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Light flavour particle production in ALICE

ALICE is designed to study the physics of strongly interacting H I_ ICE
matter under extreme temperature and energy densities to
investigate the properties of the quark-gluon plasma

LHC Run1 and Run2 data taking

Colliding System VSnn (TeV)

2009-2013 09,276,7.8

pp 2015, 2017 5.02
2015-2018 13
2013 5.02
p-Pb 2016 502, 8.16

Xe-Xe 2017 5.44
2010-2011 276
Pb-Pb 2015-2018 5.02

Published and Preliminary results available for most light-flavour
and strange hadron species in all the colliding systems provided
by LHC: mr, K%, p, K*O, ¢, =270, ¥, KO, A, Z, (2, d, t, 3He, 34H.
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ALICE is designed to study the physics of strongly interacting
matter under extreme temperature and energy densities to
investigate the properties of the quark-gluon plasma

LHC Run1 and Run2 data taking
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Published and Preliminary results available for most light-flavour
and strange hadron species in all the colliding systems provided
by LHC: mr, K%, p, K*O, ¢, =270, ¥, KO, A, Z, (2, d, t, 3He, 34H.

ALICE

‘Highlight few interesting observations on

: the particle production mechanisms to

be compared in small and large colliding

systems

(1) Statistical hadronization models

(2) Strangeness enhancement and ¢
production

(3 Resonances suppression

(@) Baryon-To-Meson ratio

® Light nuclei production
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The ALICE detector in LHC Run 1 and Run 2

Multi-purpose detector at the LHC with unique particle identification capabilities and
tracking down to very low momenta
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ITS o4e/dx ~ 10-15%
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ALICE

Central Barrel Detectors (Inl < 1]

Inner Tracking System (ITS]

» Tracking, Vertexing, Triggering,
Low momentum PID (dE/ dx]

Time-Projection Chamber (TPC)

» Tracking, PID (dE/ dx)
~ Time-of-flight detector (TOF]

»PID (time-of-flight)

High Momentum PID ([HMPID]

»PID [Cherenkov]
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The ALICE detector in LHC Run 1 and Run 2

Multi-purpose detector at the LHC with unique particle identification capabilities and
tracking down to very low momenta H I_ IC E

Central Barrel Detectors ([N < 1)
Inner Tracking System (ITS)]

» Tracking, Vertexing, Triggering,

Low momentum PID (dE/ dx]

Time-Projection Chamber (TPC)

» Tracking, PID (dE/ dx]
- — . 8 . Time-offlight detector (TOF)
B o, SECEY »PID (time-of-flight)
[VZERGA A g < High Momentum PID (HMPID)
3.7 < <-1.7 (VZERQL) »PID (Cherenkov)
VZERO

» Triggering, Event multiplicity
determination
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The ALICE detector in LHC Run 1 and Run 2

Multi-purpose detector at the LHC with unique particle identification capabilities and
tracking down to very low momenta H I_ IC E

Central Barrel Detectors (|n|< 1)
Inner Tracking System (ITS)]
» Tracking, Vertexing, Triggering,
Low momentum PID (dE/ dx]
Time-Projection Chamber (TPC)
» Tracking, PID [dE/ dx]
~ Time-of-flight detector [TOF)
| »PID (time-of-flight)
High Momentum PID ([HMPID]
»PID [Cherenkov]
VZERO
» Triggering, Event multiplicity
determination

08<n<5.1 VZEROA]
3.7 <1 <-1.7 [VZEROC)

Pp p-Pb Pp

Small and large system definition

» Commonly referred to the colliding system size (ee < pp < p-A < A-A]
» In the following referred to the created medium size
v Defined in terms of charge particle multiplicity
v Correspondence to the previous true only on average
v Multiplicity estimator used to categorise event according to its
multiplicity (best if unbiased from particle under study)

Pb
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(1) Statistical Hadronization Models
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* In large system, grand canonical approach used
* Chemical freeze-out temperature Tch is the key parameter
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Nuclei just before collision
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(1) Statistical Hadronization Models

» Model hypothesis:

ALIC

e Hadrons emitted from a source in statistical /thermal equilibrium
* In large system, grand canonical approach used

* Chemical freeze-out temperature Tch is the key parameter
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(1) Statistical Hadronization Models

Stanstical Thermad rLK p
Descnpton bme f f

» Model hypothesis:

* Chemical freeze-out temperature Teh is the

ALICE

e Hadrons emitted from a source in statistical /thermal equilibrium
* In large system, grand canonical approach used
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(1) Statistical Hadronization Models

Stanstical Thermad rLK p
Descnpton bme f f

» Model hypothesis: H I. IC E

e Hadrons emitted from a source in statistical /thermal equilibrium
* In large system, grand canonical approach used

* Chemical freeze-out temperature Tch is the key parameter
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(1) Statistical Hadronization Models

Stanstical Thermad nK p
Descnpton bme f

» Model hypothesis: H I. IC E

e Hadrons emitted from a source in statistical /thermal equilibrium
* In large system, grand canonical approach used

* Chemical freeze-out temperature Tch is the key parameter
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(1) Statistical Hadronization Models

Stanstical Thermad nK p
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» Model hypothesis: H I. IC E

e Hadrons emitted from a source in statistical /thermal equilibrium
* In large system, grand canonical approach used

