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Strangeness production

in Quark Gluon Plasma,
in hadron gas,
from the perspective of pp modeling
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What is so special about the strange quark

Strange quarks are created during the collision B. Muller, NPA 750 (2005) 84-97

1000000
The hadronic cross section of (multi-)strange hadronsis 4149000 0 QCD mass
small -» carry information about production stages W Higgs mass
10000
The s quark is “light” (current mass) 1000
m, ~ 2.2 MeV 0T
my=4.7 MeV [ </acp <<mg= 1.3 GeV 1
ms = 96 Mev [ci:a Il;r/:f/:.agl;(g,all.o((‘)og(;glC(foi?;aaggoggl)’7 update] 1 ‘j | I

Constituent light quarks masses are dominated by

spontaneous breaking of chiral symmetry in QCD
-> hadron mass generated “dynamically” ‘ ‘

Light quarks can recover their bare current masses if
chiral symmetry is (partially) restored m = 938 MeV =1115 MeV
-> near the QCD phase-transition boundary
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The QCD phase transition (a very simplified picture)

M. Tanabashi et al. (PDG), PRD 98, 030001 (2018)

v T decays (N’LO)

a DIS jets (NLO)

o Heavy Quarkonia (NLO)

o e'¢ jets & shapes (res. NNLO)
® ¢.w. precision fits (N3LO)

v Pp—> jets (NLO)

v pp —> tt (NNLO)

Quarks and gluons exist in nature as confined Q)
In colorless hadrons
-> confining property of QCD

03¢t

0.2t
The strong coupling becomes weak for .
processes involving large momentum transfers 01| e
. = QCD ox(Mz) =0.1181 +£0.0011
=) asymptOtIC fI’EEdom 1 ‘ 160 1o'oo

10
Q [GeV]
Cabibbo and Parisi, Phys. Lett. B 59, 67 (1975)

A deconfined state of matter (Quark Gluon
Plasma) can be reached by compressing the
system to a high-density (pg) and/or heating it
up to a high-temperature (T)

-> Ultra-relativistic heavy-ion collisions

At the LHC: pug~ 0,
€ ~16 GeV/im3>> g, ~ 1 GeV/fm?3
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Space-time evolution of heavy-ion collisions

\Freeze-Out At f To Teh To

~1fm/ A
' me Pre-equilibrium
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Space-time evolution of heavy-ion collisions

\Freeze—Out At f Tio T:h/ T

QGP expansion

Thermal production of s
Collectivity (flow) develops
Ideal/viscous hydrodynamics

t~1fm/c

|
Z
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Space-time evolution of heavy-ion collisions

\Freeze—Out At f Tio T:h/ T

Hadronisation
T, = (154 = 9) MeV
from Lattice-QCD

A. Bazavov, PRD 90 (2014) 094503
t~1fm/c

|
Z
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Space-time evolution of heavy-ion collisions

\Freeze—Out At f Tio T:h/ T

Chemical freeze-out

(fix particle composition)

T, = (156 £ 3) MeV

from statistical-thermal model fit
to ALICE data

|
Z

t~1fm/c
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Space-time evolution of heavy-ion collisions

\Freeze—Out At f Tro T:h/ T,

Lt

Hadron Gas

Hadronic phase
(pseudo-elastic interactions)
Twp = 10 fm/c

-1 fmic Transport models (e.g. UrQMD, ...)
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Space-time evolution of heavy-ion collisions

Freeze-Out At To Toh To
\ T P

Hadron Gas

Kinetic freeze-out

(fix pr spectra)

Tyin ~ 90-110 MeV

from Blast-Wave model fits to

v~ 1im/c ALICE data
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Strangeness production in QGP

~300 MeV (or less if mg@Cb — mgHiggs by restoration of chiral symmetry) are enough to create an s-sbar pair

Gluon fusion (a) is the dominant mechanism for strangeness production over quark annihilation (b)
Gluons quickly thermalise int <1 fm/c [(E. Shuryak, Phys. Rev. Lett. 68 (1992) 3270]

9 — 9 b)agd — SS Abundance of s quark
( ) gg ( ) qq relative to baryon number

=l
w

|
I
t

I|
l't=6fm/c
!

The backward reaction of (b) depends on the s quark density, thus on
the QGP lifetime - saturation of strangeness abundance

After hadronisation, the abundance of (multi)strange hadrons reflects

that of strangeness in the partonic phase = e
- For short enough hadronic phase (no re-diffusion) 10 107 tisec) 10

» for small hadronic cross sections QGP lifetime
J. Rafelski, B. Miiller; Phys. Rev. Lett. 48 (1982) 1066
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Strangeness production in Hadron Gas

In a hadron gas at high temperature (e.g. T = 150 MeV < T,), (multi-)strange hadron production
IS an energy threshold problem

