V,. (ATLAS)
* Anisotropic flow (important in semi-peripheral collisions): v v, (CMS) ‘
* v, (STAR)
* Initial spatial anisotropy translates into final 02 G'F’
momentum anisotropy (pressure gradients) e
. . . LA
* Measured through angular anisotropies in the 01 . S @y 3 '
momentum distribution #2 6
v, = {cos[n(¢ — ¥} , L {
0 i * T
g d3N 1 d°N 142 z : n(h — )] - ALICE Pb-Pb /sy = 2.76 TeV
~ v, cos[n - B PRI AR TR APETETEN AT AT AT AR AP
dp3 2T Pr de dn 4 " " T S S S S TR PR R [ TR
n=

P, (GeV/c)
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JHEP 07 (2011) 076

(a) CMS PbPb s, = 2.76 TeV, 220 < NJi"™ < 250 b b
2P Ph-P

1< P < 3 GeVic
1< p:““ < 3 GeVic

& e
i YA ,o““‘"
‘{"“\v\ ““:‘_\“‘

ke

2-particle correlations.
Ridge at A¢=0 in a wide
range of An.
Attributed to hydrodynamic
collective flow of a strongly

interacting expanding [—em=
medium (QGP) 4
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The ridge: collectivity in a hazelnutshell

PLB 765 (2017) 193

PLB 718 (2013) 795
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JHEP 07 (2011) 076

CMS pp Vs =13 TeV

~{ PP

CMS pp Vs =13 TeV
105 < NJ7'"™ <150
1< p:'o, Pl <3 GeVic_

CMS pPb \[5,,, = 5.02 TeV, N < 35
1<p, <3GeVic

p«Pb

CMS pPb \'% = 5.02 TeV, M:‘m = 1?0 (b)
1<p, <3GeVic N\ | |

What is the reason for observing a ridge structure in small
systems? QGP? Strong initial state momentum correlations?

(a) CMS PbPb |s,, =2.76 TeV, 2

lzé.f"?i“"“i“’Pb-Pb

1< pl<3 GeVic

1< p* <3 GeVic

e "":o“
IV\\ -’,6‘“-
\"“v ““ T

S

2-particle correlations.
Ridge at A¢=0 in a wide
range of An.
Attributed to hydrodynamic
collective flow of a strongly

interacting expanding [—em=
medium (QGP) 4

Need to be more quantitative and study radial
and anisotropic flow in small systems!

\J
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Qq)2.2_||llll| T T T T T TTT] T T T TT1TT T T T T 11T T T T I T T T T T 17T ]
X’ “"F ALICE Preliminary pp {s=7TeV 1 ALICE p-Pb {5,y = 5.02 TeV I ALICE Prelimi ] i 0 i
= r = VOMICILssI!,,chhfdn):st T Eg-s%,ﬁ;_nchfdm:x;ij T PoePb Y5, - 502 Tev : Same pattern in the A/K% measured in small
8F =] VOMClass X, @N_/d)=23 I [—o—] 60-80%, (dN_/dn)=9.8 I = 0-5%, (dN_/dn) = 1942.5 E ; ; ;
:2 (VOM Multiplicity Classes) y (VOA Mult. Classes - Pb side) [—=—] 70-80%, (dN_/dn) = 44.9 ] SyStemS' Wlth dlfferent magnltUde"'
4t i £ ] ...but...
128 E T ] E MIND THE MULTIPLICITY SPAN!
i 3 i ]
08 3 ! ;
0.6 + [l E | d k [ |
iy ] | : n order to make proper comparison, one can select
Aar T . ] T
0.2k i % 3 p; ranges and look at multiplicity dependence
G: 11 IIIlI L L 11 IIII| I:: 11 1 IIII 1 1 11 1 IIII l:: 11 ||Il| 1 1 11 ||ll| 11

1 10 1 10 1 10
p. (GeV/c)
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¥4 - ALICE Preliminary pp (s =7 TeV 1 ALICE Pb = 5.02 TeV 1 ALICE Prelimi 1 H 0 :
= x s VoM Class 1 e =213 Eg-s%,ﬁ::_nmmzéj T PoePb Y5, - 502 Tev ] Same pattern in the A/K% measured in small
8F =—]VOMClass X, (@N_/d)=23 I [~ 60-80%, (dN_/dn)=9.8 I = 0-5%, (dN_/dn) = 1942.5 5 : H H
:2 (VOM Multiplicity Classes) y (VOA Mult. Classes - Pb side) [—=—] 70-80%, (dN_/dn) = 44.9 ] SyStemS' Wlth dlfferent magnltUde"'
14— —- __ _ ...but...
1.2- T T E MIND THE MULTIPLICITY SPAN!
1= + T 7
i -;
g'sg_ 1 T E In order to make proper comparison, one can select
A T T - e e .
0.2 3 ; p; ranges and look at multiplicity dependence
G-Illlll'll | | |||||-|||0 T vl 1 Lol L T 1
p. (GeV/c)
owm AL L L T A | LR | LAY | T TorTTTTT LAY | T
x 1.6¢ ALICE Preliminar Vs=7Tev | pp: 2.50 < p_<2.90 GeV/c T pp: 6.50 < p_<8.00 GeV/c ] . . .
2 %AUCE p-Pb ‘Is_'mz:poz TeV p-Pb: 2.40< pT<3.20 GeV/e I p-Pb: 6.00 < pT<8.00 GeV/c ) Clear ContInUIty among dlfferent SyStemS!
1'4_@Auce Pb-Pb Yo = 2.76 TeV T Pb-Pb: 2.40< p_<3.00 GeV/c H% Pb-Pb: 6.50 < p_<8.00 GeV/c
0.60 < p, <080 Gevic | ﬁ % I ] Is the underlying mechanism the same here?

-I

b

. i
iy | ) o Mﬂﬂ b,

Need to compare to hydro

\J

ﬁ“hﬂ

0.8

1

0.4

(x4) ! 2
0'2_. sl sl MR | P B | ol Ll T

PR Ll PRI
10 102 10° 10 102 10° 10 102 10°
dN_ /dn)

[71<0.5



Collectivity in small systems: radial flow (lI)

Blast wave: simplified hydro model:

Assumes common particle expansion with A and T,
If assumption ok: fit (e.g.) w,K,p — predict pT shape of other particles