* Chemical freeze-out temperature Tch is the key parameter
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» Predicts very well production yields over a :
wide range of dN /dy

» Similar behaviour in Pb-Pb@2.76TeV
(Tch=156x3) and Pb-Pb@5.02TeV
(Teh=153%3)

» (anti-)nuclei and hyper-nuclei are described

» Short-lived resonances (e.g. K*9) deviate due
to re-scattering effects (excluded from fit)

» Tension for protons and [multi)strange

baryons
e Additional effects needed?
Baryon annihilation
Interacting hadron gas
Incomplete hadron spectrum
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(2 Strangeness enhancement and ¢ production

» Smooth evolution of particle production with charged- H L IC E
particle multiplicity across different colliding systems
v No energy dependence
v Hadron chemistry is driven by the multiplicity
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Phys. Rev. C 99, 024806 (2019])
Phys. Lett. B 728, 25 (2014)
Phys. Lett. B 758, 389 (2015)
Phys. Lett. B 760, 720 (2016)
Phys. Lett. B 736, 196 (2014)
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(2 Strangeness enhancement and ¢ production

» Smooth evolution of particle production with charged-
particle multiplicity across different colliding systems
v No energy dependence

ALICE

¥ Hadron chemistry is driven by the multiplicity "_% R
& SRR U B @ B ol gy PP (x6)
» Strangeness enhancement = i o i
v : : 0 B % B I 2K
Increase of strange-particle production also present ke f0- il
for small-systems > F Bpd® 0 O 0D DOMD,L ()
. [e) _
v Saturation around thermal-model values for large o i
systems s 0 %0 %0 g2 x2) !
v Magnitude of strangeness enhancement increases B BIH D = o)
. =4 X
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102 % [H] [H] EH] [ﬂ] Q+Q" (x12)=
o T T T LA T T T T ] — * —
A ALICE Nature Physics 13 [2017) 535-539 Q ﬁfﬂj *M [H] [ﬁ] ]
%,\'i 2 | ®pp.\s=7TeV Vol (sss) = %} ALICE Preliminary -
r Op-Pb, |5, = 5.02 TeV Rt M = - #ﬂ*ﬂ’ gr pp, s=13 TeV 7
= L L'p.--"" | P (b ALICE O Pb-Pb, {sy=5.02 TeV |
~ [ @A Py o] (@) —ﬁ O pp, Vs =7 TeV ¢ Xe-Xe, {8y = 5.44 TeV
g 1.5 L ¢ R A O p-Pb, (Syy=5.02TeV @ p-Pb, sy =8.16 TeV
S M "*1)“ ""r "(UdS) 10—3 Lol 1 1 |||||||2 1 1 |||||||3 1 1 |||||||4
~ iwil (;~~mﬁw P 10 10 10 10
L] e .%“ﬂ. | (uud) <chh/d 77>|;7|< 05
q .’..-."".1‘4 ’ ]
‘ Phys. Rev. C 99, 024906 (2019)
P Phys. Lett. B 728, 25 (2014)
0.5} Phys. Lett. B 758, 389 (2015)
o PR S | 1 1 1 Phys. Lett. B 760, 720 (2016])
Phys. Lett. B 736, 196 (2014)
(chh/d ’7>|:)|< 0.5
XVIII International Conference on Hadron Spectroscopy and Structure 5

Guilin (China) | 18 August 2019 | Domenico Colella



» The ¢ meson (SS]) has hidden strangeness and is a key probe

In studying strangeness production
» In the SHM:

v Large systems: all particles well described
v Small systems: all particles but ¢ well fitted in a
“canonical suppression” picture

» Favours non-equilibrium production (ys) production of ¢ or
all strange particles

» Ratios ¢/K and =/ ¢ fairly flat across wide multiplicity range
v The ¢ has “effective strangeness” of 1-2 units

d/K

0.1

05

0.4

0.3

0.2

(2 Strangeness enhancement and ¢ production

ALICE

Statistical Hadronization Model
with canonical approach in small systems

A (fm) A (fm) R (fm)
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(3 Resonances suppression

Kinetic
freeze-out

Statistical Thermal _
\ Description time T K, Pf f
~ | b

Chemical
freeze-out

Pre-Equilibrium
Glasma Phase (< 1)

Resonance Regeneration Re-scattering
decay

>
Z

»Resonances are powerful tools to probe the
Nuclei just before collision hadronic phase after chemical freeze-out
»Final resonance yields depend on:

v Chemical freeze-out temperature

v Lifetime of hadronic phase

v Resonance lifetimes

v Scattering cross-section of decay products

XVIII International Conference on Hadron Spectroscopy and Structure 7
Guilin (China) | 18 August 2019 | Domenico Colella



(3 Resonances suppression

» Suppression of KO in high multiplicity events
v KB” /K reduction from low to high multiplicity
v Central Pb-Pb values below thermal model prediction
v Re-scattering of decay products in hadronic medium
v Hint of KO* suppression in high-multiplicity pp and p-Pb