By multi-step hadronic processes By direct production
eg.m+n-> K+ A, Ey~540 MeV e.g. m+mn—>nm+1m+ A+ A-bar, Ey~2200 MeV
n+\>K+=, Ey~560MeV M+ N2>+ + = +=*bar, Ey~2600
-> Requires longer medium lifetime MeV
- under-saturation of strangeness -> have to happen very early

- by non-thermalised hadrons

Less efficient than production in QGP
Harder to reach equilibrium
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Strangeness from the pp modeling perspective

In the Lund string model
[Sjostrand, Mrenna, Skands, JHEP 0605 (2016) 026, N. Fischer, T. Sjostrand, JHEP 1701 (2017) 140]

« Confined colour fields described as strings with tension k =1 GeV/fm

« Hadrons given by breaking of strings
« Strangeness production determined by (which?) mg

Figure by C. Bierlich

‘ .9
exp ( TPlq ) J.R. Christiansen, P. Skands, JHEP 08 (2015) 003

1.2 :_ —e— Data
C # " —— Old CR model
- # - === New CR model
— 1

=

N(A)/ N(KQ)

Measurements of strange hadron production used as input for tuning

Monte Carlo generators
- Gontribute to the understanding of underlying event arising from multi-

parton interactions in pp, p-Pb collisions.
[P. Skands et al., EPIC 76(5) (2016) 1-12]
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In heavy-ion collisions:
thermal production of strangeness at the QCD phase boundary

- thermal properties of the medium

In pp collisions:
energy threshold and conservation of (strangeness) quantum numbers

- production mechanisms and underlying event
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Experimental aspects

Strange hadron reconstruction with ALICE
Centrality and multiplicity in ALICE
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Experiments at the Large Hadron Collider

LHC collision energy Vsyy (TeV)

System Run | Run I

N
>

5.02, 8.16

5.44
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A Large lon Collider Experiment at the LHC

THE ALICE DETECTOR a. ITS SPD (Pixel)
b. ITS SDD (Drift)
pemnsinw v avs mim avaVAY c. ITS SSD (Strip)
d. VOand TO
e. FMD

ITS, TPC: tracking, vertexing,
= e hadron PID via dE/dx, Inl < 0.9,
® e S P reconstruction of the decay
' ' topology of weakly-decaying
(multi-)strange hadrons

i®

ITS

FMD, TO, VO
TPC

TRD

TOF

HMPID
EMCal
DCal

PHOS, CPV

10.L3 Magnet . ' i Ml TOF: hadron PID via Time-Of-Flight

12. Muon Tracker . e - -
13. Muon Wall Inl < 0.9, o1or ~ 80 ps

14, Muon Trigger
15. Dipole Magnet
16, PMD

17. AD

18.ZDC

19. ACORDE

©CoNoarWNE
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Strange and identified hadrons in ALICE

S| =0
18] m o ¢
M= 140 MeV M = 938 MeV M = 1020 MeV
Primary* Primary* ¢ — KK (48.9%)
cTt=45fm
I51=1 K- KO% A
@S M = 494 MeV M = 497 MeV M= 1115 MeV
Primary* KOs — - (69.2%) N\ — prt (63.9%)
cT =2.68cm cT=7.98cm
|S] =2 —. S| =3
= 0O-
M= 1322 MeV M= 1672 MeV
= — At (99.9%) Q- — ANK (67.8%)
cTt=4.91cm CT =2.46cm

+ antiparticles + resonances (not today’s topic...)
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Multi-strange hadron

reconstruction details
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Reconstruction of the weak decay topology

Yield extraction in each py bin:

« Fit polynomial + gaussian to get signal mean, o
« Bin counting in the signal region (30)
« Fit background on side-bands

Integral of background fit
« function in the signal region
- Signal = Bin counting - Integral
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Centrality

Centrality = fraction of the total hadronic cross section of nucleus-nucleus collisions
-~ can be quantified by the impact parameter (b)

Peripheral collisions Central collisions
- Large impact parameter - Small impact parameter
- Low particle multiplicity - High particle multiplicity

Collision ,
overlap zone

participants

Centrality variables:
* N1, number of binary nucleon-nucleon collisions

*  Npart (Nwoung), Number of participating (wounded) nucleons -» energy available for particle production
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Event classes in Pb-Pb, p-Pb, pp

Event multiplicity/centrality classes are defined based on the | o The
amplitude measured in the VO scintillators, placed at forward
rapidity: 2.8 <n <5.1 (VOA) and -3.7 <n < -1.7 (VOC)

ZDC (z=%112.6 m)
ZEM (z=7.35m)

SPD
(dNgn/dn) is measured in SPD in Inl < 0.5 to avoid “auto-correlation 2=0
biases”
. . =

In Pb-Pb the Glauber* model is used to relate the VOA&VOC 1l vzero-a
(“WOM”) amplitude distribution to the geometry of the collision.
[*M. L. Miller et al., An. Rev. Nucl. Part. Sci. 57 (2007) 205-243] ALICE, PRL 106 (2011) 032301, PRC 91 (2015) 064905