Assumption ~ok for all collision systems
pp and p-Pb: similar T, -3; progression
Considering corresponding multiplicity:
less “violent” expansion in Pb-Pb,

but T,,, common for all systems

Livio Bianchi
QM 2018
Students day




Livio Bianchi

m  Collectivity in small systems: radial flow (ll) a 2013

Venice Students day

. . ':_\‘]04 LR L B B L L L LN B |
Blast wave: simplified hydro model: S 0p ALICE Preliminary, pp \s = 7 TeV
. . . D 2 — Blast-Wave fitto &, K, p
* Assumes common particle expansion with A and T, o} .- Blast-Wave prediction
. o . . Q = VOM Class I+l
* If assumption ok: fit (e.g.) m,K,p — predict pT shape of other particles 2 10_11 T
= - ° K x50
. S . g 10 = p
Assumption ~ok for all collision systems  10° —— LK w10
[ S
. . . => 4 .. 0.1
* pp and p-Pb: similar T,, -3 progression = 135 e oo
. . . RTINS ey - = Qx0.05
e Considering corresponding multiplicity: 10 K" x 10°
. . . _7 7' 11 T N L1 T L L1 L s il
less “violent” expansion in Pb-Pb, 11% Bl S RALILRIERL RIS
RS > fit range: 0.5-1.0 GeV/c = -
but Tkln Common for a” SyStemS % 0.2:! I LA [ O D B B T T T 71 : 1 w . g
- - 15 F . -
O 0.18F = - 2-1, -
e - N Ry %%%ﬁ&% - 1 --/' 0.2-1.5 GeVie K-
= 0161 W E 1.5 o 0.3-3.0 GeV/ic p |
0.141 % “\% - -
B % 1 F K3
0.12— %% % -] 15 it ~
0.1 i - i A
— Global Blast-Wave fit to . 1.5 _]
0.08~ ™ (0.5-1 GeV/c), K (0.2-1.5 GeV/c) , p (0.3-3.0 GeV/c) L ) 1L E.—
- ALICE Preliminary, pp, \s = 7 TeV B 15 ]
0.06 4 ALICE, p-Pb, 15 =5.02TeV . s Q 1
0 04-_ + ALICE, Pb-Pb,ﬁ=2.76 TeV ] 15 F S I RN IR LN I
"7 'L+ ALICE Preliminary, Pb-Pb, s, = 5.02 TeV ] '1 C K* 1
C Lo b v v b oo b v b v by g 17 L L I L L L

01 02 03 04 05 06 07 001 2 3 456 7
6

o
o
Jp



Blast wave: simplified hydro model:

m  Collectivity in small systems: radial flow (ll)
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Assumes common particle expansion with A and T,
If assumption ok: fit (e.g.) m,K,p — predict pT shape of other particles

Assumption ~ok for all collision systems
pp and p-Pb: similar T, -3 progression
Considering corresponding multiplicity:
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LN B BN AL BN BLELEL AL B BLELELL
ALICE Preliminary, pp \s =7 TeV

