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Introduction

v ldentified hadrons in heavy-ion collisions are produced in apparent (near) thermal and chemical
equilibrium - “macroscopic” description of the system

v Statistical Hadronization Model to reproduce hadron abundances

v Hydrodynamic models to describe collective flow (radial and elliptic)

Almost successful at the LHC... however the dynamic origin of the equilibrium is not yet clear at
the moment.

v Can we use the same “language” in small systems ? A priori it's not expected but striking
commonalities observed in multiplicity dependent studies between small / large colliding
systems inspire us the following key questions:

- Is there any hint of thermal and / or chemical equilibrium in small systems ?
- What is the role of th event multiplicity ?

- what are the microscopic processes at play ? Are these related to AA ?
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Introduction

v ldentified hadrons in heavy-ion collisions are produced in apparent (near) thermal and chemical
equilibrium - “macroscopic” description of the system

v Statistical Hadronization Model to reproduce hadron abundances

v Hydrodynamic models to describe collective flow (radial and elliptic)

Almost successful at the LHC... however the dynamic origin of the equilibrium is not yet clear at
the moment.

v Can we use the same “language” in small systems ? A priori it's not expected but striking
commonalities observed in multiplicity dependent studies between small / large colliding
systems inspire us the following key questions:

- Is there any hint of thermal and / or chemical equilibrium in small systems ?

= p_spectra shapes, hadrochemistry

- What is the role of th event multiplicity ?

=~ Comparison of different Vs | systems at similar multiplicities

- what are the microscopic processes at play ? Are these related to AA ?

e Comparison with models

Multiplicity dependence study of identified hadron production (both p_-spectra and integrated
yields) is a powerful tool to shed light on these outstanding questions !
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( Outline

v Identified hadron production at the LHC (mainly ALICE, CMS):
v P, spectra shapes
v Hadrochemistry

v Evolution of particle production with Vs and multiplicity

v Event shape studies

v Concluding remarks
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Transverse momentum spectra

[CMS, PLB 768 (2017) 103]
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v Spectra become harder for increasing multiplicity

v In Pb-Pb interpreted in terms of collective expansion of a thermalized system (radial flow) which
may require a fireball in a local thermodynamical (kinetic) equilibrium
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Transverse momentum spectra

pp, Vs =7 TeV
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v In Pb-Pb interpreted in terms of collective expansion of a thermalized system (radial flow) which
may require a fireball in a local thermodynamical (kinetic) equilibrium
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Transverse momentum spectra

PP, '\/S =7 TeV
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v Spectra become harder for increasing multiplicity
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v flattening of the spectra at low p_, more pronounced for heavier particles

may require a fireball in a local thermodynamical (kinetic) equilibrium
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v In Pb-Pb interpreted in terms of collective expansion of a thermalized system (radial flow) which
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Baryon-to-meson ratio
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Baryon-to-meson ratio
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Baryon -to-meson ratio

" ALICE Preliminary pp Vs =7 TeV
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v PYTHIA8 (Monash): MPI + Color
Reconnection may explain the observed
behaviour at low / intermediate p_

v DIPSY: Color Ropes create similar features
as Color Reconnection.

v EPOS LHC: based on core-corona model
v collective expansion of the core seems to
overestimate the enhancement —» can we
check this further ?
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v Comparison with models:
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Blast Wave model in pp
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Blast Wave model in pp

B,
v Only strange particles (A, K°)) included in
the fit

v Different evolution for pp and p-Pb

Remarks:

v Similar evolution in pp and p-Pb

v At similar multiplicities small systems have
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similar (TKin> but larger (ﬂT> - more “explosive”

than Pb-Pb

v Difficult to compare ALICE / CMS due to different fitting strategies (BW sensitive to particles included
in the fit, ranges, uncertainties considered for spectra in the fit, etc.) - to be addressed
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Blast Wave model in pp
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At similar multiplicities small systems have
similar (TKin> but larger (ﬂT> - more “explosive”
than Pb-Pb

v Difficult to compare ALICE / CMS due to different fitting strategies (BW sensitive to particles included
in the fit, ranges, uncertainties considered for spectra in the fit, etc.) - to be addressed

v PYTHIAS8 with Color Reconnection “mimic” collective-flow !
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Hadrochemistry: Strangeness enhancement
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Hadrochemistry: Strangeness enhancement
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v Strangeness enhancement historically considered
one of the signature for the deconfinement in heavy-
ion collisions

v observed in small systems by ALICE !