Eur. Phys. J. C (2012) 72:2183

Eur. Phys. J. C (2015]) 75:1

Eur. Phys. J. C (2016) 76:245

Eur. Phys. J. C (2017) 77:389

Physical Review C 91, 024609 (2015)
Physical Review C 95, 064606 (2017)
Physical Review C 99, 024905 (2019)
Physical Review C 93, 014911 (2016)
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o 107 —
102 —
[ M N IR B I B B B
0 2 4 6 8 10 12 14 16
1/3
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ALICE ALICE Preliminary STAR

® pp Vs=2.76 TeV
¢ pp Vs=7TeV
X p-Pb {s,, = 5.02 TeV

m Pb-Pb |5, =2.76 TeV

O pp Vs=7TeV
o p-Pb VSNN =5.02 TeV
O Pb-Pb |5, = 5.02 TeV

ogn Xe-Xe v Sy = 9-44 TeV

% pp Vs =200 GeV
Y Au-Au |s,, = 200 GeV
— EPOS3

- - EPOS3 (UrQMD OFF)

XVIII International Conference on Hadron Spectroscopy and Structure 8
Guilin (China) | 18 August 2019 | Domenico Colella




(3 Resonances suppression

8 1 _—I Lifetime
= r (fm/c)
» Suppression of KO” in high multiplicity events % E 1.3
v K9 /K reduction from low to high multiplicity o | o
v Central Pb-Pb values below thermal model prediction Z i |
v Re-scattering of decay products in hadronic medium g
v Hint of KO suppression in high-multiplicity pp and p-Pb St + ] —
» Similar suppression of p® and A[1520) C|fpeesy .
B A(s200a || 12.6
10% —
I_l 1 L [ 1 1 1 l 1 1 1 l 1 1 1 l L 1 1 l L 1 1 l L 1 1 l L 1 l_
0 2 4 6 8 10 12 14 16
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ch
ALICE ALICE Preliminary STAR
Eur. Phys. J. C (2012) 72:2183
Eur. Phys. J. C (2015) 75:1 ® pp Vs=2.76TeV O pp¥s=7TeV % pp Vs =200 GeV
o P .G (201) 79355 ¢ pp V5=7Tev o p-Pb {5 = 5.02 TeV c AU-AU [0, = 200 GeV
T DS RS pm st PRl s —esoss
Physical Review C 99, 024905 (2019) B Pb-Pb s, =2.76 TeV dh Xe-Xe s, = 5.44 TeV - - EPOS3 (UrQMD OFF)
Physical Review C 93, 014911 (2016)
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(3 Resonances suppression

8 1_—' Lifetime
= - (fm/c)
» Suppression of KO in high multiplicity events % N 1.3
v KO” /K reduction from low to high multiplicity o | o
v Central Pb-Pb values below thermal model prediction >q; i '
v Re-scattering of decay products in hadronic medium QO
v Hint of KO ion in high-multiplicit dpPb
¥V Hinto suppression in high-multiplicity pp and p- S + l —
» Similar suppression of p® and A(1520) = [f oo .
» No ¢ suppression: lives longer, decay outside fireball - Ags200a | 126
........ PK (x0.08) 46.4
1072 |— —
—l 1 L l 1 1 L 1 1 L 1 1 1 1 1 L 1 1 l L 1 1 I L 1 l_l
0 2 4 6 g 10 12 14 16
(dN_/dn)'"®
ch
ALICE ALICE Preliminary STAR
Eur. Phys. J.C (2012) 72:2183
Eur. Phys. J. C (2015) 75:1 ® pp V5=2.76 TeV O pp Vs=7TeV % pp Vs = 200 GeV
o P .G (201) 79355 ¢ pp V5=7Tev o p-Pb {5 = 5.02 TeV c Au-Au (5, = 200 GeV
Physical Review C 91, 024609 [2015) . _ ! _ _
thgiz; Rgvi:wCBS, 064606 (2017) X PP [y, =502 TeV 00 Pb-Pb sy = 5.02 TeV EPOS3
Physical Review C 99, 024905 (2019) B Pb-Pb s, =2.76 TeV b Xe-Xe |5,y = 5.44 TeV - - EPOS3 (UrQMD OFF)
Physical Review C 93, 014911 (2016)
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(3 Resonances suppression

» Suppression of KU” in high multiplicity events
v KB” /K reduction from low to high multiplicity
v Central Pb-Pb values below thermal model prediction
v Re-scattering of decay products in hadronic medium
v Hint of KO" suppression in high-multiplicity pp and p-Pb
» Similar suppression of p® and A(1520)
» No ¢ suppression: lives longer, decay outside fireball
» Possible weak suppression of =Y w.r.t. pp collisions

Eur. Phys. J. C (2012) 72:2183

Eur. Phys. J. C (2015]) 75:1

Eur. Phys. J. C (2016) 76:245

Eur. Phys. J. C (2017) 77:389

Physical Review C 91, 024609 (2015)
Physical Review C 95, 064606 (2017)
Physical Review C 99, 024905 (2019)
Physical Review C 93, 014911 (2016)

8 1_—I Lifetime
s F (fm/c)
o 1.3
oS L
D
> i 417
o |
Q
&
107" - —
B % A(15200/A  _ 12.6
: — l :
- t@{ LL =%3 (x0.08) - 22
.
02— ~ At T WK(x008) || 46.4
. — T
0 2 4 6 8 10 12 14 16
(N _/dn)'"®
ch
ALICE ALICE Preliminary STAR