2 FALCEPbPbat sy =276 TeV | ' j

_ . S . + Dat ]

At Vsyy = 2.76 TeV: S0 — NBD-Glauber i ;

5 \ P xIf Npan+ (1-HN_] ook | . ' M
0-5%: (dNg/dn) = 1601 + 60 @ L104 5—-\\\‘2-8°"“=2°-3’k=1-6 12 2 5

o t L

(Noa) = 328.8 + 3.1 &l T :
10'*‘( E
NJX
70-80%: (dNg/dn) =35+ 2 @D 10° _ 22l 8| = 2 o
(Npart) = 15.8 £ 0.6 2l 3] 2 S =
107k il e e e
0 5000 10000 15000
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System size & charged particle multiplicity

pp 13 TeV E E E
p-Pb 5.02 TeV i i |
pp (min bias)
1 1 11 1111 1 1 | I I 1 1 L1 1 11 ll
10° 10° 10*

<chh/d 77>|77|< 0.5

Small systems: pp, pA
Large systems: Pb-Pb, Xe-Xe
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Experimental evidence
of strangeness enhancement
in heavy-ion collisions
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30 years of heavy-ion collision experiments

= 10"E
> 10°E
2 - LHC .
e Energy available LHC PbPb_
=105 . : S o .
5 F T * 28 |for particle
£10°e REIC Jooduction  ruic {7
e 1>< 13 [_ch pp
- (4
o[ 455 SppS SPS S,Pb
10°- AGgs 5
mzi ISR { AGS Si,Au
- AGS Bevalac
10 roton fon
C beams beams
1

1 1 ‘ 1 | I 1 ‘ | I 1 I l 1 L 1 1 l 1 1 1 | ‘ 1 1 | 1 ‘ 1
1960 1970 1980 1990 2000 2010
year

Fixed target experiments:

Bevalac @ LBL (1975-1986) /s <2.4 GeV
SIS @ GSI (1989-) /s <2.7 GeV

AGS @ BNL (1986-1998) /s <5 GeV
SPS @ CERN (1986-2003) /s <20 GeV
FAIR @ GSI (u.c.) /s <9 GeV

Collider experiments:
RHIC @ BNL (2000-) /sy <200 GeV

[oeam energy scan /sy = 7.7, 11.5, 19.6, 27, 39, and 62.4 GeV]
LHC @ CERN (Run |, 2009-2013) /s\\=2.76 TeV
LHC @ CERN (Run Il, 2015-2018) /s\y=5.02 TeV

F. Bellini - Strangeness Seminar - University of Liverpool - 18th October 2018



Observation of strangeness enhancement at SPS

NA57, J.Phys. G32 (2006) 427-442

S e
= >0, ly-y_I<05 = i >0, ly-y_I<05
R o e E Prot Mo
. . ; B \/SNN = 173 GeV ; | Q-+ﬁ+ ISI — 3
Yields normalised to N,,ounqg E : E -
relative to p-Be 2 z z
T=; 10 .—.% —_ T=a 10
, C s = C
=> Not just an effect of el 3 - e IS|
having more participants s [ T : [ EE T =2
in Pb-Pb! Z ot 3 =t E =
. - '-'.5_: A -
(" (1
& | 2 -z _ ISI =1
£ t i E7F A
;a : i E 1 - % i
p-Be u§ed as a proxy fqr pp since " pBe pPb @D —— @ pBe pPb @D — @
Nyoung IS Close to 2 (as in pp) i n
Illlll 1 1 Illllll llllll lllll 1 1 lllllll 1 1 lllllll
1 10 10° 10° 1 10 10° 10°
< Nyound > <N oua >

Enhancement observed in Pb-Pb collisions wrt p-Pb, p-Pb for multi-strange (anti)baryons
- Anti-baryons less enhanced than baryons > quarks (not anti-quarks!) in the initial stage
-> Hierarchy of the enhancement with the strangeness content

- Increase of the enhancement with the centrality of the collision
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From SPS to RHIC

STAR, Phys. Rev. C 77, 044908 (2008)
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Open symbols: NA57, /sy = 17.3 GeV
Full symbols: STAR, \/syy = 130 GeV

Enhancement observed also at RHIC
Smaller effect for higher collision energy

Multiplicity per N, saturates earlier in AA
than in pp
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Enhancement vs canonical suppression

Strange quarks are more abundantly produced
In nucleus-nucleus than in pp/pA collisions

Strangeness enhancement
[J. Rafelski and B. Muller, PRL 48 (1982) 1066]

Historically proposed as a first signature of the presence of a deconfined Quark Gluon Plasma where
strangeness is produced thermally (mainly) by equilibrated gluons

Canonical suppression
[K. Redlich, A. Tounsi, Eur. Phys. J. C 24, 589-594 (2002)]

suppression of production due to canonical quantum number conservation law i.e. strangeness has to
be conserved locally in a finite system
-» Reduced phase space available for particle production

-> Relaxation of canonical suppression with increasing Vs (and number of particles)
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From RHIC to LHC

Hyperon-to-pion ratio
o

Bl ALICE Pb-Pb at 2.76 TeV
[l ALICEppat7TeV

[ ALICE pp at 900 GeV

[ ] STAR Au-Au, pp at 200 GeV
A ALICE Pb-Pb at 2.76 TeV
A ALICEppat7TeV

/\ STAR Au-Au, pp at 200 GeV

10 10?

