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Introduction

ALICE detector

pr spectra of light flavour hadrons (z, K,
p, A, B, Q,d, (anti-)nuclei (3He, “He) and

(LAY

Dataset Vs (TeV) i!ntégrated .
luminosity 3,H) and comparison with hydrodynamical
2010 Pb-Pb  2.76 ~10 pb-! models in Pb-Pb and p-Pb
2011 Pb-Pb 2.76 ~0.1nb-1 Baryon-meson ratios (Pb-Pb, p-Pb)
2013 p-Pb 5 02 ~0.1nb-1 =/n, Q/n and d/p ratios (Pb-Pb, p-Pb)

Thermal model results (Pb-Pb, p-Pb)
Summary




T o e final detected
Relativistic HQCIVY-IO” Collisions particle distributions

made by Chun Shen Kinetic
freeze-out

Hadronization
Initial energy
density

free streaming

collision evolution
t~0fm/c T~1fm/c T ~ 10 fm/c T ~ 1019 fm/c

After a pre-equilibrium stage the system evolution
can be described in ferms of viscous hydrodynamics
( QGP properties similar to those of a strongly
interacting fluid )
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Initial hot and dense
partonic matter rapidly
expands.

Collective flow

develops and the
system cools down.
Phase transition
(crossover) to hadron
gas takes place at
T(pseudo-)cri‘rical .
Chemical freeze-out
takes place when
inelastic collisions stop.
Kinetic freeze-out
happens after the
chemical freeze-out
once elastic collisions

stop.
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LS [ ight flavour hadrons piice

The production of particles formed only by light quarks (u, d, s), as
r, K, p, A, E,Q, K*(892)°, $(1020) and d, (anti-)nuclei (3He, *He) and
3,H, at low and intermediate p, allow us to

e Constrain the soft particle production models

* Check strangeness production mechanisms (no net strangeness is
present in colliding nuclei)

« Study collective phenomena characterizing the dynamical
evolution of the fireball

* Probe the thermal models for particles production
« Test nuclei production mechanisms

« Understand the late hadronic phase (K*, see talk by A. Knospe)
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ALICE particle identification capabilities are unique.
Almost all known techniques are exploited: dE/dx, time-of-
flight, transition radiation, Cherenkov radiation,

calorimetry and decay topology (VO, cascade)
\ (Stip ) (Drift ) (Pixel)

ZDC
~116m from LR,

ABSORBER
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ALICE particle identification capabilities are unique.
Almost all known techniques are exploited: dE/dx, time-of-
flight, transition radiation, Cherenkov radiation,

calorimetry and decay topology (VO, cascade)
(Swip) (Drift) (Pixel)
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icle identification via
dE/dx and precise separation of
primary particles and those from
weak decays of strange particles
or knock-out from material
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ZDC
~116m from LR,

DIPOLE
MAGNET,

ABSORBER
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The ALICE detector
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INFN
( /' di Fisica Nucloare HLICE
ITS: particle identification via
dE/dx and precise separation of
primary particles and those from
ALICE Coll. , Int. J. Mod. Phys. A29(2014)1430044 weak decays of strange particles
or knock-out from material
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Resolution of the transverse
distance < 50 um for p;>1 GeV/c
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Energy-loss distribution in
ITS-stand alone
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ALICE particle identification capabilities are unique.

. 1 : : particle identification via
Almost all known techniques are exploited: dE/dx, time-of- mnd B separation of

flight, transition radiation, Cherenkov radiation, primary particles and those from
calorimetry and decay Topology (VO, cascadse) o weak decays of strange particles
(acoRoE) — or knock-out from material

SR e P TPC: particle identification via
e =< ; dx

TRACKING
CHAMBERS
ZDC ~ f- 7
‘ — "

[ TRIGGER
~ LCHAMBERS

DIPOLE
MAGNET,

ABSORBER
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ALICE

ITS: particle identification via
dE/dx and precise separation of
primary particles and those from
weak decays of strange particles
or knock-out from material