® pp Vs=2.76 TeV
¢ pp Vs=7TeV
X p-Pb {s,, = 5.02 TeV

m Pb-Pb |5, =2.76 TeV

O pp Vs=7TeV
o p-Pb VSNN =5.02 TeV
O Pb-Pb |5, = 5.02 TeV

ogn Xe-Xe v Sy = 9-44 TeV

% pp Vs =200 GeV
Y Au-Au |s,, = 200 GeV
— EPOS3

- - EPOS3 (UrQMD OFF)
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(3 Resonances suppression

ALICE

_81HIHIHIIHIHIHIHIH—_ Lifetime
g p%/7 (x7.0) E (fm/c)
» Suppression of KO in high multiplicity events - {18
v KO* /K reduction from low to high multiplicity (3] |
_— > K*/K (x1.2) 4.17
v Central Pb-Pb values below thermal model prediction o |
v Re-scattering of decay products in hadronic medium g 1 7& £/A (x0.5) 555
v Hint of KO* suppression in high-multiplicity pp and p-Pb S0t _
» Similar suppression of p® and A(1520] - " .
» No ¢ suppression: lives longer, decay outside fireball - aszoyn 4126
» Possible weak suppression of =Y w.r.t. pp collisions B — i
» No measurement of 2" */ /A in Pb-Pb yet, but STAR point B *@ +\ﬁ =z (x0.08) {| 22
|
02 s , = oK(-008) || 46.4
I L I R S U T B

0 2 4 6 8 10 12 14 16

(AN _/dn)'™®
ch

ALICE ALICE Preliminary STAR
Eur. Phys. J. C (2012) 72:2183
Eur. PhyS. J.C [201 5] 75:1 (] pp E =2.76 TeV 0 pPp E =7TeV * pp E =200 GeV
Eur. Phys. J. C (2016) 76:245 _ _
Eur. Phys. J. G (2017) 77-389 ¢ pp Vs=7TeV o p-Pb |5, =5.02 TeV Y Au-Au |5, = 200 GeV
Physical Review C 91, 024609 [201 5] X p-Pb Vs.. =5.02 TeV Pb-Pb Vs. =5.02 TeV —_
Physical Review C 95, 064606 (2017) PP Youy H Vo EPOS3
Physical Review C 93, 014911 (2016)
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(3 Resonances suppression

» Suppression of KO in high multiplicity events
v KB” /K reduction from low to high multiplicity
¥ Central Pb-Pb values below thermal model prediction
v Re-scattering of decay products in hadronic medium
v Hint of KO* suppression in high-multiplicity pp and p-Pb

» Similar suppression of p® and A(1520]

» No ¢ suppression: lives longer, decay outside fireball

» Possible weak suppression of =Y w.r.t. pp collisions

» No measurement of 2"*// in Pb-Pb yet, but STAR point

» Ratios do not depend on energy (RHIC — LHC]) or collision

system (same for p-Pb and Xe-Xe]

Eur. Phys. J. C (2012) 72:2183

Eur. Phys. J. C (2015]) 75:1

Eur. Phys. J. C (2016) 76:245

Eur. Phys. J. C (2017) 77:389

Physical Review C 91, 024609 (2015)
Physical Review C 95, 064606 (2017)
Physical Review C 99, 024905 (2019)
Physical Review C 93, 014911 (2016)
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ALICE ALICE Preliminary STAR
® pp Vs=2.76 TeV O pp Vs=7TeV % pp Vs =200 GeV
¢ ppVs=7Tev o p-Pb |s, =5.02 TeV Y Au-Au |5, = 200 GeV
X p-Pb ysy, = 5.02 TeV O Pb-Pb |s,, = 5.02 TeV — EPOS3
W Pb-Pb sy =276 Tev £h Xe-Xe Yy =5.44 TeV - - EPOS3 (UrQMD OFF)

XVIII International Conference on Hadron Spectroscopy and Structure

Guilin (China) | 18 August 2019 | Domenico Colella




(3 Resonances suppression

» Suppression of KO* in high multiplicity events
v KO* /K reduction from low to high multiplicity
v Central Pb-Pb values below thermal model prediction
v Re-scattering of decay products in hadronic medium
v Hint of KO* suppression in high-multiplicity pp and p-Pb
» Similar suppression of p® and A[1520]
» No ¢ suppression: lives longer, decay outside fireball
» Possible weak suppression of = Y w.r.t. pp collisions
» No measurement of 2"*// in Pb-Pb yet, but STAR point
» Ratios do not depend on energy (RHIC — LHC] or collision
system [same for p-Pb and Xe-Xe]
» Trends qualitatively described by EPOS
vY'Includes scattering effects modelled with UrGMD

Eur. Phys. J. C (2012) 72:2183

Eur. Phys. J. C (2015]) 75:1

Eur. Phys. J. C (2016) 76:245

Eur. Phys. J. C (2017) 77:389

Physical Review C 91, 024609 (2015)
Physical Review C 95, 064606 (2017)
Physical Review C 99, 024905 (2019)
Physical Review C 93, 014911 (2016)
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ALICE ALICE Preliminary STAR
® pp Vs=2.76 TeV O pp Vs=7TeV % pp Vs =200 GeV
¢ ppVs=7Tev o p-Pb |s, =5.02 TeV Y Au-Au |5, = 200 GeV
X p-Pb ysy, = 5.02 TeV O Pb-Pb |s,, = 5.02 TeV — EPOS3
W Pb-Pb sy =276 Tev £h Xe-Xe Yy =5.44 TeV - - EPOS3 (UrQMD OFF)
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Baryon/Meson Ratio

