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“Small” and “large” systems

Colliding system size Resulting system size

—> charged particle multiplicity
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Small systems much more than a reference

First lesson learned at the LHC:

pp, p-nucleus collisions much more than
a “reference” for heavy-ion collisions

Focus of today’s talk:
I. Smooth evolution of particle composition across collision systems

2. Signatures of emergent collectivity in pp, p-Pb collisions
3. Collectivity without energy loss!?

via a selection of (few) well known and (mostly) new experimental results,

as well as some open points and perspectives (apologies if biased)!




Smooth evolution of hadro-chemistry
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smoothly across collision
systems, depending on charged
particle multiplicity.
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Strangeness production

!

- confirmed with new data from LHC Run Il

N AL AL
=g
Enhancement of strangeness from low to high L v @;Eg[ﬂj i
multiplicity pp, p-Pb collisions, until saturation in Pb-Pb 2107 BiHF 0 00 0 0 D -
[ALICE, Nat. Phys. |3, 535539 (2017)] s g;im‘ rp) ]
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Ongoing efforts to explain behavior with models
* Lund string, color ropes (PYTHIA, DIPSY) 102}
* core-corona (EPOS-LHC) I

* thermal-statistical (canonical suppression)
[V.Vislavicius, A. Kalweit, aXiv:1610.03001]

@ Conventional pp generators successful, T ace
. . . a4 . pp, Vs =7 TeV Nat. Phys. 13 (2017) 535-539 |
with MPIl 4+ CR generating some collectivity, 70 o yon=502TeV PLB 726 (20142558
but now cracks. & [  Preliminary Pb-Pb, s, = 5.02 TeV
- 10_3 11 11111 | | I | | l_
@ Need new framework for baryon production. : 10 7 e
<dNoh/d n>\77|< 0.5

T. Sjostrand, Quark Matter 2018




Strangeness production

Enhancement of strangeness from low to high

multiplicity pp, p-Pb collisions, until saturation in Pb-Pb

[ALICE, Nat. Phys. 13, 535539 (2017)]

- confirmed with new data from LHC Run Il

Ongoing efforts to explain behavior with models
* Lund string, color ropes (PYTHIA, DIPSY)

* core-corona (EPOS-LHC)

* thermal-statistical (canonical suppression)
[V.Vislavicius, A. Kalweit, aXiv:1610.03001]

. and with more data, by measuring production
of ¢-meson (hidden strangeness) in small systems!
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Collectivity (in short)

“Loose” definition: correlations of (more than 2)
particles across rapidity due to a common source

Origin of collectivity:

* Initial state correlations = among hadrons in
the final state arise from momentum correlations

at partonic level
[gluon saturation, CGC, see B. Schenke’s talk]

* Final state correlations = anisotropies and
correlations in space converted into anisotropies

in momentum space, e.g. via hydrodynamic flow
[established in Pb-Pb collisions]

Flow in heavy-ion collisions

), T \V
S
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dp3 T 2m prdprdy

Characteristic features:

* Multiplicity dependence

* Higher harmonics azimuthal flow
* Mass scaling of v,

* Correlations between harmonics




The hallmarks of flow in heavy-ion collisions (1)

Increase in mean p; with increasing centrality
—> Push from radial flow affects low p part of

spectra
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Baryon-to-meson ratios (with Am)
—> sensitive to particle production mechanisms
(radial flow at low py, recombination at mid-p)
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The hallmarks of flow in heavy-ion collisions (2)

Centrality / multiplicity dependence Non-zero higher-order flow coefficients
—> reflects the degree of “anisotropy” in (“harmonics™)
the initial geometry of the collision —> sensitivity to fluctuations of initial gecometry
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The hallmarks of flow in heavy-ion collisions (3)

Mass scaling of flow coefficients Correlations between harmonics
> Expansion under a common velocity field —> Sensitivity to fluctuations in initial geometry
(v, v3) and medium-transport properties (v,, V,)
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Signs of collectivity in small systems

(d) CMS N> 110, 1.0GeV/C<pT<3.0G8V/C 2<p . <4GeVic p-Pb S, = 5.02 TeV

,,,,,

<2GeVic (0-20%) - (60-100%)

ssssss

Signs of collectivity in small systems
“discovered” at the LHC in terms of
long-range (2 < |An| < 4) near-side (A¢
= 0) “ridge” in 2-particle correlations,
visible in high multiplicity pp, p-Pb,
Pb-p collisions
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Are these long-range correlations coming
from (hydrodynamic) flow?
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The challenge of removing “non-flow”

In small systems the contribution of
non-flow cannot be neglected: Template f|t Low-N,,, subtraction

[ ] H H 1 M 1 I I I 1 I I I I 1 I 1 I 1 1 I I ]
Different contljlbutl.on from jets - o (8 =13 TV ATLAS b 15 =13 Tev ows |
* Larger fluctuations in the number of ®T05<p_<5GeV I0.3<p_<3GeV _
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. = | I qes8®e 8]
A word of caution: oloosf 1 J° ]
* Sensitivity to the event class definitions %' [ / Weller, Romatschke | <® _
CI . I o 0.021- " arXiv:1701.07145 —+ / T
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If collectivity, it involves more than 2 particles