— Blast-Wave fitto &, K, p

--- Blast-Wave prediction

VOM Class I+l
R —
Ty —— ¢+t x 100
E‘%%%,_E_ * K x50
ep

e 0 OKEx10

- ne—s— 0OA x0.1
~~~~~~~~~ e *Zx0.05
. =0 x0.05

K* x 10°
P PRI D YO e i IR B PRI B

less “violent” expansion in Pb-Pb, w o -
0.0 P " fitrange: 0.5-1.0 GeV/c 7 -

but Tkln common for a” SyStemS % . :I - L I I O I B T T 71 T T 1 ] % 1 -
G 0.18) m%% = %_;: 1'51 , 0.2-1.5 GeVic K 1

£ - KN %\Q q= |

TAKE HOME =016 W % b 1: °F 0.3-3.0 GeVic p |

0.14F R - 15 0

Simple hydro model 0.12F %%% o El Ks ]

. T 1593 15 -

seems to describe p; o % A, Gk A

i i " Global Blast-Wave fit t ] ]

SPECtra_ e\.lo.lutlon with 0.08F © (%.5a-1 éng? Vf( (Io.g-1.5 GeV/c) , p (0.3-3.0 GeV/c) 1720 1'53 - E A
multiplicity across 0.06F. * ALICE Preliminary,pp, 15 = 7 TeV 10 15 ]
different collision P = ALICE, p-Pb, 15 = 5.02 TeV B 1k 2]

-+ ALICE, Pb-Pb, |5, = 2.76 TeV A0 M AR RN AR AR AR RARRE

systems 0.04 | alice Prenminar;,NPb-Pb,ﬁ =5.02 TeV W, 1'51 C K* 1

0 1 2 3 475 7% g
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CMS PLB 765 (2017) 193
T3 i R A PRI N TSR I PR | SRR
o0 PPVS=13TeV o vi0(2, jnj>2) - PPD {3,=5 TeV L PbPb {3,=276 TeV..,.. o
m v,{4} 1 i g B
e
+ v,{6} ! | | -
O v,{8} A X o
| ovityzy | LR | ] .
o™
>
0.05f s T I- T .
| g alRys ® | *“H U |
s =B @
© ! O+ !
@ 1 |
03<p < 3.0 GeVic 03<p < 3.0 GeVic 03<p <3OGeV/c
<24 1 <24 1 <24
LL A A A ' A M| { DA 100 L J A A A l A A . e A l A A lh]ll l A A 'S " l A ll A A i A l A A lmll l A A s A l A A
0 50 100 150 0 100 200 300 0 100 200 300
Ntor‘kmm N:,mfﬂl'lﬂ N::hm
v, different from zero observed in all
collision systems
NOTE: contribution of non-flow not ...but does this make sense at all? Can hydro develop in so small

easy to estimate in pp (and p-Pb) systems? Moreover.. starting from which spatial asymmetry?
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LA L B BN LR LA WAL LI LI LI LI L
p+p 7 TeV 1 p+Pb5.02TeV

2F T ]

s ¥

> ]

-k ¥
1 4 1 1 4 ‘2‘ b:048 fm —E— b=287 fm _:

X (fm) X (fm) x (fm) NtracK:1 20 T Nygae=131

ml o by by by ey by T L T b s b s 1)
3 2 1 0 1 2 2 414 0 1 2 3

x (fm) X (fm)
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SERGIO LEONE PULPD p+p 7 TeV 1 p+Pb5.02 TeV
2 T .
2 > 3 | ..: 1_ 1 h
‘v,.'j < o .E. éo_ + .
ant o e >‘
-1F 1 .
e GOOD . ]
BAD UGLY 8 10 12 0 2 8 10 12 0 2 8 10 12 _2_ b 0 48 fm T b:2.87 fm ]
lfm) Hm) (lm) Ntrack_1 20 ] Nlrack=1 31
3 T P RS ST S S S S S
-3 -2 -1 0 1 2 -2 -1 0 1 2 3
x (fm) X (fm)

One fluid to rule them all: viscous hydrodynamic description of event-by-event central
p+p, p+Pb and Pb+Pb collisions at /s = 5.02 TeV

Ryan D. Weller! and Paul Romatschke!:?

superSONIC for p+p, Vs=5.02 TeV, 0-1% superSONIC for p+Pb, Vs=5.02 TeV, 0-5% superSONIC for Pb+Pb, Vs=5.02 TeV, 0-5%
. v, — *data f:)r Vs=13 TeV I vy m— / 2v, — '
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Hadrochemistry: measurement of relative
abundancies of produced particle species

Light hadrons (composed by u and d) abundantly
produced in elementary collisions, but strange
hadrons are suppressed!

What happens at high energy densities?

Hydrodynamic
Evolution Pre-Equilibrium
Phase (< 1)

a) without QGP/ \ b) with QGP z
A B
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Hadrochemistry: measurement of relative
abundancies of produced particle species

Light hadrons (composed by u and d) abundantly
produced in elementary collisions, but strange
hadrons are suppressed!

What happens at high energy densities?
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Strangeness Production in the Quark-Gluon Plasma

Johann Rafelski and Berndt Miller
Institut fiir Theovetische Physik, Johaui Wolfgang Goethe -Untversitiit, D-6000 Frankfurt am Main, Germany
{Recetved 11 Jamary 1982}
Rates are caleulated for the processes gg —s% and uif,dd —s¥ in highly excited quark-
ghion plasma, For temperature T = 160 MeV the strangeness abundance saturates during
the lifetime (~10"® 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 a 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-
seribed, 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-
gy. We igate the of st
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 A could serve as a probe for quark-
gluon plasma formation. Another interesting sig-
nature may be the possible ereation of exotie

multistrange hadrons.” After identifying the
-produeing i 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 ¥ and d guarks.

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

k?\“»_.m<q'

ky o -a,

4 a “

ky <] j
b)

FIG. 1. Lowest-order QCD diagrams for
tions (a) g7 —s%, M) gg—s5.

1982 (Rafelski, Muller): Strangeness
enhancement relative to elementary
collisions proposed as smoking gun
for QGP formation:

Hydrodynamic
Evolution

a) without QGP/ \ b) with QGP
A B

* Lower Q-value for ss relative
- to H H; formation

* Faster equilibration in partonic
medium
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Hadrochemistry: measurement of relative
Strangeness Production in the Quark-Gluon Plasma
abundancies of produced particle species 5 s g LTI AN, corsa

(Recetved 11 Jamuary 1982)

Rates are caleulated for the processes g¢—s and uif ,dd—s in highly excited quark-
ghion plasma, For temperature T = 160 MeV the strangeness abundance saturates during
the lifetime (~ 10" sec) of the plasma created in high-energy nuclear collisions. The
chemical equilibration tme for gluons and light quarks is found to be less than 10" sec

Light hadrons (composed by u and d) abundantly E————

Given the present knowledge about the interas multistrange hadrons.” After ldentil'ylng the
H H H tions between constituents (quarks and gluo: ) odueing mpt
produced In elementary colllslons but stran e it a) ppears almost unavoidable that, at sufficiently therelevlnfmtsasl tionautthe m!rgyd
’ Iugh ergy density caused by compression d/ sity (“temperature”) of the plasma state and com-
talio the individual hadrons dissolve in pare them with those for light u and d quﬂ-
' a new phase cunsisung of almost-free quarks and In lowest o de r in perturbative QCD ss-quark