@ Baryon-To-Meson ratio

» Allow us to study the interplay of hydrodynamics and recombination H L IC E

» In central Pb-Pb collisions

Y p/m, A /KO enhancement at intermediate pr

Pb-Pb | s, = 2.76 TeV 0
1.5+ Centrality 0-10% . A/ KS .
. Phys. Rev. Lett. 111 (2013)22301 " # * g
Phys. Rev. C 88 (2013) 044910 .. ¢ A
Phys. Rev. C 91 (2015) 024609 ‘. .
B
1 .
. I p/m
. * *
N ‘gﬂ* e
) *
0.5 |e[q o . o/ *e o
- p/(b x0. 1 .
[ ALICE
ot
OM'Axlllllllllllllxxl
0 1 2 3 4 5
P, (GeV/e)
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Baryon/Meson Ratio

@ Baryon-To-Meson ratio

» Allow us to study the interplay of hydrodynamics and recombination n L IC E
» In central Pb-Pb collisions

Y p/m, A /KO enhancement at intermediate pr

v Effect arising in the bulk and not from jets

| L N BN BB LN BN BLELEL
Pb-Pb | s, = 2.76 TeV 0 X" F |
| S = < A/Kg S I ALCE Pb-Pb, | 5,,, = 2.76 TeV, 0-10% 1
- Phys. Rev. Lett. 111 (2013) 22301 | # * | + - in jets, p7""' > 10 GeVic
Phys. Rev. C 88 (2013) 044910 .. ¢ ¢ < 16 +— injets, ™ > 20 GeVic
Phys. Rev. C 91 (2015) 024609 R . N " .
. 1 1.4 feed-down uncertainty _‘
7 : inclusive A/KZ, ALICE, -
1 A p/?t . 1.2 (0-5 %, lyv'] <0.5) .
. - " :
) Rk K ’ 1= In ] <0.7 =
- Lot % >
. f#‘* o* 1 [ - ar:!i-k,. R=02 ]
L | 0 . . i*. . 1 = ] Tonen! <% :
0.5 .l. a : 06"_ E p:'”"‘"‘">SGeV:‘c =
" p/¢ XO 1 . - pY** > 150 MeV/c .
‘0 *\' o 0.4 —
ot ALICE 0 2: - == t 3
0 _.M A PURET TN (T WY T TN VRN (NN WY T T T N W U S A | ) N 1
0 1 2 3 4 5 0(; 'l AL L é | é Al 110 - — 12
p. (GeV/c) p. (GeV/c)
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Baryon/Meson Ratio

@ Baryon-To-Meson ratio

» Allow us to study the interplay of hydrodynamics and recombination

» In central Pb-Pb collisions

Y p/m, A /KO enhancement at intermediate pr

v Effect arising in the bulk and not from jets

v Models — Effect consistent with a flow boost pushing particles from low to high pr
* Hydro describes only the rise <2 GeV/c
* Recombination reproduces the effect at intermediate pr but overestimates towards lower pr
* EPQOS (with flow] gives good description

Pb-Pb \ SNN =2.76 TeV A/Ko %
1.5+ Centrality 0-10% . S 4 =
. Phys. Rev. Lett. 111 (2013) 22301 & * & +
Phys. Rev. C 88 (2013) 044310 .. ‘e <
Phys. Rev. C 91 (2015) 024609 ‘. .
‘
1r .
 pin
- * ¥ ;
; xﬁ" X .
N *
0.5+ .l. -.j.. ...‘A._ o '.' *
... ‘,' p/(D x0.1 .
1 .. t.
ot ALICE
0 M i PRI W N YN W WO WO (NN VRN TR TR U S TN W U W |
0 1 2 3 4 5
P, (GeV/c)

n
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| L S B B B MR
 ALICE Pb-Pb, | 5, = 2.76 TeV, 0-10%
- Preliminary & injets, p‘: " > 10 GeVic

- +— injets, p™" >20GeVic ]
; feed-down uncertainty 1
. inclusive AK, ALICE, -
- TP 05% Iy 1<05) .
3 ﬂ:‘ In, <0.7

- anti-k, R =02

L e lqmcrl <05

m p:’”'"’ "X . 5GeVic
p""c‘ > 150 MeV/c

jl lllllllll

.lllli

:
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10 12
P, (GeV/c)

owm 22»

< 2

ALICE

PRL 111 (2013) 222301
ALICE: Pb-Pb at | 5,,=2.76 TeV
« NKG 0-5%
+ VK 60-80%
systematic uncertainty
Theory 0-5%
Hydro VISH24+1
Recombination