v It's not a baryon effect ! Could be a mass effect ?

v Z9= (and X*/A, not shown here) constant in p-Pb
and compatible with pp integrated over multiplicity
[Z° and X have same strangeness content of =

and A respectively, but larger mass]
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Hadrochemistry: Strangeness enhancement

—
<

Ratio of yields to (nm*+1)

1073

PP p-Pb Pb—Pb
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I IIIIII| I | IIIIII| I I IIIIII| |
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A+A (x2)
E+E (x6) |
Q40 (x16)
—— PYTHIA8 7
S5 e DIPSY |
SE e EPOS LHC
© & ALICE
o ® pp. Vs=7TeV Nat Phys. 13 (2017) 535-539 |
i O pPb sy =502TeV PLB 728 (2014) 25-38
. [  Preliminary Pb-Pb, |'s, = 5.02 TeV
;IIIIIIIl | IIIIIII| 1 IIIIIII| I_
10 10? 10°
(dN dn)| <05

1A

KO

L]
o)
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v Traditional soft-QCD models based on Multiple
S Parton Interactions (MPI), e.g. Pythia, are not able to
reproduce the observed trends

v Breaks concept of universality and factorization
of fragmentation [JHEP01(2017)140]

v MPI based models that embed also effects from
densely packed strings (DIPSY) or core-corona
mechanism (EPOS) reproduce qualitatively the
observed trends
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Hadrochemistry: Strangeness enhancement

PP p-Pb Pb—Pb
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S Parton Interactions (MPI), e.g. Pythia, are not able to
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A v Breaks concept of universality and factorization
of fragmentation [JHEP01(2017)140]
= v MPI based models that embed also effects from
densely packed strings (DIPSY) or core-corona
mechanism (EPOS) reproduce qualitatively the
observed trends
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Hadrochemistry: comparison with thermal models

[V. Vislavicius, A. Kalweit, arXiv:1610.03001]
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THERMUS: S. Wheaton and J. Cleymans, Comput. Phys. Commun. 180 (2009) 84
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Hadrochemistry: comparison with thermal models

[V. Vislavicius, A. Kalweit, arXiv:1610.03001]
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v Statistical (thermal)
hadronization model — strange
hadron production suppressed in
small systems due to the local
strangeness conservation
(canonical suppression)

v Qualitative good agreement for
K, A, E, Q

v Decreasing trend for protons
not yet understood. Possible
explanation: hadronic re-

scattering
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Hadrochemistry: comparison with thermal models

[V. Vislavicius, A. Kalweit, arXiv:1610.03001]
R (fm)

2 3 4567898

2

R&fm)
3 456781 2 3 4567810

= I
=
.-\I 4
I:l‘ 4
%1.5 - K 1 = 146 1
= T ]
= PP [p-Pb Pb-Pb I ]
S foee 8- w
L 1 ] d
0.5 1 .
— 1 L1 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII i
H i 10 102 10°
E [ dN_/dy
%1.5 - P T Q -
£
& = pplis=7TeV
i ®  p-Pb \sy, = 5.02 TeV
L = Pb-Pb \s,, =2.76 TeV
0.5 Thermus v3.
I T = 146-166 MeV
. R =R,
5 k=133 +0.28

(Wm)I(hiz)

v Normalized to the
low-multiplicity
value (high-
multiplicity limit
affected by re-
scattering during
the hadronic phase)

10

Wl

10

3
o it/

THERMUS: S. Wheaton and J. Cleymans, Comput. Phys. Commun. 180 (2009) 84

“.Secondo incontro sulla fisica con ioni Eesanti aLHC

K*/K

v Statistical (thermal)
hadronization model — strange
hadron production suppressed in
small systems due to the local
strangeness conservation
(canonical suppression)

v Qualitative good agreement for
K, A, E, Q

v Multiplicity dependent
suppression of K*/K in pp and
pPb: is the same physics
mechanism as in Pb-Pb (i.e.
re- scatterlng) responsible ?