h a d ro n s a re s u p p ressed gluons." This quark-gluon plasma is a highly ex- pairs can be created by annihilation of light quark-
° cited state of hadronic matter that occupies a antiquark pan's [Fig. 1(a)] and in wli.ision ot two
volume large as compared with all characteristic gluons [}‘lg 1(b)| The averaged total c

length scales. Within this volume individual color  tions for these processes were calculate d by
charges exist and propagate in the same manner
as they do inside elementary particles as de-

1 141 scribed, e.g., within the Massachusetts Institute a
What happens at high energy densities? b 1 T e o
It is generally agreed that the best way to e = !
a quark-gluon plasma in the laboratory i swlh ky -a,
collisions of m-avy nuclei at sufficiently high ener-
gy We i the of st

s function of the lifetime and excitation of the " Al
plnsma state, This investigation was motivated \'\
by the observation that significant changes in rela- “ f
tive and absolute abundance of strange particles, 5 29z
such as A could serve as a probe for quark- b}
gluon plasma formation. Ancther interesting sig- FIG, 1. Lowest-order QCD m;q;r ams for
nature may be the possible ereation of exotic tion: (a) g —s%, (b) gg—s%

Statistical Hadronization Model (SHM):
all hadrons formed from an excited
state following pure statistical laws.
Strangeness enhancement can come
from:

1982 (Rafelski, Muller): Strangeness

enhancement relative to elementary

collisions proposed as smoking gun
for QGP formation:

Hydrodynamic

Evoition Pre-Equilibri * Lower Q-value for ss relative
to H.H: formation

- S*°S
a) without QGP \ b) with QGP = n e )
* Faster equilibration in partonic
A B medium

e Canonical suppression in pp

* Incomplete equilibration
of strangeness
B 7?7
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Hadrochemistry: measurement of relative TAKE HOME e
Strangeness Production in the Quark-Gluon Plasma

abundancies of produced particle species
QGP = (foreseen) altered

Light hadrons (composed by u and d) abundantly chemical composition
produced in elementary collisions, but strange

rrrrr

O
&)

hadrons are suppressed! QGP 3<altered chemical ST
composition
What happens at high energy densities? e -
. x K, p oot
KR ' i o
\ é T / f:/nh ture may be the possible creal of exotic S e ¢ [
o
Statistical Hadronization Model (SHM): Sog, X T R L -
g 1982 (Rafelski, Muller): Strangeness

all hadrons formed from an excited
state following pure statistical laws.
Strangeness enhancement can come

from:

enhancement relative to elementary
collisions proposed as smoking gun
for QGP formation:

* Lower Q-value for ss relative

Hydrodynamic

$7 _ Pre-Equilibrium

» Canonical suppression in pp Evolution : Sgnipuns
. ase (< .
* Incomplete equilibration S —— / \ — to H H; formation
of strangeness m * Faster equilibration in partonic
A B medium

. ??
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Pb-Pb at \ s, = 2.76 TeV

(@)

part
—H
pa
| ]
[x]
Eh>_|: T
S
g

Yield / ({N__ ) relative to pp/p-Be
=)

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

LI | S g e H """""""""""""" ]
: NAS57 Pb-Pb, p-Pb at 17.2 GeV NAS57 Pb-Pb, p-Pb at 17.2 GeV :

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

1 10 102 1 10 10

Strangeness production enhanced in large systems with
respect to small ones. Enhancement more important for
particles with higher strangeness content...

...but less important at higher energy...1?1?



Livio Bianchi

m Hadrochemistry in large systems: strangeness am 2018

Venice Students day

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

@ @

a | Pb-Pb at \ s, = 2.76 TeV a (b)

(o8 Q.

o (o}

o (a) o L —+ A

-— -— A

210f 210 Q+Q A

g f 3 A

o "= o ¢° e é
g - i

< 2

5 LILL TR "

2 M o) ]

> >

SERGIO LE

w)o

I I H NAS7 Pb-Pb, p-Fb at 17.2 il

[] STAR Au-Au at 200 Gev | CLSR™,....

1 10 10°

Strangeness production enhanced in large systems with
respect to small ones. Enhancement more important for

NAS7 Pb-Pb, p-Pb at 17.2 GeV |

[]/\ STAR Au-Au at 200 GeV

10
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particles with higher strangeness content...

...but less important at higher energy...1?1?
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Phys. Lett. B 728 (2014) 216—-227 E m
<] 0] o] [ j . . . .
D | Popbatys,-276Tev D () 5 © =/ ) j_%% When considering ratio to pions,
g g g . " z ' in large systems strangeness
e (a) e — - . .
o 0l o .| AQ+Q 28 production rate is constant...
=101 =10 1} < |
E I = |:;| E ] % g
o = Q bt =z a | L s ; ;
= - o = %éé S0l o L iﬂ ...and higher than in small
2 2 - : T P s collision systems
= TEEE EE LU
o o ° L
> > A
[ ] SERGIO LEONE [ : itlxgi ;s-:tb? 3;62\}75 Tev
H ‘ [ B ALICE pp at 900 GeV
LR 1) Sttt ’ ““““““““““““““ ] A [] STAR Au-Au, pp al 200 GeV
[ NAS7 Pb-Pb, p-Pb at 17.2 Al | NAST Pb-Pb, p-Pb at 17.2 GeV | 10 _ : :BZE F’b-Ptb?aTtEV?ﬁTeV
I [] STAR Au-Au at 200 GeV [J/\ STAR Au-Au at 200 GeV ] /\ STAR :!u:u‘ pp at 200 GeV ]
1 1 IIIIII| 1 1 \IIIII| 1 T G(%DA;]‘)\:;{E 1 1 IIIIIII 1 1 IIIIII| 1 L1 | 1 1 \IIIIIl 1 1 IIII\II 1 | I-
1 10 10° . UGLY. 10 10 1 10 10°
<Npart) (Nparr) <Npart>
I . -
. . . ...of course! We will see that — at least in high-
Strangeness production enhanced in large systems with Because energy experiments — this is just a
respect to small ones. Enhancement more important for strangeness bvoroduct of a completel
particles with higher strangeness content... L — yF_) P y
production in small different dependency!!

systems depends

...but less important at higher energy...1?1? :
Y 'mp 's &Y on the energy! ...and there Django rulez!
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H NAS7 Pb-Pb, p-Pb at 17.2 GeV |

[] /. STAR Au-Au at 200 GeV

Hyperon-to-pion ratio

(N

10 10°

104

Strangeness production enhanced in large systems with
respect to small ones. Enhancement more important for
particles with higher strangeness content...

...but less important at higher energy...1?1?

4 B ALICE Pb-Pb at 2.76 TeV
B ALICEppat7 TeV

[ ALICE pp at 900 GeV

FAS || STAR Au-Au, pp at 200 GeV
A ALICE Pu-Pb at 2.76 Tev
A ALICEppat7 Tev ]