— (Fries et al))
¢ EPOS

[ ¢ ‘
3 'Y
Y o o 0 o 2 2 ) . . s s L 4 2 2 0 4 .
8

10 12
P, (GeV/c)

ly|<0.5

)RR A

Y T

TryYY

Song, Phys. Lett. B 658 (2008) 279
Fries et al., Ann. Rev. Nucl. Part. Sci. 58 (2008) 177
Werner, Phys. Rev. Lett. 109 (2012) 102301

XVIII International Conference on Hadron Spectroscopy and Structure

Guilin (China) | 18 August 2019 | Domenico Colella



Baryon/Meson Ratio

@ Baryon-To-Meson ratio

» Allow us to study the interplay of hydrodynamics and recombination

» In central Pb-Pb collisions

v p/m, A /KO enhancement at intermediate pr
v Effect arising in the bulk and not from jets
v Models — Effect consistent with a flow boost pushing particles from low to high pr
* Hydro describes only the rise <2 GeV/c
* Recombination reproduces the effect at intermediate pr but overestimates towards lower pr
* EPQOS (with flow] gives good description
Y p/ ¢ independent of pr = Similar mass drives similar spectral shape
e Can be explained by models with recombination (Phys. Rev. C 92 (2015) 054304

ALICE

2 | S . I T Iy ‘[ T I | B B ] T T TTTT E
Pb-Pb | 5, = 2.76 TeV 0 F A |
i S A/K 9 [ ALICE Pb-Pb, | 5, = 2.76 TeV, 0-10 %
: = - A S =< - . PRL 111 (2013) 222301
1.5 Centrality 0-10% ‘e S 4 = 18 Preliminary o— injets, =" - ¥ 22F <05 ALICE: Pb-Pb at | 5,,=2.76 TeV
. Phys. Rev. Lett. 111 (2013)22301 " # * + - in jets, p7~" > 10 GeV/c : x o Vi< : | Sa=2.
Phys. Rev. C 88 (2013) 044910 .. ¢ A < 16~ +— injets, p:ﬂ.cn > 20GeVic — 2 18 ~ . .\/K‘; 0-5%
Phys. Rev. C 91 (2015) 024609 A [ | . : + A 60-80%
| . 14 leed-down uncertainty 16} sys{emaiic uncertainty
- inclusive A/K2, ALICE, : 14} H Theory 0-5%
1 . 1.2 T (0-5% Iy 1 <0.5) 1ok ;
p/m ‘ v 1 - A Hydro VISH2+1
! * - 1 1 i . l?__ocombig?tion
* 1 1= — E (Fries et al.)
o ""'ﬂ' R 2 el <0.7 : 08F o EPOS
' - 0.8~ anti-k, R =02 s E LN
L @ ‘ * o . n -
0.5 SEICNCH (@ ® 61— preInt . 5GeVic 0.4} ¢
LI 08 = Feq 7 ] 0.2F $
Q. t' p/(b XO ' 1 ’ - ﬁ p'v'wI > 150MeV/c 1 .0 | ! ! . |
.o o 041 L e o 2 4 & 8 10 12
| ¢ " o [—
o ALICE ot == o =3 p, (GeV/c)
0 M " FURNT D NN VRNNT VRN TR TR (NN TRNNY TR TN T S TN SO W 1 ' N ] Song, Phys. Lett. B 658 (2008) 279
0 1 2 3 4 5 0 1 2 a2 |l 2 o l s s 2 bl s s s bl ol Fries et al., Ann. Rev. Nucl. Part. Sci. 58 (2008) 177
0 2 4 6 8 10 12 Werner, Phys. Rev. Lett. 109 (2012) 102301
pT (GeV/c) p, (GeV/c)
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@ Baryon-To-Meson ratio

ALICE

sz.z lllllll ) L ',""'l L T F i as lllllll l‘_llllll .Ll T T 1 rni l_
x ALICE Preliminary pp 1s =7 TeV ALICE Lb \s,m - 5 02 TeV T ALICE Pb-Pb s, =2.76 TeV ]
~ 2 F—=—] VOM Class |, (dN_/dn) = 21.3 - [=2—] 0-5%, (dN_/dn) = 45.1 T = 0-5%, (dN_ /dn) = 1601.0 B
< 4.8F F=) VOMClassX, @N_/dp=23 1 [ 60-80%, (dN_/dn) = 9.8 F o 60-80%, (dN_/dn) = 55.5 :

(VOM Multiplicity Classes) (VOA Mult. Classes - Pb side)
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» Across the three systems A /KO evolves
v with multiplicity in qualitative way: depletion at low pt and enhancement at intermediate pr
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@ Baryon-To-Meson ratio

ALICE
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f 1.6f e ALICE Preliminary pp \s =7 TeV | pp: 2.50 < p_<2.90 GeV/ic I pp: 6.50 < p_<8.00 GeV/c
< ] E ALICE p-Pb V8w = 5.02 TeV | p-Pb: 240< pT < 3.20 GeV/ic . p-Pb: 6.00 < pr < 8.00 GeV/e
1.4F (GJALICE Po-Pb {5 =276 Tey ] PEPD: 240< P, <3.00GeVic H T Pb-Pb: 650 < p_<8.00GeV/c |
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it ﬁ 1 ﬁ t '
i R R
0.6 # § T ﬂﬂ ' # ﬁ ﬁ § ]
| % | ’ﬂob f . { ¢
0.4 + T 1
| Ik |
 (<4) ' [ (x2)
0.2-1 A4 llALll e lAAll 4 lljll A A T L Al l‘llll A -l lllll A AL A lllll A A l-'- A Al llllll A - lllll A AL 1l ll‘ll A A l-
10 10 10° 10 10° 10° 10 10 10°
(chh/d mlnl 05