Measure elliptic flow v, using correlations among k particles in a single event, subtracting
correlations from smaller number of particles
[A. Bilanzic et al., PRC 83 (201 1) 044913]

CMS, PLB 765 (2017) 193
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If long-range, correlations stay across sub-events

ex10® ATLAS, PRC 97 (2018) 024904
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True collectivity in small systems!
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Light-flavor particle v,
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Clear mass ordering at low p+in p-Pb from
new results on v,? for identified hadrons

—> Consistent with hydrodynamics (and AA)




Light-flavor particle v,

Vo{2}
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Clear mass ordering at low p+in p-Pb from
new results on v,? for identified hadrons

—> Consistent with hydrodynamics (and AA)

BUT it could also be due to other effects

- Initial stage effects (CGC + PYTHIA)
- Parton escape (AMPT)
- Hadronic rescattering (UrQMD)

Is mass ordering no longer
an exclusive product of
hydrodynamic flow?
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Heavy-flavor particle

CMS, arXiv:1804.09767
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Baryon-to-meson production - light-flavor sector
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Across the three systems the baryon-to-meson ratios evolve with
multiplicity in a qualitatively similar way




Baryon-to-meson production — heavy-flavor sector

ALICE, arXiv:1712.09581
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Baryon-to-meson production — heavy-flavor sector
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Measurements in forward rapidity region provide further input




Collectivity but no jet quenching?

ALICE, arXiv:1802.09145
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Similarities are observed for flow observables
between peripheral Pb-Pb and high
multiplicity p-Pb collisions.
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experiments on nuclear modification factors.

| | 1 1 1 I 1 1 1 I | 1 1 | 1 1 1 | 1 | 1 | 1

In (minimum bias) p-Pb, no suppression at high- 0.4 "
p+ is observed, contrary to peripheral Pb-Pb. ] 5 *
T
02§ =° ===e=== |8l Pb-Pb,0-5%
- s W&l Pb-Pb,70-80%
: I #4 p-Pb NSD -0.3<7, <13
9 DO We understand th’s? O I 1 1 | 1 l | | | 1 l | 1 | 1 l | | | 1 I 1 | | | I

0 10 20 30 40 50
P, (GeV/c)




Nuclear modification in very peripheral collisions

ALICE, arXiv:1805.05212

: o ;(( B I I I I I I I I I I I I I I I I I I I | i
Strong change of behaviour of Ry, beyond 80% | oirpb. sy < 502 o, charged parie, [ 1< 08 ]

central It)' 1.2 = ALICE data, 8 <p_<20GeV/c ]
- HG-PYTHIA, PLB 773 (2017) 408 -

—> reproduced by HG-PYTHIA with biases in
event selection and collision geometry, and no
nuclear modification.

Considering this, the jet quenching signal is
smaller than typical systematics above ~80%
centrality > consistent with R p,,

Centrality (%)




Look for jet quenching in p-Pb

Look for jet quenching in p-Pb by
- comparing jet-hadron correlations in low and high multiplicity p-Pb events

- checking how much energy is transferred “out-of-cone” by jet-quenching
[ALICE, arXiv:1712.05603]

- caution with biases in centrality selections
[ATLAS, PLB 748 (2015) 392-413, ALICE, arXiv:1712.05603]

QO If existing at all, jet quenching in p-Pb is a very small effect.

2D,

© Can Stock Photo -

Beware of selection biases !




Conclusions and outlook

Continuity in chemistry and dynamics across collision systems
(dependence on charged particle multiplicity) is observed.

Many new precise measurements, new techniques and efforts to provide
“bullet-proof”’ observables to measure collective effects in small systems.

MC generators can generate collective-like behaviour but fail in the
details of hadron (baryon) production as a function of multiplicity.

Absence of jet-quenching in small systems remains as the main challenge
to the final-state effect interpretation.

Origin of collectivity in small systems is still to be understood.
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Strangeness enhancement in small systems

ALICE, Nat. Phys. 13, 535-539 (2017)
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Blast-Wave model fits to particle spectra

Boltzmann-Gibbs Blast-Wave used to quantify radial

flow [E. Schnedermann et al., Phys. Rev. C48 (1993) 2462] i
9 0_2_ I T | T T T T I T T T T I I T T T I_
A simplified hydrodynamic model with 3 free fit parameters o - -
’ ¢ 0.18 NS -
T, = kinetic freeze-out temperature — 0165 S A MW E
— (B7): transverse radial flow velocity M = )@, % ]
— n:velocity profile 0.141 % @
to describe particle production from a thermalized source + 0.121- %% e
radial flow boost 0.1 M -
L Global Blast-Wave fit range: Z
0.08— m(0.5-1.0 GeV/c), K (0.2-1.5 GeV/c), p (0.3-3.0 GeV/c) —
Simultaneous fit to the 1, K, p spectra 0.0 AHCE Preliminary =
. . . o I m  Pb-Pb,\s,,, =276TeV v Xe-Xe, |s,, =544 TeV n
- increase of (8;) with centrality in AA 0.04F ¢ pPb, |5y =502 TeV Po-Pb. |5 =5.02TeV  —
- Xe-Xe and Pb-Pb consistent 0.02E * pp\s=7TeV =
o .. . TTE ® pp,\s=13TeV .
- in pp and p-Pb, similar evolution of the parameters ) R SRS SN RPN RIS IR

ds hish ttiolici 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

towards high multiplicity 6

- at similar multiplicity, (8+) is larger for smaller systems




Harmonic correlations in pp
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First measurement of v; with 4-particles in p-Pb