/", STARAU-Au, pp at 200 GeV

1

1

10 102
(N_)

part

...of course!

Because
strangeness
production in small
systems depends
on the energy!
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When considering ratio to pions,
in large systems strangeness
production rate is constant...

...and higher than in small
collision systems

TAKE HOME

Observed strangeness
enhancement in
A-A collisions

We will see that — at least in high-
energy experiments — this is just a
byproduct of a completely
different dependency!!

e

...and there Django rulez!
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SHM - class of models which:

* see hadronization as particles spilling from an excited state
(e.g. hadron resonance gas, ...) following pure statistical laws.

* has few parameters at play:
* T:the temperature of the source at chemical freeze-out
* V:the volume of the source
* g : baryochemical potential (0 at LHC)
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* see hadronization as particles spilling from an excited state g aa g
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Strangeness in small systems: observation

ALICE

pp. Vs =7 TeV Nat. Phys. 13 (2017) 535-539 ]|

O
O  p-Pb, |5, =502TeV PLB 728 (2014) 25-38
[J  Preliminary Pb-Pb, |s,, = 5.02 TeV

| I\I\IHl

10

107

10°

(dN_/dn)

|7< 0.5

PP

(h/mt) / (h/m)

INEL>0

collision systems (pp and p-Pb)

The larger the content in
strangeness of the hadron, the
steeper the increase is:

Nat. Phys. 13 (2017) 535 539

T T

ALICE
®pp Vs=7TeV

p-Pb, |5, =5.02 TeV
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Strangeness enhancement in small
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Strangeness production
saturates at high multiplicity
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Strangeness production
saturates at high multiplicity

Strangeness enhancement in small
collision systems (pp and p-Pb)

No matter what the system/energy is!
Tell me the multiplicity of the event and
I’ll tell you how many strange hadrons
will be produced

The larger the content in
strangeness of the hadron, the
steeper the increase is:

Nat. Phys. 13 (2017) 535-539 5 ! - | - | :
I I - | | i \“ ;
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Strangeness in small systems: comparison to models
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ALICE
pp, Vs = 7 TeV Nat. Phys. 13 (2017) 535-539 |
p-Pb, s, = 5.02 TeV PLB 728 (2014) 25-38
Preliminary Pb-Pb, |s,, = 5.02 TeV

10 10? 10°
(dN_ /dn)

Inl< 0.5

Microscopic models:

None (by now) is able to reproduce the
increasing trend:

PYTHIA (Lund string model) dramatically
fails. Colour Reconnection does not help.

e DIPSY (including color ropes) qualitatively
describes the increase

e EPOS (hard-soft interaction + hydro + core-
corona + ...) qualitatively ok

freeze out

y [fm]

-8-84202468

x [fm] Proj. p Target p
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Hadron
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TAKE HOME

Microscopic models need
more tuning and (possibly)
new mechanisms to
describe data
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i ddafy Macroscopic models:

In the thermal model picture strangeness enhancement can come from

—
<

Ratio of yields to (" +n")
#2

e Canonical suppression (volume evolution of the source)

* Non-full equilibration
in small systems

R(gfm) RS m) R (fm)
2 3 456781 2 3 456781 3 4567810

HML

TN

(h/: J'C)/_(thTE)

* Increasing trend qualitatively
in agreement with
progressive release of
canonical suppression

-

o
o

HML

1072

(hln)ﬂhln)

= pp{s=7TeV

= p-Pb |s,, = 5.02 TeV
" Pb-Pb s, =276 TeV
4 = Thermus v3.

T = 146-166 MeV

* Butthe ¢ mesonisa
weak point!

_l.

[
tn

a R=R,
ALICE ! TAKE HOME EE k=133 1028
5 d §1.5
pp, Vs =7 TeV Nat. Phys. 13 (2017) 535-539 | N N g
o-Ph, 5. = 5.02 TeV PLB 728 (2014) 25.38 Thermal models with variable <
Preliminary Pb-Pb, sy = 5.02 TeV volume describe the data.
B . . 0.5
103_| III\H‘ | \\IIII‘2 | 1 \I\I\I|3 ] Pure canonlcal Suppresslon
10 10 (AN /d71]> scenario problem a0 Nl
i< 05 V. Vislavicius, A. Kalweit aXiv:1610.03001 [nucl-ex]
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fl:‘i I wMW‘@?E Pt LA | Data from STAR in heavy ions nicely pile-up to the
% ¢ saturation lines measured at the LHC
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Is this true for strangeness only?

ALICE V0 Multiplicity Classes

~ [ |pp.\s=7TeV
Nat. Phys. 13, 535-539 (2017)
Pb-Pb, | 5y = 2.76 TeV
PRC 88, 044910 (2013)

1 ool 1 Lol

p-Pb, \ sy =5.02 TeV 7
PLB 728 (2014) 25-38 J
Pb-Pb, \ s, = 5.02 TeV-
Preliminary ]

1 R |

2 34 10 20

10% 2x10°

10° 2><1 o3
<CIN‘::h/CIﬂ)lr]l < 0.5

> ——

LICE V0 Multiplicity Classes

pp,\s=7TeV
Preliminary

Pb-Pb, \ 5 =2.76 TeV
PRC 88, 044910 (2013)
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p-Pb, \ sy = 5.02 TeV 4
PLB 728 (2014) 25-38 J
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Same study performed for protons, charged kaons, deuteron,
resonances (e.g. K*)

TAKE HOME

Multiplicity connects
different collision systems
for all “light” particles

60.006_ T T T IllIII T T T T T TT7T T T T IIIII[ T I_
+ T [#]p-Pb, {5, =5.02 TeV ALICE Preliminary A
Q. r VOA Multiplicity Classes (Pb-side) B
— 0.005— —
~ = [m]Pb-Pb, s, =5.02 Tev 7
Q - [®lpp, Vs =7Tev .
0.004— % pp, {s = 13 TeV -
- VOM Multiplicity Classes H —
0.003— H H H H —
0.002F &r 3 EE =
C 'i';( [#|Pb-Pb, s, = 2.76 TeV (PRC 93 (2015) 024917)
- E pp, {s = 900 GeV, d/p (PRC 97 (2018) 024615)
0.001— PHpp, (s =2.76 TeV, dip (PRC 97 (2018) 024615) |
C Bdpp, Is = 7 TeV, d/p (PRC 97 (2018) 024615) |
0 C 1 Il L1111l I 1 1 I I T I I 1 Il | I ‘ Il 1 i

1 10 107 N /1 0°

<d ch dT;'I b>|

0.3

0.2

0.1

If curious to know what’s
going on with K*, ask and
check the backup ;)

\J

I T T T I T T T I T T T I T T T l T T T I T T T i
L ALICE Preliminary Ko/K ¢‘"K ]

- pp7TeV(INEL) m e
N pp 7 TeV (Prel.) = ]

- p-Pb5.02TeV m e

ﬁ Pb-Pb2.76 TeV ®m e
§ ¢ . :

¢ .,,?'Hﬁ* ¢ ' .o

‘ = EPQOS3 7]
—_ - GC Thermal model (T=156 MeV)
Uncelrtainlies: sI;tat.(bars), syst.(box), uncorr.(shaded bcIJx) ]