» Across the three systems A /KO evolves
v with multiplicity in qualitative way: depletion at low pt and enhancement at intermediate pr
v rather smoothly for given pr intervals

Points toward one common driving mechanism in all systems
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Guilin (China) | 18 August 2019 | Domenico Colella

11



(®) Light nuclei production

» Light [anti-Jnuclei significantly produced at the LHC in pp, p-Pb and Pb-Pb collisions H L IC E
» The production mechanisms in high-energy physics still not completely understood
v Low binding energy [Es ~ 1 MeV) w.r.t. the kinetic freeze-out temperature (T ~ 100 MeV)

mam KK o KuR 0 R e e |, iH;iﬁ e

2 2 2 2 2
LH]

g 10° e | ALCE Prefiminary |
» Two classes of models are available: SAFE T T e TP Tws@RTVOTR
T e
v The statistical-thermal model L ST S NN S NS SN U B Rt B A
i ) 10—2 ;_ Model T (MeV) V (fm”) *?/NDF : : : : _;
_ E |— THERMUS 4 152+2 7832+ 484 710| : : :
¢ PPEdICtEd y|8|d dN/dy ocexp[ m/TCh] StPDng|y 107 = |- GSkHeidelberg 1:3J_r2 722%4?0 451?.9/18 ,_..'..__
dependent on Teh for nuclei given large m e e s S s s v dll IS S vt B

* Yield well predicted for d, 3He and 3,H

v The coalescence model
* Nucleons that are close in phase-space at the freeze-
out can form a nucleus via coalescence

(mod.-data)/c,,, (mod.-data)/mod.

* Main parameter is Ba, related to the probability to °
form a nucleus: A
&N, !
E, F
BA ==

- Alis the mass number of the nucleus J. |. Kapusta
Phys. Rev. C 21 (1980) 1301

- Pp = palA X
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(®) Light nuclei production

» Simple coalescence — Baflat in pr
v Behaviour in Pb-Pb = NOT described

¥ From high to low multiplicity — rise in pr becomes milder

¥ In pp collisions Bz flat in pr

10
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VOM Multiplicity Classes

ALICE Preliminary
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Pb-Pb |5, = 5.02 TeV

® 0-5% ° 5-10% ° 10-20% 20-30%
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e 70-80% ® 80-90% o ppINEL Vs=13TeV

En INEL normalisation uncertainty: 2.55%

Pb-Pb

ALICE Preliminary
deuterons, |y| < 0.5
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(®) Light nuclei production

» Simple coalescence — Ba flat in pr
v Behaviour in Pb-Pb = NOT described

¥ From high to low multiplicity — rise in pr becomes milder

¥ In pp collisions Bz flat in pr

» Be does not show discontinuity between different colliding

systems and different energies

v Unique production mechanism depending on the system size

v Two regimes observed
A. flat: system size smaller than deuteron size
B. decreasing: system size larger than deuteron size

107

|

le]d+d, pp, Vs = 7 TeV (PLB 794 (2019) 50-63)

[¢]d+d, p-Pb, \sy, = 5.02 TeV (arXiv:1906.03136)

[+]d, Pb-Pb, \[s, = 2.76 TeV (PRC 93 (2015) 024917)
B, coalesc. r(d) = 3.2 fm (PRC 99 (2019) 054905)

Y

'-‘;,i_.
‘\lﬂ\,~

%|d, pp, Vs =13 TeV
[a]d, Pb-Pb, sy, = 5.02 TeV

== Param. A (fit to HBT radii)

—Param. B (constrained to ALICE B,)
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(®) Light nuclei production

» Deuteron/proton ratio does not show discontinuity between different
colliding systems and different energies
v Unique production mechanism depending only on the system size
v Two different regimes (or three)
A. increasing: thermal model = canonical suppression,
coalescence — small phase space
B. flat: no dependence multiplicity, in agreement withe thermal
model and coalescence
C. suppression (?): too large uncertainties for a conclusion

0.004

0.003

0.002

0.001

ALICE

= [#]Pb-Pb,\s,, = 2.76 TeV (PRC 93 (2015) 024917
~ [#]p-Pb, |5y, =5.02 TeV (arXiv:1906.03136)

- pp, Vs = 900 GeV, d/p (PRC 97 (2018) 024615)
— [*|pp, s =2.76 TeV, d/p (PRC 97 (2018) 024615)

— Klpp, Vs =7 TeV, dip (PRC 97 (2018) 024615)

~ [®]pp, Vs =7 TeV (PLB 794 (2019) 50-63)

— [m]Pb-Pb, |5, = 5.02 TeV
- [¥]pp, Vs =13 TeV
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(®) Light nuclei production

ALICE

~ [#]Pb-Pb, |5, = 2.76 TeV (PRC 93 (2015) 024917)