ALICE Coll., Int. J. Mod. Phys. A29(2014)1430044

TPC: particle identification via

") P — = = dE/dx
2} Y .-- - b ¥ . P 1
E .-"\ 5. i 1. d ) ]
-3 180 2 ' ' Pb-Pb ﬁ=276T€V: ’-\1000_11 T NEELE I LY T T T T
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~:i . < 900 E_l\ \ | He’\ He S —276Tev
o 1208 1 8 700F
= 100f 1 8 e00F
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400F-
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200F Mo NN M el e
1 1 ] | 1 1 I R E‘{[-
02 03 1 2 3 4567890 20 100§-é- ———————
p (GeV/c) 0 —
o 0.1 02 0.3 1 2 3 45
TPC specific energy loss vs. p/Z (GeVrc)
particle momentum dE/dx vs. p/Z for negatively-

charged particles
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LIZEmmmT le identificat bilit —
A particle identification capabilities are unique. , T
Almost all known techniques are exploited: dE/dx, time-of- magzzjcfr,'edcei;:':'e;c;tao:ig;\aof
flight, transition radiation, Cherenkov radiation, primary particles and those from
calorimetry and decay topology (VO, cascade) weak decays of strange particles
(o) =2 or knock-out from material

= Srnicy ‘_ N TPC: particle identification via
— =S E/dx

| . q. — W~} TOF: particle identification via
PMD AT : ime-of-flight
> A P 2

ZDC
~116m from P,

|l ~ \CHAMBERS

ZDC
~116m from |P,

ABSORBER
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ALICE Coll. , Int. J. Mod. Phys. A29(2014)1430044
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The ALICE detector s

ALICE

ITS: particle identification via
dE/dx and precise separation of
primary particles and those from
weak decays of strange particles
or knock-out from material

TPC: particle identification via
dE/dx

TOF: particle identification via
time-of-flight
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ALICE particle identification capabilities are unique. T T TT——
Almost all known techniques are exploited: dE/dx, time-of- dE/SC;)fa;:;l:r,'edc?;:':'ecpﬂao:ig:]aof
flight, transition radiation, Cherenkov radiation, primary particles and those from

calorimetry and decay topology (VO, cascadf) weak decays of strange particles
(Bcoo) 2] or knock-out from material

TPC: particle identification via
dE/dx

TOF: particle identification via
time-of-flight

TRD: electron identification via
transition radiation

ek v = MUON | i
TN ‘:-": i d / 1l /71 ‘) s
— = L IBA / : A e i
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DIPOLE \
MAGNET)

ABSORBER
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|_
:% 0.14 | ALICE, Pb-Pb, | Snn = 276 TeV, n|<0.8
Q_l_ B ° TPC-ITS p_resolution
T’; 0.12 B fit (p,>1 GeV/c)
- syst. errors
o

0'08 __ PE?FI;RIPEQECE

0.06
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% 10 20 30 40 50
P; (GeV/c)

Relative pt resolution
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ITS: particle identification via
dE/dx and precise separation of
primary particles and those from
weak decays of strange particles
or knock-out from material

TPC: particle identfication via
dE/dx

TOF: particle identification via
time-of-flight

TRD: electron identification via
transition radiation

ITS+TPC+(TRD): excellent track
reconstruction capabilities ina
high track density environment
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ALICE
ITS: particle identification via

ALICE particle identification capabilities are unique.
Almost all known techniques are exploited: dE/dx, time-of-  [\e5 i = B e narction of
flight, transition radiation, Cherenkov radiation, primary particles and those from

calorimetry and decay topology (VO, Casca((:{f)) it o weak decays of strange particles
AORDE\ — or knock-out from material

L T TPC: particle identification via
’ dE/dx

HMPID

i dllV
TRACKING ;
CHAMBERS .