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Hard Probes




Recoiling jet suppressed by energy loss inside the medium

1/Np g0 AN/A(A)

Jets in A-A collisions

0.2

Clearly observed by STAR at RHIC...

- ¢ d+Au FTPC-Au 0-20% .

5 - —— pP+p min. bias jﬁ’nn -

* Au+Au Central

-1 0 1 2 3 4
A ¢ (radians)

Event Fraction

Event Fraction

... and extensively studied at the LHC
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0.2

L (a)

T
cMS J-L dt=35.1pb"

® pp\s=7.0 TeV
— PYTHIA
Anti-k,, R=0.5

IL dt=6.7ub"

@ PbPb\s =276 TeV

— PYTHIA+DATA

Iterative Cone, R=0.5

p,,>120 GeV/c
P> 50 GeVic
a¢,,>&x

30-50% |

Ay= (pT,1_pT,2)/(pT,1+pT,2)
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Nuclear modification factor,
indicates how far A-A observations
are from the “normal” pp (binary
scaled)

d°N™ | dydp.,
>d*N" | dydp,

R =
() N

coll

1

Nuclear modification factor (R,,): heavy ions

"Pb-Pb, ALICE Preliminary
s, =5.02 TeV (filled markers) 1

ALICE, PRC93 034913 (2016)

0 Sy = 2.76 TeV (empty markers][

p+P

5-10%

s p
X 18 AR B
L 1.4
1.65 1HE] ,,,,,,,,,,,,,,,,,,,,,,,,,,,,, -
0.8
r 06F E
144 i ; gﬂ%ﬂmﬂ_
1.2 YT pf (GSTWC) -
LS ALICE, 0-10% Pb-Pb, | 5, =276 TV F
0.8 « Average D°, D', D*', |y|<0.5 =
: o with pp pTvextrapoIaied reference ]
0.6¢1 STAR, 0-10% Au-Au, | §,,, = 200 GeV E
u D [y|<1 1
04 [ J PAL 113 (2014) 142301 -
02 My, 5 H— | .
_\ 111 | 1111 I 1111 | | . | L1l ‘ || ‘ | | 111 \_
0O 5 10 15 20 25 30_35 40
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L . [ "PoPb, ALICE Preiminary 1 pap T ] & T
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:l\LICEI Prsllm|lnz|ry, Pb.Pb Is‘NN < 5.02Tev ' 1
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[ alice Prsllminary, Pb.Pb Is‘NN < 5.02Tev 1 '
1o 05%  1lp 5-10% Ia 10-20% 0 65
_3 R
<N pa"’t
7 S
s C
/” feaS/.
g
"""" sy
27.4 pb'1 (6.02 TeV pEA + 404 ub™ (56.02 TeV PbPb)
T T T T EPJGl;’Z (LU12) 19+5| 1T I‘ T T

Raa # 1 in A-A down to very low
<N___> (hence multiplicities)

But what happens in small ©
collision systems?

part

Difficult to define an R,, in
pp...!!

Let’s concentrate on p-Pb

\
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Y - I I I [ g r . 1 T 2 —
SEe S P-Pb {Syy=5.02 TeV Centrality classes 1 G, g ALICEp-Pb |5, =5.02TeV p; interval (GeV/c) 3 o [ ALCE 0.96<y,,,<0.04 1
SF FastJet anti-k jets, R =0.4 == ALICE 0-20:/0 1 [ FastJet anti-k jets, Iy _1<0.5 ® 20=< pi< 30 ] 1.8 p-Pb, \ 5,,=5.02 TeV —=— Average D°, D", D" ]
1 6 n,,] <0.5 (ALICE) mm ALICE 60-80% 3 16 F Ref - Scaled bo ots 7 TeV W 40<p <50 : . :
6 Man ATLAS 0-10% .6 - Reference: Scaled pp jets 7 Te 0 g0 160 D} E
F -0.8 <y* <-0.3 (ATLAS) o ATLAS 60-90% 1 : Bl 70=p < ] - ) ]
1ok = 12F ] 1.2 =
L4 [ . n g ]
® . C _ 7
ﬁ R B B R R R '
0.8 = 0.8 = 0.8 U =
0.6 1 0.6 ] 0.6/ s -
04F = 0.4 = 0.40 -
0.2f . 0.2~ Resolution parameter R = 0.4 . 0-2;_ _;
0 L . . . I . . . l . . . | | | . I . | . | ] 0 o | | | | | ] GD_ I B \1|0\ Lo b b by 1 T

20 40 60 80 100 120 0-20% 20-40% 40-60% 60-80% 80-100% GeV/
Pr anier Pr. ot (GEVIO) Centrality (ZNA) P; (GeV/c)

No evidence of jet quenching in p-Pb collisions at the LHC

delusion...

...but multiplicity in 0-20% p-Pb is higher than I:> ...should we conclude that multiplicity is NOT
in all cases discussed in the previous slide...! the driving quantity for “hard” observables?

High-pT hadrons do also not show any suppression
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1/(r) [fm1]

J/y not suppressed in p-Pb collisions Y(ts)

Xb(lp)

J/(1S) Y'(25)

...but ratio y(2S)/J/y significantly lower
than 1 atlarge N_!!

coll**

% (2P) Y"(3S)
x(1P) w'(2s)

Makes sense in the “sequential suppression
scenario”: y(2S) should dissociate at lower T

pPb 34.6 nb', pp 28.0 pb' (5.02 TeV)

1.6_I|\III‘IIIII\II\‘II\\l\II\‘II\\llll\‘ll\lllll\l_ %2.5_"']"l[lli]lTI|III|III]III|III
C = [ ALICE, p-Pb \ 5= 5.02 TeV, J/y, w(2S) — p'w
14] 10 <p_<30 GeVic CMS ] 53: - ¢ 208<y, <353 w 446<y, <296
- Prompt J/y - & 2r _ .
1.0 ] b} - arXiv:1603.02816v2 QGP+HRG (Du et al.)
B * + ] —_ 203 <y <353
- [ L ¢ 4 446 <y <-2.96
1J ST o | .
E DR —_a 15 Comovers (Ferreiro) -
o) O ] =z — 203 <y <353 h
% 080 ] o — 446 <y <-2.96 ]
o C ] i -
o
0.6/ 1 ¢ WL T i
4: [¢] Data 1 .
0. - [] EPS09 NLO (Vogt) E _
02 EPS09 NLO (Lansberg-Shao) B
C [/ nCTEQ15 NLO (Lansberg-Shao) ]
O _I | L1 ‘ I I L1l ‘ I | L1l ‘ | | L1l ‘ L1l | L1 |_ 0 [ 1 1 1 I L 1 1 I 11 1 l 1 1 1 I 1 1 1 I 1 11 l 11 1 I 11 1 i
25-2-15-1-050 05 1 15 2 0 2 4 6 8 10 12 14 16
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1/(r) [fm1]

J/y not suppressed in p-Pb collisions ...but then, why Y(2S) is suppressed in p-Pb

2| |Yas)
o - and even pp high-multiplicity events?
...but ratio y(2S)/J/v significantly lower | R
I 12wl 7/y(15) Y'(25)

than 1 at large N

coll**
,’2:&(1?)’) qu‘z’fé) (NOTE: comparison among systems
may be biased by absence of n-gap

estimator-measurement)

Makes sense in the “sequential suppression
scenario”: y(2S) should dissociate at lower T

pPb 34.6 nb', pp 28.0 pb' (5.02 TeV)

1.6_I|\III‘IIIII\II\‘II\\l\II\‘II\\llll\‘ll\lllll\l_ %25_ "]"'["'["|||'||'|T]||'||'|_ GO.S_HH T ||||r||| T r||||||| T T T 1T 71]
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- 10 < < 30 GGV/C | “% ) i ] }:0‘45—_pp\.SNN— . e o] ‘ISNN_ . e \SNN_ . 9_—
1.4 Pr CMS ] ° ¢ 203« <353 m 446<y <-2.96 1 & E Oy, <193 ®y <193 ly,, | <24 ]
- Prompt JAy - & 2r _ -~ € gaE =
1.2 _ b} - arXiv:1603.02816v2 QGP+HRG (Du et al.) - s ]
C * + ] —_— : 2.03 Y < 3.53 : 0 35—_ =
- ® L ¢ i 4 i 446 <y <-2.96 r T(2S) A
1—J DRRRSRS g ,_,%- 15F Comovers (Ferreiro) - 0 3:_ T‘('] S) _:
o B ] 2 i —203<y, <358 i F ]
Q:Q 0.8 - QA i — 448 <y, <-2.96 ] 0.250 {} + 3
- _ w - . F ]
B ] s 1 0.2E ¢ + =
0.6] 1 ¢ f 2 % :
0.4 [ Dt E - 0151 |
) B D EPS09 NLO (Vogt) ] 05 -
0.2 L EPS09 NLO (Lansberg-Shao) B - 0-15— CMS !
C [/ nCTEQ15 NLO (Lansberg-Shao) ] i ' 0.05F
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_25 -2 -1 5 —1 _05 0 05 1 1_5 2 0 2 4 6 8 10 12 14< 1)6 ob \11|0 L1 |1|c|)2 [ R B B |1|é3 ]
y N i<2.4
CM col tracks
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Heavy flavour and quarkonium production as a