RHIC: Vs = 200 GeV
LHC: Vsyy = 2.76 TeV

In pp collisions the production of strangeness relative to tat LHC
is larger than at RHIC
- crucial to understand the small system “reference”!

From pp to Pb-Pb strangeness production increases

For Nyat >150 the ratios saturate and match predictions from the
grand-canonical statistical hadronisation models

GSl-Heidelberg: T, = 164 MeV [Andronic et al, PLB 673 (2009) 142]
-------- THERMUS: T, = 170 MeV [Cleymans et al, PRC 74 (2006) 034903]

In addition, a more recent fit with T, = 156 MeV...
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Statistical hadronisation model in a nutshell

Thermal fits map heavy-ion collisions to the QCD phase diagram and allow for comparison with lattice-QCD

Conventional picture: (ideal) hadron-resonance gas model in chemical equilibrium (based on Grand
Canonical ensemble)

< 200 [
T )1 Z o 5 1 § 1802— Quark-Gluon Matter _i
. . O 11 4; (J; poap ~ - 3
ng=N;)V=oceo——= ‘J‘Q/ Pl , - 160 ES ﬁ**% ]
Vo ou 272 ) exp|(E; — ;) /T] £ 1 - | g
i Hadronic Matter I:I%

120 - -
o . . . 100 w0 Latice :
« Measured particle yields (or ratios) are input to the fits L Borsan ot ol HotaGD Gallab g
. . 80 - ’ ' -

° F|t to y|e|dS parameters I"B! TCh! V 60: Statistical Hadronization, Tr I-_I-ZI:]
. . . [~ O Cleymans, Redlich B
« Thermal model fit to yield ratio: V cancels out sof O Vorchenkoetal @ -
 Fits based on minimization of x? oo L STAR Collb ]
. .. crep . . . L ' Nuclei ]
« Deviations from (GC) equilibrium through empirical e
under(over)-saturation parameters for strange, charm 1 10 10 . (Me1\(/))

B

or light quarks (Vs, Ye, Yo)

A. Andronic et al., Nature 561, 321 (2018)
V. Vovchenko, LIGHT UP workshop 2018
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Thermal model fit to Pb-Pb 2.76 TeV (0-10%)

n+r K'+K Kg K*+K* 0 p+P A EXEL Q4 iH+3:F| He “*He ‘Fe

2 2 2 2 2 2 2
- & 0 0 o
= - : : : H . : : : : : : H : B
T 108 L s : : : z : 5 : = : = : 5 N i ivht-
S W . ALCE0-10%PbPb, |5 =276 TeV Production of (most) light-flavour
S L b : g el § .7 hadrons (and anti-nuclei) described
L : Saas NS . 1 (X®/ndf ~ 2) by thermal models with a
LI ' Saad .4 single chemical freeze-out
e [ Smwwoem _. : : : : : : : .1 temperature, T, = 156 MeV
r Model T (MeV)  V (fm) %?/NDF |:  oa | ]
105 [ |—THERMUS 2.3 156+2 5924 £543  24.8/11 | o =Eo i
" |-~ GSI-Heidelberg 156 +2  5330+505  19.6/11 |: : 1 § 1 .. :
.+ [ |=+:SHARES 156 +3 4476 +696  15.1/11 | : g ol Rt ? T_enSIOnS between pr(?tons a_nd
10T F = z ; s . A S ————— z . 4 multi-strange (tend to drive T, in
E 0.5 _ ......... e S ¢¢¢| ........... : .......... | ........... S : ........... ........... ....... 4] l ......... = Opposite directions)
= : : : o | : s s :
g 0 el ([ o DN m [ ¥ s SO RO ¢‘1¢: ..... DD ...... Uﬂi ..... UgU .......... q1:¢l'¢ rL +;] ........ ... I =
P Y N SN S S _— LA PR r{r _______________________________ CE
- ! T L 113
b;§ 4 E— .................................... T T, s B I .......... _g
A TR iy g s VOO SN SN SN S SRV N % S
g T 7 PR SO SRR S—— : fase -l-g-_-.-"""':m ............................. 1--;-_3
E 1 1 =
£ = S e A B e S D S = Figure from ALICE, Nucl. Phys. A 971 (2018) 1-20
lzsshssssss=s=== ! THERMUS: Wheaton et al, Comput.Phys.Commun, 180 84

GSI-Heidelberg: Andronic et al, Phys. Lett. B 673 (2011) 142
SHARE: Petran et al, arXiv:1310.5108
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Thermal model fit to Pb-Pb 5.02 TeV (0-10%)

p+P +E Q40" d ?\H"‘iﬁ 3He
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E g B b D = Figure from FB talk at Quark Matter 2018

THERMUS: Wheaton et al, Comput.Phys.Commun, 180 84
GSI-Heidelberg: Andronic et al, Phys. Lett. B 673 (2011) 142
SHARE: Petran et al, arXiv:1310.5108
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Strange quarks are observed to be more abundantly produced in
nucleus-nucleus than in pp/pA collisions

- Strangeness enhancement in AA or canonical suppression in pp/pA?