T T T I T T T T I T T T T J T
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Partlcle ratlos evolutlon with Vs

v p. differential spectra:
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How does it scale with the event multiplicity ? 21
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Strangeness: evolution with multiplicity and Vs
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v Multiplicity dependence doesn't change with initial conditions (i.e. Vs) — strange-particle yields steered by
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charged-particle multiplicity produced in the final state
v Trends not simultaneously reproduced by any of the commonly used Monte Carlo models (production

significantly underestimated by Pythia for (multi-)strange baryons)
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Resonances: evolution with (chhIdn) and Vs

> _é\ 08 L | | | >, [ ALICE Preliminary
1 DO VO pPb, [5yy=502TeV (EPIC 76 (2016) 245) | S 0.4L ® pp IS =13TeV ]
- % - ALIEE P::Ile:;mry . % o VOM Mult. Event Classes H .
| =pp,Vs=13Te | r ly | <05 ]
g 0.6 *PP Vs=7TeV H B i COMS l
Ln- "7 VO Multiplicity Event Classes i 0.3- H .
L K*O H 7 I ]
o] - H ] . :
a8 0.4— - . " i
o B | 0.2 ¥
| i I — stat. 1
2 L @ i - . [ Isys.
> 0.2 H B i i ¥ [Juncorr. sys.
> sl iﬂ o | 0.11 2 " + p-Pb s, =5.02TeV i
QO i Uncertainties: stat.(bars), sys.(boxes), L . VOA Mult. Event Classes -
|— : ‘J uncor. sys. (shaded boxes) : e, " 05<y, <0 ]
| | | ‘ | | ‘ | | ‘ | | ‘ 0 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 | 1 1 1 1 ‘ 1 1 1 1 ‘
9 % 10 50 30 40 L0 10 20 30 40 50
L ‘ L ‘ L ‘ L ‘ L ‘ T 17 ‘ T T ALICE Preliminar
o -3“ 0.8~ T - k) - _ y
O  ALICE Preliminary | — ppVs=13TeV, |y| <0.5
o = | mpp5-13TeV, yj<05 ] 2 i
n O | ~=PYTHIAG Perugia 2011 | o
> 0.6/ “PYTHIAB Monash 2013 i 0.2 —— PYTHIA6 Perugia 2011 i
> | —EPOS-LHC . SRS PYTHIA8 Monash 2013
lq_, L VOM Multiplicity Event Classes i | —— EPOS-LHC
N~ 0.4j i ///"
% i ) 0.17 — stat. i
0 27 ) [ Isys.
e N [ Juncorr. sys. ]
L Uncertainties: stat.(bars), sys.(boxes), _|
B uncor. sys. (shaded boxes) | P VOM Multiplicity Event Classes 1
I I ‘ I I ‘ I N ‘ I R | ‘ | N | ‘ | N | ‘ L1 O ‘ : : : : ‘
% 5 10 15 20 25 30 0 10 20 30

(chh/d 77>|T7 <0.5 (dN /d 77>|n| <05

lab
23
v Similar multiplicity dependence obtained for resonances
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Why only identified hadrons ?
High-p_ inclusive charged particles
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v Faster than linear increase observed for charged
hadrons at high p_

v Similar trend observed for other hard
processes (e.g D-mesons and J/v)

v All Monte Carlo models reproduce quite well the 24

results for p_ >4 GeV/c
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Why only identified hadrons ?
High-p_inclusive charged particles
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v Faster than linear increase observed for charged
hadrons at high p_

v Similar trend observed for other hard
processes (e.g D-mesons and J/v)

v All Monte Carlo models reproduce quite well the
results for p_ >4 GeV/c
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Exponent of power law fit

v Stronger increase with
increasing p_

v Qualitatively reproduced by
PYTHIA models
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Event shape studies
Spherocity:
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Event shape studies
Spherocity:
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Concluding remarks

v A comprehensive study of identified “bulk” particle production in small systems at several Vs versus event
multiplicity has been presented:

v detailed studies of PID spectra shape confirm sign of collectivity in high multiplicity pp and pPb;
origin and phenomenology still under investigation

v hadrochemistry:

v strangeness enhancement and baryon/meson ratio show a smooth evolution moving
across all colliding systems

v changes in the integrated particle ratios across different Vs are consistent with the
increase observed in (dN_/dn)

v comparison with models: traditional soft-QCD models are not able to reproduce all observed
features

v Models that include effects from densely packed strings (DIPSY) or core-corona
mechanism (EPOS) reproduce qualitatively the observed trends

v High-p_charged particles (i.e. coming from hard-processes) show a steep dependence vs multiplicity,
similar to the one observed for heavy-flavour hadrons

I v Models that include MPI are able to describe observed features qualitatively

v First results on event shape studies show differences between particle
production in jet / underlying event. More differential studies including

other hadron species (e.g. strangeness) needed.
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production in jet / underlying event. More differential studies including

I v Models that include MPI are able to describe observed features qualitatively
other hadron species (e.g. strangeness) needed. . '
hank you S s -
?
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Strangeness evolution W|th multiplicity and s
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= H pp, mult. dependent (VOM):  — 11— i pp, mult. dependent (VOM):  —
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N dN /d
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v (pT> systematically larger at \'s = 13 TeV for KOS; not conclusive for A and multi-strange baryons because

of the large uncertainties 31
v Monte Carlo models reproduce only qualitatively the trends
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Baryon-to-meson ratio

—Pb Pb-Pb
olPo e ® @
LA A SN R L R SRRRN LR AL * ALY LAY LLARY RN RRRRN LLLEN DALY RLLLY L ® LLARY RALAN RRRRN ALY LLRRDRLAE] RALL) RLER LY

[ == 0-1%, (dN_/dn) =21.3
=+ 70-100%, (dN_/dn) = 2.3

~ ALICE Preliminary pp Vs =7 TeV
T = 0-5%, (dN_/dn) = 45.1

1 (= 60-80%, (dN_/dn) = 9.8

ALICE p-Pb ys, = 5.02 TeV

+ ALICE Pb-Pb |5, = 2.76 TeV

= 0-5%, ¢dN_/dn) = 1601.0
(=5 80-90%, (dN_/dn) = 13.4

v Similar evolution observed in
all colliding systems (different
multiplicities!)

[ (VOM Multiplicity Classes) T (VOA Mult. Classes - Pb side)
] 1 1 ] v Depletion atlow p_
] 1 1 1 v Enhancement at
1 1 : intermediate p_
] 1 v no modifications at high p_
3 1 o 1 1 v In Pb-Pb discussed in terms of
- T o] T . collective flow and / or quark
3 19 = 1 recombination (depending on
_ll||||||||||||||||||||||||||||||||||||||||;-|IIII|IIIIIIIIIIIIIIlIIIIIIIIIIIIIIIIIIIIII“IIIIIIIIIIlIIIIIIIIIIII|||IIII|IIII|IIII|II: pT and Centrality)
01 2 3 45 6 7 801 2 3 4 5 6 7 80 1 2 3 4 5 6 8
P, (GeV/c)
QW LI L L AL DL DL
ﬁ | ALICE pp Vs =7 TeV ALICE Preliminary |
< - Jet: anti-k;, Ry = 0.2 —— Inclusive V° 7
2 M S 10 GeVie, [y | <0.35
< LA o Ml == ——\°in UE 1
| 17, <0.75, R(V", jet) < 0.2 e\ in JC i
v Small remark: also in pp - — \Vinjets -
it is really a bulk effect! 05 N
N —p— i
e ppe e $ _
PR PR PR PR 1 PR
O0 2 4 6 8 10 12 32
p. (GeV/c)
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{p,) vs multiplicity

- |y|<0.5

L T
~ ALICE Preliminary - pp Vs=7 TeV

.
L.