function of multiplicity in pp collisions.

More than linear increase

o~ 22rTTTT T T 11 T T T 1 UL UL T T 11 T 11 T T 11 T T 11 ) 25 UL L L DL L L L B rrrTrTTTT
N I I | | I | <90 ]
T ® [ ALICE Preliminary . g [ ALCEppis=7TeV .
=z 2 20— _ —] ¢ Average D°, D', D* meson |y|<0.5, 2<p_<4 GeV/c |
=z [ Ppis=13TeV ] D o & Promptiy - o', <09, p.0 T ]
T 3 gL Inclusive J/y — e*e (ly| < 0.9) T E 20 *+ FromptJy - ee, i<0.8. pp> ]
C 10% normalization uncertainty . C\_lc B ]
16— — NG .
= - = 15 7
14 :_ linear _: %r— - -
C 3 = B =
12— —] o 10— ]
: ] NZ = % .
10 — < ]
8: n 5j - e ]
E E : @'m +6%/-3% normalization unc. not shown :
6 L 1 L i + 6% unc. on (dA/dn) / (dN/dn) not shown _|

— - . __—.ﬁ-l 1 1 ! | 1 11 ! 1 ! L)l ! | -l 1 - ! |
- ] § 0.4 B fraction hypothesis: x 1/2 (2) at low (high) multiplicity =
4— - g 02— =
- . 8 -
2 - B 02E =
- - Q2 E m
0 (= l | 11 1 | 111 1 ‘ L1 1 1 | L1 1 1 | L1 1 1 | 11 1 I 11 1 I 111 1 T 2] 704—_ L L L L L =
0 1 2 3 4 5 6 7 8 9 c. +r 2 3 4 S5 6 7 8 )9
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Models implementing core-corona (EPOS) or some Self-normalized yields (+ potential multiplicity
sort of gluon saturation (Ferreiro) qualitatively estimator bias) make comparison
describe the data among systems difficult

/\- 22|||| UL LI (L UL L T T 11 L T T 11 N 25 R L L L L L
SN - [ [ | | : 1 — L _
T T [ ALICE Preliminary ; . § |, AUCEppis=7Tev :
= 2 20— pp, \s = 13 TeV — = T ¢ Average D’, D', D* meson |y|<0.5, 2<p <4 GeVic ]
=2 Z - P - - B oQF # PromptJiy —e'e, y<0.9, p >0 ]
T3 g Inclusive J/yw — e*e (Jy]| < 0.9) . ‘2 N ]
— 10% normalization uncertainty . Yy B ]
[ n ~ [ -
16 — [ ] Data ] ~ 15— _
o - . T+ L ]
14 T Ferreiro et al. - Q - 1
- SRR EPOS3 (D, 2 < p, < 4 GeVic) : 2 i ]
12/~ BB PYTHIA 8 (Monash 2013) $ = g 10 E% i
— ;‘ ” : [ ‘———"—‘7‘_ i
10— l:] Kopeliovich et al. ¢ — (\iq, - :
- . L @/lil +6%/-3% normalization unc. not shown ]
6 - 7 L g + 6% unc. on (dN/dn) / (dN/dn) not shown _|
[ — . _—‘ﬁ-l 1 | | 1 11l ! - ! 11 ! Ll 1 - ! L1
- . § 0.4 B fraction hypothesis: x 1/2 (2) at low (high) multiplicity =
41— — c 0.2F —
- _ E S
o _ '8 0F
2 — B-02-
- =" n E 0.4 ) ) ) ) ‘ ) —
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* “Small systems” are lot of fun:

= Heavy ion physicists: possibility of testing their understanding of excited QCD
in “simpler” environments than A-A

= HEP physicists: acknowledge the failure of broadly-used MC generators and
have hard times identifying micro-mechanisms justifying new observations



Livio Bianchi

Final considerations am 2018

Students day

* “Small systems” are lot of fun:

= Heavy ion physicists: possibility of testing their understanding of excited QCD
in “simpler” environments than A-A

= HEP physicists: acknowledge the failure of broadly-used MC generators and
have hard times identifying micro-mechanisms justifying new observations

* The quest is just at the beginning:
= Need to complement our understanding using all observables

= Need to understand “hard probes” peculiarity

= ..always being aware of multiplicity biases which can affect the
comparison among systems!
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Resonances are powerful tools to
probe the hadronic phase after
chemical freeze-out

O X
< ‘
E 14 Kinetic

g 12 freeze-out
= 10

Chemical
freeze-out

Chem. F.O.

¢ ‘

T VA S
Resonance Regeneration Re-scattering
decay

QGP

II|III|I[I|III|III|III|III|III|III|II

2
5 Pre Equilibrium
-2
_4_| | 1 1 | | | 1 1 | | | | 1 1 | | 1 1 1 1 |
-15 -10 -5 0 5 10 15

7 (fm)
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—ALICE Preliminary
= pp, Pb-Pb \s,, =2.76 TeV

Resonances are powerful tools to PRGN
probe the hadronic phase after
chemical freeze-out

o m—

pp, Pb-Pb
THERMUS

Lifetime [fm/c] : |p [1.3] < K* [4.2] < A* [12.6] <- < §[46.2]

EPOS3, PRC93 (2016) 1, 014911
EPOS3 without UrQMD

Uncertainties: stat. (bar), sys. (box), uncorr. sys. (shaded box)

III‘III‘W\I‘HI‘HI'III'III'II

- pp, Vs =7 TeV Pb-PDb, \s,, =2.76 Te

I O ALICE,INEL ® ALICE Preliminary
-~ EPJ.C75(2015)1 _ '
- o PYTHIAS (Monash 2013)  &SIHeidelberg

I T,=156 MeV

| p'Pb, VSNN =5.02 TeV THERMUS

7T =156 MeV
ALICE, VOA mult.classes e
arXiv:1701.07797 — EPQOSv3.107

[ ¢ *x pp 276 TeV ALICE ] . LN L L I B L Y L L B I
v3. ALICE Prelimi =
- O epp7TeV = Pb-Pb2.76 TeV ] e PDPD. 8L 276TeV @ PbPO, {8y~ 276 TeV

" o0 Pb-Pb2.76 TeV (PRC 91, 024609) | STAR, {5, = 200 GeV
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V(r)
e Linear confinement potential for large distances (confirmed '
by lattice QCD). For short distances perturbation theory lnear part
holds
e Confined colour fields described as strings with tension Coulomb part
kK =1GeV/fm

* Breaking of strings (tunneling) give hadrons

ﬁm% ﬂ:mczy ﬁp%q
P X e K =e¢e K .e K

* Flavour of hadrons determined by the Gaussian mass
suppression term (which mass to put? If current = less s-
suppression than observed. If constituent = too much s-
suppression. s/u empirical number to be tuned on data)

Fischer & Sjostrand, arXiv:1610.09818 (2017)



The Lund string model: MPI & CR
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In hadronic collisions multiple strings are needed to
describe multiplicity distribution (MPI)

In the LC Lund model each string is hadronizing separately
with respect to the others

The multiplicity increases, but not the (p;) nor the relative
flavor abundancies!
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® %o 11
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c u
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wud

ke

7
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()
// e Multiple strings are close in space-time. Dynamical interaction is not
/éﬂb\. implemented in this model, but colour re-arrangement can happen:
B \ i Colour Reconnection (CR)
s i
% \ * Takes place after parton shower and takes into account all SU(3) permitted
S A configurations. Selection parameter: minimum total string length
ks (?ﬂ
e After re-arrangement of the strings, hadronization takes place
—

* Correctly takes into account the colour re-arrangement in the remnant