- D A TOF: particle identification via ‘
M‘ Tlme-of-fllgh'r
- Wfﬂ,‘ﬁ ‘A TRD: electron identification via
'ﬁﬁr m transition radiation

ITS+TPC+TRD: excellent track
reconstruction capabilities ina
high track density environment

HMPID: particle identification
via Cherenkov radiation

ABSORBER
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ALICE
ITS: particle identification via

ALICE particle identification capabilities are unique.
Almost all known techniques are exploited: dE/dx, time-of-  [\e5 i = B e narction of
flight, transition radiation, Cherenkov radiation, primary particles and those from

calorimetry and decay topology (VO, CGSCGC(:{S?)) o weak decays of strange particles
(Bcoo) e or knock-out from material

L T TPC: particle identification via
= ’ dE/dx ‘

HMPID

TOF: particle identification via
time-of-flight

TRD: electron identification via
transition radiation

w
| HAMBER

~ o o ITS+TPC+TRD: excellent track
| reconstruction capabilities ina
high track density environment

HMPID: particle identification
via Cherenkov radiation

=

ABSORBER

Particle identification over a wide momentum range (0.1 GeV/c to ~ 30 GeV/c)
— ALICE is ideally suited for the measurement of light flavour hadrons
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ALICE
Weakly decaying hadrons and hypernuclei are
reconstructed via their decay topology by
combining their daughter tracks which are
displaced from the primary vertex
W -
I K(dS) > 77~ Qa*(dss) > Az > pr A |
21 S BHoHe
b= £ 1=+ (dss) > Az — prizt | 2
“lA(uds) > pzr~ | + T
) O (ss8) > AK- — prK- § 3SH — 3He + 7+
x10° 3 _(—) A = _ _ A
;225_ FIA uds)— pr* 2o Gss) > Ak - prok- I
I
S 20t .
0 x10 3
% : % L Pb-Pb at \ 5,y = 2.76 TeV q, 1201 — A H
° 15'- «é‘j 200; (a) 0-80% centrality E’ 100:— ——— Like-Sign Background %(é
I &8 " Lo Combined Fit (pol3+Gauss)
[ g o 80 ALICE
10 | 8 ‘g PERFORMANCE
: L 8 60 | J} 14/07/2013
. 100 &) L
| : 40t
: T 20[4
ol '- S - N I~ S IV I ¥ Oi T
1.08 11 Ma1§;2(pn’) (1(3':;//02) Invariant Mass( A, ) (GeV/c?) L |+. S + o
289 298 3 302 304 306

ALICE Coll. PRL 111, 222301 (2013) ALICE Coll. PL B728, 216 (2014)
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Invariant Mass(*He, ) (GeV/c?)



CEM Resonances: ¢(1020) and K*(892)

ALICE
« Combination of primary tracks after track-by-track particle identification

» The signal sits on a large combinatorial background (expecially in Pb-Pb
collisions). The background is estimated by like-sign or event mixing technique

x10° <~ F
&(‘; - 0in Pb-Pb\ s, = 2.76 TeV, cent. 0-10% N(J 25000 - ALIGE » Data (stat. uncert.)
S 1200} = i — Voigtian Peak Fit
e i QL 20000} .
= 1000, S : ¢ ----- Residual BG
= (I) Pb-Pb ~ 150000 0.8 <p. <1 GeV/c
» 800p & cent. 0-10%
€ i S 10000
3 600 — Unlike-Charge Pairs 3
(&) 400 2 Like-Charge Pairs O 5000k
[/ e Mixed-Event Background " ¢
200 L 0.8 <'OT <1 GeV/C 0 ._+§ -------- ST L + e + +_
ALICE - §in Pb-Pb | sy = 2.76 TeV t 4
Olll\"l"lllllJ"‘I' _5000—TIII\lllll‘lll\ll\lll\II\I\
1 1.02 . 1.04 1.06 1-082 1 1.01 1.02 1.03 1.04 1.05
KK Invariant Mass (GeV/c?) KK Invariant Mass (GeV/c?)