In thermal model fits with a single chemical freeze-out temperature,
some tension is observed between protons and strangeness
- Still open to interpretation!
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Observation of strangeness enhancement
in high-multiplicity pp, p-Pb collisions
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Strange hadron p; spectra - Multiplicity dependence

ALICE, Nature Physics 13 (2017) 535-539

S1°@ aceps-7tev 7 py differential yields of strange and multi-strange
S 8 VOM multiplicity classes . T .
g 10 measured in 10 multiplicity bins
= 10’
<) 10’ 0 o INEL>0
E 10° . :d'f;‘. Ks (10°) I - (dN,/dn) = 3.5%(dNg,/dn)
= SIVSERE U .
c\E 104 3 b 0 ) —~ INEL>0
- = X - (AN, /dn) = 0.4x(dNy,/dn)
2 == v
: 1 \\
S A+A (x10°) [ (dN g, /dn)NEL>0 ~ 6.0 ]

Spectra harden towards higher multiplicity (as

—

N SV Z4E (x10%)

1072 E+E ,
N - observed in p-Pb and Pb-Pb)
107 ¢ %" ] (X)
A | . .
105 N (i/+v)|) - pr integrated yields extracted from measured points and

extrapolation function at low p;
N T I P (dashed line = Lévy-Tsallis function)
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Strange hadron-to-m ratio - Multiplicity dependence

E M@q@ @ll il fﬂlzfﬂloﬂﬂllfﬂ]ﬂlﬁl I\/!ulti_—s_trange to non-strange yic_ald ratios_ iqcrea_se
510_1§ ° significantly and smoothly with multiplicity in pp
8 WW 0 0 00oem] ng p-Pb collisions until saturation in Pb-Pb

= i MRS [ALICE, Nature Physics 13 (2017) 535-539]

§ hphdd

5 =

i
I wﬁﬁﬁ&% E+E (x6) i .
I 'ﬁ’# | pp and p-Pb trends are remarkably consistent at
similar multiplicities

102 -
B #) ?##H) [H] Q+Q" (x16)
% j ** 1 -> What is driving the increase in small systems
I | (mass, baryon/meson, strangeness content)?
I ALICE -» Can models reproduce the observations?

® pp Vs=7TeV Nat Phys. 13 (2017) 535-539 |
Q  p-Pb, sy, =5.02 TeV PLB 728 (2014) 25-38
[0  Preliminary Pb-Pb, |'s,, = 5.02 TeV
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Not a mass nor baryon/meson effect

= T;-]\ L L L e | ylll' ! ':
x

- 0.6 [ GSl-Heidelberg model ]

) 0.6F — 7.,-156 MeV ]

d o; - TH"ERMU s W ALICE, p-Pb, \ 5, = 5.02 TeVE

@ o 5L Ta=158MeV [ ALICE, pp, \s = 7 TeV (INEL)]

e p-Pb, DPMJET ]

[1] i i

m ~ 1320 MeV — 0.4 _ ---------- pp, Pythia8 b

= 5 u —

= 0.3} E H i - ]

d I % ]

& ) 02t . =*/= ]

5 | | | .

m ~ 1530 MeV 0.1}

ALICE Eur Phys J c 77 (2017) 389 ;

0 10 20 30 20! 10°
(dN dn )

lab® |77, < 0.5

=(1530)0 relative to mt exhibits same increase with
multiplicity in p-Pb as =/rt (z*/= flat)

> Strangeness content more relevant than mass
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0.45 T T T T T T T T T

'c% - ALICE —— PYTHIA8
S 0.4 @ ppVs=7TeV e DIPSY -
g = p-Pb,|s=5.02TeV EPOS LHC ]
n 0.35 =
0 :
0.3 i -

° TH L EATY PV
= 0.251 _____ i; e g
w0 e NKG 3
= 02 >
§ . ;
QLA o E
01 :_ """""""""""" _f
- | p/x (x2)

0.05 10

<chh/d 77>|77|< 0.5

Baryon-to-meson ratios where the net strangeness
content is zero, as and N/KY%, are flat with
multiplicity