, cms Preliminary oPb 8.16 TeV PbPb 5.02 TeV
L 0.3<p_<3.0GeVic - Charged hadrons
| <24 |
L o 5 PbPb
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In Pb-Pb v {4}/v {2} larger for v2 than v3 - global geometry dominates for v,
In p-Pb v {4}/v. {2} similar for v2 than v3 -> initial state fluctuations as important




Comparison to hydro models: n v,

& [ mom auce F ALICE Pb-Pbys,, =502TeV _.-*  F T o ® @ © ®
A - : . - g o
g 0.2F -3 = MUSIC + IP-Glasma IC + UrQMD - ly[ <05 n Pl R
; 0.5 - IEBE-VISHNU + AMPT IC + UrQMD - Lo % o © © ©Of 0 o
‘B F = iEBE-VISHNU + TRENTOIC + UQMD | czew O s ‘360
0.1 wn b ¢ ° o
: o oof 4O -

0.05fF e e Lo -

o000 0-5% [ 10-20% [ 40-50%
off Fogeecc - f-w %"k CECECF Ot e s B X TR E T F W %] }%gﬂm"‘f“"““j """"""
%l'é : PPos m o & © & g & Af L 0 a4 4 a; i d & 8 9 8 &

05 — — : -
& - 0-59 “F 10-20% 40-50% R4
& 01 — 0 5 /a o™ 4 B ? & ' o [e] o OF ° o (o] o o
= i > 2, o
g - e ol e i ey o
o i A o I O I /e
T f & e - P [ o

005 - O — # O — p Oo

5 L le) L

L o © i D0 0

i oo I OO‘ o

;’oo "0 "l 1 1

_ :hﬁr—,—mg :.‘.ﬁmmg i i 1 o
EF 1 LR R Rl CEE S B by ke @'Q’"ﬁ'"ﬁ ---- O A .—*‘I“T*‘t'gf';",_ ----------------
= k= E = ™ ] _\'}] m] ' A g] r e 0 El li 4 () 0 & [ & & A X
“lEosE E . “E 00 608 & 8 3
F;\To‘os:— 0-5% e + 10-20% o ~ 40-50% ¢ {,
Eooa: g of - O of o e 9
i E o o - Pt B - o =
= o Py C el o /"
N o e i 70 i o
- - L __‘j'o - #
0.02 ~0 — 0 — oo
- o© - © O
Y Lo , . . e . . .
sfg 'IF te - Oy ]
I A TN S Rt S R T R S I Sk I I SN OE -
05 i 15 2 2. 05 1 15 2 2. 0.5 1 15 2 2.
P, ?GeWc) P, ?GeV!c) P, EGeV!c)

ALICE, arXiv:1805.04390




Comparison to hydro models:

& °F mem auce [ ALICE Pb-Pb {5, = 5.02 TeV 3 T
E— - =3 = MUSIC +IP-Glasma IC + UrQMD r lv| <0.5 p+§ o o o
o 02 iEBE-VISHNU + AMPT IC + UrQMD [ R S
N - = 0= JEBE-VISHNU + TRENTo IC + UrQMD | "0 é g
01f F — -
- e i P oo™
choss-e® % T | 0-5% Lese™ _____________1020% FF________________40-50% |
9515;—'?% T ‘39 E
T . 5 -2 E -1 SR -5 - S S PR S SR
sle E § 6 a e a W WG ¥W-w e EATA R CO W EE R R AR
& b 05% F10-20% "} 40-50% o
I - | o & g &
4 01F " e - -
& P el s - e
- C .o - ' - o
0.05f L - 4 C &
- - _ L &
: L fpo ol o
0 [ B e o o o o o e e e e e e e .o‘.' ..........................
<[E15F or (I 3 # L] =
%Ié 1;——-‘ ------ G--g--A--p e -w Wl & A D - T T 0 O O
8 F 0-5% [ 10-20% [ 40-50% . -
T 01 u e s
= " ' r Lo
;0.05:— o: o= B :— < P -— o 4
- -’ .o - N l‘ ‘# - + ‘ ¢
N o L " -
D _,9‘9 o .‘Q ------------------- n-:.-o ‘ﬁ Q. - -°- ------------------- + 6— -ﬁ ----------------------
1.5F ( — -
[
%Eog: “““ ‘JF ﬁ"m"&“ﬁ“ﬁ"“&r: ““““ A B R N %iﬁéﬁﬁamg&
08 1 121416 18 2 22 24 289{196 1121416 18 2 22242&3{[9{;)08 1 1214 1618 2 2224ﬁge§,§c

ALICE, arXiv:1805.04390