ALICE Coll. Phys. Rev. €91(2015) 024609

A. Knospe talk
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_;_2 E Range of combined fit Tc ? § 1 03 ' . Range of combined fit p
@ 10° S 2 g 10—
g): Pb-Pb 7] g o [oee
<10* e (@ -  Z10°E g (©) _
3 “enlen, - Clear signature of
Q By, o 1 . . .
S 10 @:::32::%‘ os% : T OF %o 05% 1| radial flow in Pb-Pb
G 10° o 0, P 70 1 £ 1k . collisions
zl— 10 agﬁgﬁ::g‘ﬁ% EI— ’ ; o
= -9 &= gl L
‘_g 1 ? ] g@ﬁ:%ﬂ: 1_51 0* E
%10'1 %—+ positivq_ %gg %1 03 F o positive )
F —=— negative B@% E = negative
102 £~ combined fit 4 [~ combined fit =
. o indvidual it g goe, Mg, i3 107F - individua f 80-00% Sy
0EII\I|J\\I‘\IIJ‘IIJlllJLIlJ.'T"‘IJ‘\L"’.I.:i'é 10—5_||||||1|1||1|||||||"""-
0O 05 1 15 2 25 3 0 1 2 3 4 5
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Characteristic hardening of the spectrum with increasing centrality.
It is more pronunced for heavier protons than for pions. —
Mass ordering as expected from collective hydro expansion.
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ALICE coll. Phys. Rev. €88, 044910(2013)

§ 10: __I '''' o ALICE, PtIJ-PIb\lleN=IZ.I7EITelV """"
o 10°F 4
s oF i PN Ao 00 Stronger radial flow at LHC than
;5 - e at RHIC. From Blast-Wave fit:
% ° L &, ek Tiin ~ 95 MeV (~ RHIC value)
§ T LTI S <Br>~0.65 ¢ (~10% larger than RHIC)
:> 10° | --EPOs 0-5% Central collisions O —
P I i B (R
- er ¢ LAl S
I HYDRO MODELS
s s ) I - VISH2+1: viscous hydro
I « HKM: ideal hydro with hadronic cascade
] following hydrodynamics (UrQMD)
il P+P « Krakow: hydro+ bulk viscous corrections
e N — « EPOS: hydro+UrQMD, bulk +jets

P, (GeV/c)

Low pr spectra nicely described by hydro models
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ALICE coll. PLB 728, 216 (2014)
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Pb-Pb at \ s, = 2.76 TeV Centrality:

0 = —*— 0-10% x 3.0
= —— 10-20% x 1.5
1 —a— 20-40%
40-60%

60-80%

1/N, ., FN/(dp. dy) (GeV/c)'

——e
- e —he
\\\\\\ T
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~ 1 E )
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N L :
2F 40-60%
1E
=3 Il
8F
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7 8
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Model /Data

Pb-Pb at \ s, = 2.76 TeV

Centrality:

1 —=— 0-10% x 3.0
—a— 10-20% x 1.5
—— 20-40%
10" 40-60%
. 60-80%
2 3 e . = systomalics
10°
g -‘ll;"!}‘\ . '-.__
10° & : " i, —'“:—
‘-.‘_\ _-‘:T;-"".;""‘.-'
104 Sw—
P N P I ) e e L
3E
2F e 0-10%
1 i
1
3 E
2F ey BRI 10-20%
- e e
3F
2F 20-40%
e e e
2E . 40-60%
1 f L Deieinielat -
3 = 1 = 1 1 1
2F . .
2t e ' 60-80%
E L il -‘..\"r—l el Y
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| Multi-strange hadron spectra in Pb-Pb

ALICE

HYDRO MODELS

VISH2+1: viscous hydro
HKM: ideal hydro with
hadronic cascade following
hydrodynamics (UrQMD)
Krakow: hydro+bulk viscous
corrections

EPOS: hydro+UrQMD,
bulk+jets

Comparison to data:

Krakéw model best for
yield and shape at p< 3
GeV/c

EPOS reasonably good in
a wider py range and vs
centrality

Hydro models give a reasonable description of spectral shapes.
Worse agreement for the Q
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| ¢/p ratio: mass ordering in Pb-Pb

Mass or'der'mg can be best validated by looking simultaneously at ¢ and

IA. Knospe talk I

proton spectra, due to their similar mass
ALICE Coll. Phys. Rev. €91(2015) 024609

2,70 ¢0-10%  ALICE ]
S 120-40% L
&-0.6¢
- = 60-80%
*°" v 80-90% ]
0.4r

0.3

L

i ]
;