-> Not a baryon/meson effect



Strangeness enhancement in pp

(@) T T T T 1
A ALICE y
g 2 ol @pp,is=7TeV cﬂn _<(sl=3>
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< - 00D EH: -
- T WA | — . :
—_ - A = 51 = No increase for p/mt is observed
g 15-'° Eﬁﬂ' 0 M (s=2)
= L #0 Ve
e 0 . . .
— I EH: ! 1A Hierarchy of the increase associated
- i) f 1IH (s=1) with the strangeness content
@ p
1 (S=0)
| | I | B

<ch:h/d 77>|n|< 0.5
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A "“crack” in conventional pp generators

T rrrrTm LR LR

;z o O 0 @;E b QCD-inspired models as

2107'f ]

5 WW 000000  PYTHIAS8 (color reconnection)

2 ¢ A A+A (x2) . [T. Sjéstrand et al, Comput. Phys.Commun. 191 (2015) 159]
s g B ] » DIPSY (color ropes)

-(% } @g@ i i i ] [C. Bierlich et al., JHEP 1503 (2015) 148]

o E4E (x6) « EPOS LHC (core+corona)

1 [K. Werner et al., NPA 931 (2014) 83]

[ﬁ] EHJ EHJEHJEH]EHJ exhibit a trend with multiplicity but may still need tuning to reproduce

_2 [l [l
10 all ratios simultaneously

Q
+

®j

+
X
—_
2
II]III

DIPSY e Conventional pp generators successful,
EPOSLHC with MPI + CR generating some collectivity,

ALICE

“r,
", b
‘e, .
e, S
2, -
e, e
e
10,
',

a pp, Vs =7 TeV Nat. Phys. 13 (2017) 535-539 | bUt now cracks.
p-Pb, {5\ = 5.02 TeV PLB 728 (2014) 25-38
Prefiminary Pb-Pb, | sy = 502 TeV @ Need new framework for baryon production.
_3 — —
10 | |||||1||0 [ ||||.|11|02 [ |||||||3 1 TSjOStrand,MatQuarkMatterZOlcg
(dN_ /dn> o8
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Disentangle multiplicity and energy dependence

1 T T T T ] T T
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- - ——\s=7TeV }
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o) C ly1<0.5 7
- pp, inclusive INEL>0: ]
0.12 - e \s=7TeV B =
0.1:_ s {s=13TeV EEI _:
0.08F pp, mult. dependent (VOM): — 3
0.06 :_ —4—\Vs=7TeV oa _I
TUE 4-V(s=13TeV 0 ]
0.04F @ 3
) C " —t stat. ]
- [Isyst. 7
0.02 - o= [ syst. uncorr.
0 L 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 I—

5 10 15 20 25

<chh/d 77>|17|<0.5

Measurements in pp at 13 TeV can be used to
disentangle multiplicity and energy dependence
of particle production

Yields of (multi-)strange particles measured in
pp 13 TeV as a function of multiplicity lie on the
same trend as the 7 TeV data

-> Event activity drives particle production,
irrespective of collision energy
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Disentangle multiplicity and colliding-nucleus dependence

¥ - 1 AtRHIC, different colliding nuclei have been used
R Mgﬁ@* g trothom, | (Cuand Au)
5 - ® - [STAR, Phys. Rev. Lett. 108 (2012) 72301]
w L® |
ke,
) —
s L 0 %%ﬂﬁ@f@ " 22| particle ratios in Cu-Cu, Au-Au, Pb-Pb and high
g . ’W% i 1 multiplicity p-Pb are consistent at similar multiplicities
® 'W ]
- I { -» Event activity drives particle production,

- Mﬁ« ’&’E‘g“épﬁ] SHT 0 x4{ irrespective of colliding-nucleus species

I ¢ |

% i?# i\L" STAR ~> New data in Xe-Xe collisions at
3 ¢ % AuAu s, =200GeV | /sy = 5.44 TeV from ALICE being analysed
10 B ¥ Cu-Cu |5, =200 GeV ]
- = pp Vs =200 GeV ]
i ALICE i

[J  Preliminary Pb-Pb |s,, = 5.02 TeV
O p-Pbysy=5.02TeV
@® pplis=7TeV
Tl il

10 102

T B
10°
<dNch/dn>|n|< 0.5
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Strangeness canonical suppression

In equilibrium SHM models strangeness
enhancement is a result of the canonical
suppression of strangeness production in
small systems due to the explicit
conservation of the strangeness quantum
number in a finite system

Comparison to model calculations based
on THERMUS code

- agreement with data within
uncertainties, except for ¢ meson
(also “immune” to canonical suppression)
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ALICE, arXiv:1807.11321 (submitted to PRC)

R (fm)
2 3 4567890

F?O(fm
2 3 456781

)

R
3 4567810

i
&)

1L K*O |
L (normalized to periph. Pb-Pb) |

ALICE

] mppVs=7TeV,|y|<05

1 ®pPoys,=502Tev,0<y <05
1  ®m Pb-Pbys  =276TeV,|y|<0.5

71 — THERMUS v3.0
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System size evolution of hadrochemistry
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ALICE Preliminary

(ﬁﬁ ALICE ® pp,\s=13TeV
B O pp,\s=7TeV O Pb-Pb, \s=5.02TeV ]
O p-Pb, |5, =5.02TeV W Xe-Xe, |syy =544 TeV

L | Lol ! Lol ! Lol
10 10° 10° 10*
<chh/dn>|n|< 0.5
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Particle composition evolves smoothly across collision systems, depending on

charged particle multiplicity.
-» Common origin in all systems?