Christiansen & Skands, arXiv:1505.01681 (2015)
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7000 GeV Soft QCD )
s F o Gz * 3 main parameters tuned on data: ¢, ((p7)), ¢ (A/K2) and
g r Average P, Vs Nch(Nch>2, pT>D.1 GeVic) 1 3 ref
tos9 :_ = ATLAS _:§ pT (dNCh/dn)
e B —&— Pythia & (Def) a
- ~—* Pythia 8 (no CR) :2 . . . .
s 1z ¢ The presence of junctions increases baryon production at
o7 b F intermediate p;, but not sufficient to reproduce data
0.6 :— —: . .
. ] . A/Kg shape (magnitude is tuned!) reproduces data up to 3
05 |- g GeV/c = problem in spectra common to baryons and
04l 38 mesons?
- ATLAS_2010_S8918562 Eg Leading Colour Strings dominate:
03 o i
:u | P T N I PR I | .Plylnh‘lanaf-{.6l PR R I PR I P P Izg can’t be attrIbUted to CR
0 50 100 150 200

N ransverse momentum distribution at /s = 7 TeV A/ Kg versus transverse momentum at /s = 7 TeV

1? %r —e— Data :g 1.2 :— —e— Data
> % —— 0ld CR model z r Hﬁ*ﬁh —— 0ld CR Aodel
g e -~ = New CR model = ﬁ {,'—,___ — - — New CR model
TAKE HOME s 0 = t
zZ 10 ;
CR mimics features EI
ore = 107 =
that we traditionally N A —
attribute to collective w07 T e o2 |
flow, but something = P . - N e
. E 1.2 /41 1 £ 12 e
more is needed. 8 1| — &8 [ Elmonue i’
Tuning? S onl = os M
0.6 — L 0.6 — . [ |, . . .
0 2 4 6 8 10 0 2 4 6 8 10
A pr[GeV/e] pr [GeV/c]

Christiansen & Skands, arXiv:1505.01681 (2015)
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. . . 0.5 T T
e Partonic model in impact parameter cé% / . _
space and rapidity (Dipole evolutionin o1 //'\ - 3\.\ A
Impact Parameter Space and rapiditY) 383 VAN ...\‘_,J e o> LN
_on.U =15 =1.0 —6.5 0.0 OISE 1.0 1.‘5

* Mueller dipole model (LL-BFKL)

* Proton/Nucleus structure built up R
dynamically from dipole splittings

b, [fm]
L

e Builds-up initial state + collision in 28
impact parameter space. Naturally . Tral':s"erse Size-of strings
treats saturation and MPI .,t e One Vvisue

To the question “Which are the strings that can interact?” the DIPSY model
answers following the evolution of colour strings during the whole parton shower

How do strings interact?

Flensburg et al. arXiv:1103.4321

Stack of colour strings close in the IP-y space:
can form colour singlets or multiplets
according to the summing rules of SU(3)
Singlets correspond to simple re-arrangement
of single strings,

Multiplets correspond to ROPES.

Hadronizing a rope means fragmenting string-
by-string
with an effective string tension ¥ >,

As we know from previous works,
higher string tension = more baryons and
more flavours#(u,d)

Before hadronizing a string
a “swing” mechanism further allow colour re-
arrangements
(in analogy with colour re-connection)

Bierlich & Christiansen, arXiv:1507.02091



m  EPOS: the melting pot

1/ °
vemdie

nucleon 7, Lyt MODNINCET quasi longitudinal
‘ S _M_m_‘[‘\_ ) color electric field
"flux tube"
low x

partons 5 »

decay
via pair

nucleon ./ )
production

freeze out

y [fm]

o &b b Do N s o

LB

i b s d o L e Ly 0
8 6 4 -2 0 2 4 6 8
x [fm]

Hard scattering treated with the addition of several DGLAP parton
“ladders” (pomerons) + a CGC-inspired saturation scale

Parton ladders are then considered as relativistic strings,
conveniently treated in a string fragmentation approach (a-la Lund)

At time 1, (well before hadronization) strings are divided into: fluid
(CORE) and escaping (CORONA) according to their momenta and
density of the string segments

L CORONA: strings can hadronize as in the Lund approach

O CORE: from the time 1, evolves as a viscous hydrodynamic
system. Hadronization happens statistically at a common T,

After hadronization hadron-hadron rescattering can ba considered,
baking use of an afterburner (e.g. UrQMD)

NOTE: parameters governing the core-only part are 6
(Tor Por €ror Yrads fecr Vs), tO be tuned on datal!

Werner, PRL 98, 152301 (2007)
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g 0.9 B N/“\ 7
> 085 |- ATLAS p +p — chrg Vs =7 TeV o % 10 ATLAS p +p — chrg Vs =7 TeV
L 2.5 N> 1 p>0.1GeV /3 : &
2, 08, [l Es etpEtiess g O 10 Ee- N,>1 pt>100 MeV [n]<2.5
e 075 = — EpOSLHC - o 1 B -
Vo7 | --- EPOS1.99 " -~ -lE .
- --- EPOS LHC no core _ 7 o 10 =
0.65 | < T af
0.6 s 10 g
...................... —~ C
0.55 — 10 A E
0.5 = 10 E
0.45 Z_ 1oL — EPOSLHC
04 [ R R R R R R I R Q:J _6% - EPOSLHCllOCOTe
' 25 50 75 100 5 10 b strings
N = TE e flowing core
— 10 SE non flowing core
O]lo :I | II\III| .IIII\|‘
- S i
* (p;yincreases only when s - EPOS/ATLAS ﬁﬂf"f#‘-’
introducing a flowing core I = == =S pox
. 05 o T
* Radial flow of the core also S . |—> o el |
dominates the intermediate region 0 ' — '1' — = 10
of the p; spectrum p, (GeV/c)

e High p; is dominated by escaping

. : NOTE: the exact onset of the effect depends on
fragmenting strings -

tuning (p; cut-off for escaping strings)

Pierog & Karpenko & Katzy & Yatsenko & Werner, arXiv:1306.0121
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= EPOS 3210  ALICE (black) & | EPOS3.210 \ ALICE (black) & [ EPOS 3.210 o ALICE (black))  Observed trends of relative particle
'210 2l P .‘%10 = 2 L yields reproduced thanks to interplay
& [Nrme—s—s—smgmomemome=omome= e me—em N 810 2| e between core and corona (+ UrQMD)
E : /zﬁgﬁ;w .oo.’ooooo"”"o ; o .a-moﬂfcuuoooo”..
i ) - TAKE HOME
5 — full 10 — — full N — full ]
10 |- cotco - cotco . co+co Spectra + yields described in EPOS
- *eeecOTONA B eeee COroNa 3T 46 fm/C sese COTONA g ! luti ith
- —eme cOTE - —a—s COTC 10 = e cOLE through evolution wit
Coril C ol IR NENIT AR 2' Ll 3 C vl ] %\ multiplicityofrelativeimportance
1 10 10 10 1 10 10 10 | 10 107107 of CORE and CORONA
<dn_,/dn(0)> <dn_,/dn(0)> <dn_,/dn(0)>
% [EPOS3210 _ ALICE (black) & | EPOS3210 _ ALICE (black)¥  [EPOS3210  ALICE (black] ~ NOTE: Does this imply QGP in small
210 2 = : . - Q = i P systems? NO! May or may not be.
= - = - e t-o-—.—.Q‘r..-.-.n mgml =
g o = =10 - W M 810 2l r20000000000000000000,,
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(#Ve 00000 000pg0000000°%%0¢, B 3 — full o — e S . :
fo $0000pe - cotco - CORE/CORONA in the yields for
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