B

(]
,
. "

E"'

v Increasing of {p.) as a function of multiplicity as a

direct consequence of the hardening of the
spectra
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- B B g ]
- @ Ad _
i HT B B_.-@"@ o B
L g a i
e EB ,.E'H'E |
- T ]
I [P
- R - —
I _ (- i
- ---- Logarithmic fit i
— [o]mr4m K'+K  [s]p+P o1KS ]
- o]0 A+A E4E QO+0 -
[ Lo | i
10
<chh/dT7>|n|< 0.5

v Steeper increasing trend for heavier particles
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{p,) vs multiplicity
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10
<chh/d}7>|r;|< 0.5

v Increasing of {p_) as a function of

direct consequence of the harden
spectra

multiplicity as a
ing of the

v Steeper increasing trend for heavier particles

v Similar behaviour observed in p-Pb and Pb-Pb
(not shown) as a function of multiplicity / centrality

EPJC 76 (2016) 245
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High Multiplicity triggered data - ALICE

10°
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- 7 S 10"z ALICE Performance VOM Multiplicity Classes
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= —] S NS 0-1% [ | 20-30%
B O 143 ™ 5% [ ] 30-40%
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1 1 IIIIII| 1 I IIIIII| 1 1 I. §10 510.15%‘:'50-70%
1 10 100 o e [ 11520% [ | 70-100%
. pzd — 0-100%
VOM Percentile (%) , ,
1078 High-Muit. Triggered Data:
(Scaled to MB) 0-0.1%
107 0-0.01%
10°®
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Resonances

S | ¢ «pp276TeV ALICE ]
S 05 o wpp7 TeV = Pb-Pb 2.76 TeV .~ 4.16 fm/c
o | ©0Pb-Pb276TeV (PRC 91,024609) ] T ~ 46 fm/c
§ 0.4_— s 7 0
% : 1
ol 0_3:_ _: TQGP ~ 10 fm/c
0.2 .
0.1k g .
- —— EPOS3 s EPOS3 w/o UrQMD
----wm [hermal Model, T, = 156 MeV
[ 1 | 1 | 1 | | | | | 1 | 1 | 1 | | 1 | | 1 | 1 |_
% 2 4 6 8 10

12
1/3
(dN_/dn)
v Re-scattering for the K more dominant
over re-generation

v Re-scattering not significant for the ¢
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Inclusive Jly yields vs multiplicity in pp at Vs = 13 TeV

A%
\*]

_é‘\|§ :I ' TT | T T I.I |.I T T I| ' T TT1 ' T TT1 ' T T1 T T T1 |’:I T T T | T T T Ii
S 20__ALI(?lE_F'rellmlnary Q(/ B
>|> - pp, Vs =13 TeV ; 4// =
T T 4gf Inclusive J/y — e*e (ly| < 0.9) 7 =
— 10% normalization uncertainty .
16:— ° Data H _:
1 4:_ -------- Ferreiro et al. ,’," _f
- EPOS3 (D, 2 < p_<4 GeV/c) |
12— PYTHIA 8 (Monash 2013) $ ) ]
10— : Kopeliovich et al. -~ _—
8 —
61— —
4 -
2— —
0: ’|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII¥
0 1 2 3 4 5 6 7 8 9
dN/dn
| (dN_/dn)
RUN | mult. reach
v Significantly higher multiplicities exploited thanks to
high-multiplicity triggered data!
v Faster than linear increase confirmed from Run I

“.Secondo incontro sulla fisica con ioni Eesanti aLHC

data analysis

v PYTHIA8 (Monash 2013)
v Initial hard processes
v Hard processes in MPI
v ISR/FSR

v EPOS3
v Gribov-Regge formalism (MPI
included)
v Hydro evolution of the system

v Kopeliovich et al.
v contributions of higher Fock states

v Percolation model
v Soft sources stronger affected
than hard sources with increasing
density (multiplicity)

Ferreiro, Pajares, PRC86 (2012) 034903

EPOS3, Werner et al., Phys.Rept.350 (2001) 93

PYTHIAS, Sjostrand et al., Comput.Phys.Comm.178(2008)
Kopeliovich et al., PRD88 (2013) 116002
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Resonances: evolution with (chhIdn) and Vs
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Transverse mom