For MC generators, work is still needed to reproduce evolution with system
size in view of a unified description of all collision systems
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Outlook
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What's next?

Does strangeness keep increasing with multiplicity in pp or
saturate?

-» Measure in high multiplicity-triggered data sample of pp 13 TeV
(2016, 2017), in p-Pb at 8.16 TeV

- Bridge with Xe-Xe at 5.44 TeV, more differential in peripheral
Pb-Pb collisions (2018)

Can we relate high multiplicity with soft- or hard-QCD
dominated processes?

-» Use event shapes as tools to select jetty/isotropic events in high
multiplicity pp

Can the ¢ meson provide further insights on strangeness
production vs multiplicity?

-» Measure more differential (event shapes?), improve precision
New observables...
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A personal outlook...

The intriguing similarities among different systems do not end here but extend to the
dynamics (see e.g. FB, talk at LHCP 2018).
* Presence of collectivity (flow) is established in Pb-Pb

* we observe collectivity in small systems, whose origin and phenomenology is
under investigation

pp used to be a reference for p-Pb and Pb-Pb collisions, now they look more alike
than we thought

-> Shall we “re-think” the reference (and how)?

-» Can we describe pp, p-Pb and Pb-Pb with a common framework?

-> DO we have an handle on the onset of deconfinement?

“From small to large systems” OR “from large to small systems”?
> QCD at high energy and density!
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Thank you

For more discussion:

fbellini@cern.ch
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Extras
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Strangeness-to-m ratio (linear y scale)
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Particle ratios in pp compared to MC generators

=1 ALICE pp Vs=7 TeV, |y| < 0.5
VOM Multiplicity Classes

dN/dy ratio
o
=

~— Pythia8 Monash (No CR)

ALICE, 0.12 [ === Pythia8 Monash
arXiv:1807.11321 R SR L ol B O B DIPSY Color Ropes
(submitted to PRC) ='7"EPOS-LHC

=**= HERWIG?

0.1}

0.1 L (K4RY(m+m) (x 1.5) 1

0.08F sz :
0.06f [ ——
= =

0.04F i /cvimiimiimrimimimm, ]

0.02f

0.015
0.01f

0.005[

....................................................... e TETITT

F. Bellini - Strangeness Seminar - University of Liverpool - 18th October 2018 <chh/d77>|n| 05 51



Particle ratios vs pr and multiplicity

3 201 ALICEppis=7TeV,|y| <05 T ALcE p-Pb\;NN=5.O2 TeV,0<yclMS<0.5-.' ALICE Pb-Pb l\sNN=2.7s TeV, lyl <Io.5 7
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L Global Blast-Wave fit to b
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L e ALICE Preliminary, pp, \s = 7 TeV 3
0.06F" 4 ALICE, p-Pb, 15 = 5.02 Tev =
0.04 * ALICE, Pb-Pb, sy =2.76 TeV _‘
"L+ ALICE Preliminary, Pb-Pb, {/sy = 5.02 TeV ]
Coovv o by b by v by by v Ly gy 1]
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The effect of radial flow in
central Pb-Pb is more evident
for particle ratios where mass
difference is larger, e.g. p/m

1 10 1 10 = 10
ALICE, arXiv:1807.11321 (submitted to PRC) p; (GeVic)

F. Bellini - Strangeness Seminar - University of Liverpool - 18th October 2018 52



Three systems compared: py slices
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Across the three systems the baryon-to-meson ratios evolve with multiplicity
- In qualitatively similar way: depletion at low p;, enhancement at intermediate p+
— rather smoothly for given pt intervals
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More model comparisons — pp

e ALICE \s=7TeV . DIPSY Color Ropes
—— Pythia8 MonashNoCR  ------- EPOSLHC
------- Pythia8 Monash With CR -------- HERWIG7
Color Reconnection: ¥ [ oae< pT<I0.60 Gevic  ALICE Preliminary
« Implemented in PYTHIA8 Monash = 0.25;

« Qualitative agreement with the data

I

0.2

Color Ropes:
« Similar mechanism in DIPSY 0.15-
 also reproduces qualitatively the data l

Collective Radial Expansion:
* Presentin EPOS LHC
* viable explanation but effect is overestimated

PYTHIA8 — T. Sjéstrand et al., Comput. Phys. Commun. 178 (2008) 852-867

DIPSY — C. Flensburg et al., JHEP 08 (2011) 103; C. Bierlich et al., JHEP 03 (2015) 148; -
C. Bierlich et al., PRD 92 (2015) 094010 I L T R