= [#]p-Pb, {5 = 5.02 TeV (arXiv:1906.03136) d eu te ron
- pp, Vs = 900 GeV, d/p (PRC 97 (2018) 024615)

o - [Fpp, Vs =2.76 TeV, dip (PRC 97 (2018) 024615)  ALICE Preliminary
QN 0.005[— [Kpp. Vs = 7 TeV, d/p (PRC 97 (2018) 024615)

~ [®]pp, Vs =7 TeV (PLB 794 (2019) 50-63) @

0,004 [m]Pb-Pb, s, = 5.02 TeV

» Deuteron/proton ratio does not show discontinuity between different
colliding systems and different energies
v Unique production mechanism depending only on the system size 0.002
v Two different regimes (or three)
A. increasing: thermal model = canonical suppression,
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C. suppression (?): too large uncertainties for a conclusion 3 -
» Similar smooth transition vs multiplicity and regimes observed also for 2 105 L
3He — More data needed to cover the multiplicity gap D -
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= 2°He/ (p +p), Pb-Pb m =2.76 TeV, PRC 93 (2016) 2, 024917
+ 2°He/ (p +p), pp Vs =7 TeV, PRC 97 (2018) 2, 024615
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Conclusions

ALICE

‘= Hadron ch. driven by final state multiplicity (no v's dependency)] at the LHC

‘= Thermal description fairly good in large systems
v tension for proton and multi-strange

v resonances suppression

v canonical approach successful in small systems [but ¢)

"= Yield smooth evolution with multiplicity suggest cormmon production mechanism
v d and 3He: coalescence in small systems — thermal production & hydro in large systems
= Flow-like effect qualitatively similar in large and small systems smoothly evolving
with multiplicity @ common production mechanism
v Effect also explained in recombination models
= ¢ yields evolve as an open strangeness particle
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LHC Run3/4 program and ALICE Upgrade strategy

4 key objectives identified by HL /HE-LHC
working group 9 for high-density QCD at LHC

after LS2

1. Characterising the microscopic long-wavelength
QGP properties with unprecedented precision

2. Accessing the microscopic parton dynamics
underlying QGP properties

3. Developing a unified picture of partial production
from small [pp]) to larger [p-A and A-A]) systems

4. Probing parton densities in nuclei in a broad [x,
(2] kinematic range and searching for possible
onset of parton saturation

Proposed run schedule for Run 3/4

System  Js, JsNN
Pb-Pb | 55TeV
p-Pb . 8.8 TeV
pp 14 TeV
| 88Tev
| 55TeV
0-0 | 7TeV
p-0 | 9.9Tev

L Note
13 nb-* 3 nb' low B-field
12 pb
200 pb-’ High-multiplicity triggered
3 pb!
6pb?
500 pb- pilot run
200 pb

' Illl T
Illll

Run 3: Lebpb = 6.0 nb!

4% '] l
n\

TPCMMMWPC

m m«mww
COmissioning boqnnmg
on olomd

"TGMM

nmsie consvucbon

TPC GEM ROC
instalation

ALICE Upgrade strategy
» New silicon trackers: ITS (mid-rapidity), MFT [forward rapidity)

wcwmm

» New TPC read-out chambers (GEMs) and electronics

» New Fast Interaction Trigger (FIT)

» New Read-out of other detectors [TOF, TRD, Muon arm, ZDC,...)
» Upgrade of Online and Offline systems (O project)

2025

2026

2027 l 2028 l

2029

a1 A0

AN ) » .

™ T

|

* A l(:x-oﬂ[nu« JOER0

Run 4: Lp|:>p|c>—7()l1b‘I
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Centrality/ Multiplicity determination

» The centrality/multiplicity classes requires the following steps:
¥ the VO amplitude distribution is fitted with Glauber MC
v absolute scale is defined, through the definition of anchor point,
as the amplitude of the VO equivalent to 90% of hadronic cross-
section
v data are divided into several percentiles selecting on signal
amplitude measured in the VO
» VO amplitude distribution

v Pb—Pb and pp: sum of amplitudes in the two VO scintillators, - ‘
VO-ARVO-C {)/FC)]I\/I P The VO detector is composed of a pair of
) ) [ ) _ _ forward scintillator hodoscopes placed at
v p—Pb:.amplltude by_ VO-A (placed on_the outgqlng Pb. side] o 2.8 <n<5.1[V0-A) and -3.7 <1 <-1.7 [VOg)
» (dNcn/dh) is measured in |h|< 0.5 to avoid “auto-biases” in multiplicity
determination
PRC 88 (2013) 044908
E E Auce ;tr:bh]h 278 Tev Pb-Pb
— 2 a
2107 NBO-Glauber ft i
(dN,/cn) § P xlfN_ (100 w
= 0 §
\ 120000 el b '
Colliding system 10 Tl
Centrality/Multiplicity class
(Pb—Pb,/p—Pb/ pp) Pb—Pb p—Pb PP 10°
(Vsnw = 2.76 TeV) (Vsnn = 5.02 TeV) (Vs =7TeV]  \
0-5%/0-5%,0-0.95% 160160 45+ 21.3+x0.6 10* i g i g § £
O D O 3.90+0.1 , LK
/70-80%,/60-80%,/48-68% 35+2 9.8x0.2 4 LY . ol 00 ‘m..n., b
VZERO amplitude (a.u.)
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