Ratio to INEL>0

v Spectra modifications
w.r.t INEL>0

v Ratios become flat
within uncertainties at
high-pT

v hint of a baryon |
meson difference
(except K*)

pp,
Vs =7 TeV

-
o

N W e 01O N 0 ©

0.9
0.8
0.7
0.6
0.5
0.4
0.3

0.2

ALICE Preliminary, pp at {s=7 TeV
VOM Multiplicity Classes

AT 2 K*+K
¢ p+p A+A
ool v K*+K*

entum spectra

e — —_—
pT(GeWc)

v Spectra become harder for increasing multiplicity
v flattening of the spectra at low p_, more pronounced for heavier particles

v In Pb-Pb interpreted in terms of collective expansion of a thermalized system (radial flow) which
may require a fireball in a local thermodynamical (kinetic) equilibrium
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High
Multiplicity
~3.6 x(dN_Idn) _ .
i Low
1 Multiplicity
~0.4x(dN_Idn )
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ldentified particle spectra in pp
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1/N g, N/ (dp_dy) (GeV/c)
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ALICE Preliminary :
pp Vs =13 TeV (INEL), |y| < 0.5 .

Normalisation uncertainty: 2.55%

V2 4+ = (x27)
- =+
0+ (x2%)

Yield ratio to 2.76 TeV

ALICE, pp INEL, |y| < 0.5 T+
10l \'E = 2.76 TeV (PLB 736 (2014) 196-207)

e \s=5TeV Preliminary)

= s =7 TeV (LB 760 (2016) 720)

¢ \s=13TeV (Preliminary) ¢++ B
L # |

F. Fionda

\ 1 10
* | +
{)()"s e ’ O [] o a * . | pT (GeV/C)
O @ * . u +
L o - + J
Vo oa x ¥ O - . - = e .
o o LI | v ldentified particle spectra measured
S *e 1 over a wide p_range
¢ = L
% ¢
| | | | | | | | 1 | | | | | | | | | | |
0 5 10 15 20 v Spectra become harder at higher Vs
[ (GeV/c)
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Hadrochemistry: ratio to pions

PP —Pb Pb-Pb
oc-0-@ @ @

- - 7 v Smooth evolution with (dN_/dn) across
L ' " all colliding systems !

3 K*(x 4.0) —]

P «a 1 v Decrease of K*/m vs (dN_/dn) in Pb-Pb

A 18 4

Ratio to pions

—h
<
T T 1T

= (2 9.0) ]

o v p/w stays constant within uncertainties
(x 35.0)

v Strangeness enhancement observed
ALICE Preliminary in small systems

pp \s=7TeV
p-Pb s, =5.02 TeV 1
Pb-Pb {s = 2.76 TeV ]

| | IIIIII| | | IIIIII| 1 L1111
1 10 102 10°
<chh/ dn>|n|<o.5
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pp,
\s =7 TeV

—
<

Ratio of yields to (n*+x")

1073
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[Nature Physics 13 (2017) 535 539]
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Hadrochemistry: Strangeness enhancement
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Strangeness enhancement in pp: IS
It canonical suppression ?

high mult. limit

(h/m) / (/)

1.4

—
N

-

0.8
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[arXiv:1512.07227]

ALICE

_____ THERMUS v2.3 T=155 MeV

T bands: 145-165 MeV
Vo=V Vg = 1 u=0

.....

O pp {s=7TeV (1.1 x-shift) oo« e AT
® p-Pb\s,,=5.02TeV o« e E/x
* Pb-Pb {5y, = 2.76 TeV o+ e Q/n
| 1 1 L1 111 | 1 | | 1 111 | |
10 102 10°

dN/dy(z* + 7))

v Strange hadron to pion ratios
normalized to their “large volume”
values:

v data: mean of the h/1t ratio
measured in central Pb-Pb
(0-60%)

v THERMUS: GC limit

THERMUS: local conservation of strangeness quantum number within a correlation volume V_

(Canonical ensemble used to describe the system) — phase space reduced for strange particle
production as the volume of the system become smaller (canonical suppression)

Strangeness suppression towards smaller system sizes within the canonical suppression

43

picture is in qualitative agreement with the trend observed in the data
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