EPOS LHC —T. Pierog et al., arXiv:1306.0121 10

HERWIG7 — M. Bahr et al., EPJC 58 (2008) 639-707; J. Bellm et al., EPJC 76 no.4 (2016) 196 (chh/dn)I <05
n|<0.
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Production mechanisms

Baryon-to-meson ratios are a powerful tool to
test production mechanisms and their interplay

* Low-py; rise described by hydro

* Models where recombination involves only
soft thermal radially flowing partons
consistent with data

* High-py p/rtis the same in pp and Pb-Pb

collisions
- fragmentation dominates

ALICE, PLB 760 (2016), 196-207
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Role of recombination at intermediate pr

Behaviour in Xe-Xe confirms observations in Pb-Pb at 5.02 TeV =~ -2 . o .
. .. T (C {.8F ALICE Preliminary .
(ratios compared at similar multiplicity) o0 ~ Pb-Pb |5y, = 5.02 TeV, 10-20% (open markers) |
1.6 - Xe-Xe \San = 5.44 TeV, 0-10% (full markers)
Pivotal role of the ¢-meson, that has similar mass as the proton 1.4t . Epfgﬁ’xo-; S F oy E
T m (p+p)/(mr+7 ¥ IR 7
* the flatness of the p/¢ ratio is consistent with hydro but can 1'2; x (A+A)/2KC N * i
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Baryon-to-meson ratios

Phys. Rev. Lett. 111 (2013) 22301
Phys. Rev. C 88 (2013) 044910
Phys. Rev. C 91 (2015) 024609
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The special role of ¢ meson

As a s-sbar pair (S=0) with the same mass as the proton, the ¢ meson is “special’
-> Does ¢ behave like a S=0 or S=2 particle?
— Indications of increase of ¢/riratio with multiplicity in small systems
— Flat =/¢ for multiplicities between ~6 and ~7007? Or slightly increasing in pp, p-Pb vs multiplicity?

-> Need more precision from experiment!

B - V(I) rr;u;tilpllicl:iltly claséesl o B 0.8+ ALICE Preliminary -
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Resonance suppression in central AA

arX:v l 805 04365
Short-lived resonance ratios to long-lived ™ ]
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Resonance suppression in central AA

Short-lived resonance ratios to long-lived
particles are suppressed as centrality
increases in AA collisions

p(770)/m (p lifetime = 1.3 fm/c)
K(892)%K (K* lifetime = 4.5 fm/c)
A(1520)/A (A* lifetime = 12.5 fm/c)
=(1530)/= (=* lifetime = 22.5 fm/c)
X ¢(1020)/K (¢ lifetime = 45 fm/c)

* Re-scattering effects expected to be
stronger in central collisions, as the
medium is denser and lasts longer

* Depending on the species, regeneration
effects might be dominant = measure
Sigma*!
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Multi-strange hadron reconstruction

Reconstruction of the weak
decay topology in the ALICE
central barrel tracking system

K% — e
cT=2.68cm

N — prU
ct=7.98cm

=— At — (pm)rv
ct=4.91cm
Q" — AK — (prt)K
ct=2.46cm
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n, K, p identification
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- Kaons also identified using “kink” topology, K* — p*v
- Statistical identification at high-p+ via relativistic rise of the Bethe-Bloch in the TPC

ALICE, Int. J. Mod. Phys. A 29 (2014) 1430044
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Blast-Wave model fit to ,K,p

Boltzmann-Gibbs Blast-Wave model
A simplified hydrodynamic model with 3 free fit
parameters: [E. Schnedermann et al., Phys. Rev. C48 (1993) 2462]

- Tyn = kinetic freeze-out temperature
- Bt transverse radial flow velocity
- n: velocity profile

Simultaneous fit to the 1, K, p spectra:

- in Pb-Pb increase of (1) with centrality
(Br) at 5.02 TeV is (1.78 + 0.9)% larger than at 2.76
TeV in central Pb-Pb

In pp and p-Pb, similar evolution of the parameters
towards high multiplicity

At similar multiplicity, (Bt) is larger for smaller systems

CAVEAT: sensitivity to fit range and the set of particles
included in the fit
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¢ meson and models
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Ratio =/¢ is not well described by models.

PYTHIA6 and EPOS-LHC describe well the multiplicity dependence of
<pt>, whereas PYTHIA8 underestimates it.
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2(1385)*, =(1530)°vs models in pp 7 TeV

ALICE, Eur. Phys. J. C (2015) 75:1
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Fig. 6 The transverse momentum spectrum of X(1385)% is compared
to standard tunes of PYTHIA 6 [34] and PYTHIA 8 [35], the latest
release of HERWIG (6.521) [36], and SHERPA release 1.4.6 [37]. The
MC data are binned according to the data. Spectra points are represented
atthe centre of the pr interval. The lower panel shows the ratio data/MC.
pr-independent uncertainties are not shown
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