O1 " Pb-Pb| sy, =276TeV
pT(GeV/c)

o/p ratio is flat for p<3-4 GeV/c
in central Pb-Pb collisions

ALICE

B [
S 1§ALICE O
8 I E” &I
= L
o
L .
107} - Centrality 0-10% -
i @ p/n :
* p/m (rebinned)
e O/t x4.8
102} Pb Pb sNN = 2 76 TeV 3
(GeV/c)

d-mesons and protons have p
spectra with a similar shape

Low p; spectral shape is determined by particle mass, i.e. consistent with

hydrodynamic description
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ALICE coll. PLB 728, 25 (2014)

WM Mode/ comparison for p-Pb collisions

—
ALICE, p-Pb,\s,, =5.02TeV [— Blast-Wave
== EPOS LHC
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ALICE

Blast-Wave: hydro-inspired fit, thermal
sources expanding with common velocity
EPOS LHC: hydro +URQMD, bulk+jets
: hydro + bulk viscous corrections
: pQCD inspired model

Hydrodynamic models (EPOS,
Krakow) show a better agreement
than QCD inspired models
(DPMJET).

p-Pb and Pb-Pb data follow same
trend, i.e. consistent with a
collective expansion




ALICE
§ 100 BTTTTTTTTTUALIGE preliminary, ppo, | 5= 5,02 TeV (D
.9 1 03 VOA Multiplicity Class (Pb-side): 0-5%
= > E —4— m* + 7 (100x) — 02— e e
8 10 N ; ﬁu ;2'; )(50x) %J - 3
=10 s Te oS s 018 l =
3 T S i = o1k ‘M* | E
_8-'_ 10 = ;21&((001):()) I__;'E - E % \_T—%—%\_F PRELIMINARY E
S w0 gBI|2§;|v¥fve 0.14F Q 2 E
% 0.12F °  oom R g =
g 01F R WO
§ F —e— ALICE, p-Pb, \ 5, = 5.02 TeV R 3
S 0.08 - VOA Multiplicity Classes (Pb-side) -
2 oo o AT e :
T ] 004:_ — PYTHI;Q%?l\s =_7 TeV (with Color Reconnection) _:
""" L POl bt i
oaisceve 3 e 00927025 03 035 0.4 045 0.5 055 0.6 065 0.7
— ] (B
9 poseeve 3 KO
E e * | Tkin Vs <By> for different multiplicity classes:
g wizeiic 3 o |+ Similar trend for Pb-Pb, p-Pb, pp
©T T e B . 3 . . .
ey - | Lower Ty, and higher radial flow in Pb-Pb
wweii o |° PYTHIA 8 with color reconnection shows a
55 10 similar trend (without hydrodynamic flow)
P (GeV/c)
In p-Pb collisions a combined blast-wave Other effects can mimic
fit to all particle data gives a reasonable flow-like patterns!

description of low p; spectra.
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~ ALICE Preliminary
Pb-Pb, | sy, = 2.76 TeV

— blast-wave fits

Q

=

()]

S 0.04

= deuteron
=

O

S 0.03 —+— 0-10%

= —+— 10-20%

= & 20-40%

© 0.02 4 40-60%
2 —+— 60-80%

<

0.01

WIS B —
0 1 2 3 4 5 6 7 8
p_ (GeV/c)

d’N/(dydpr) (GeV/c)™?)

Deuterons and °He in Pb-Pb

- ALICE preliminary
10% =
oy EEE@EE@ He
10'5?‘ ) EE‘EEEE E
N
107 E 0-20% )
- E 20-80% '
108
E e blast-wave fits
107
- Pb-Pb+/s,, =276 TeV
-10
10 gllllllltl‘I\IJJIIIIIIIIIIMLI\l\IJIIIIIIIIIII\l\LI
0 1 2 3 4 5 6 7 8 9 10

P, (GeV/c)

 Light (anti)nuclei are abundantly produced in heavy ion collisions.

* As expected in a hydrodynamic description of the fireball as a radially
expanding source, a hardening of the spectrum with increasing

centrality is observed.

« Blast wave fit was used for yield extraction in unmeasured p+ regions
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Lo ALICE
Anti-alpha production first observed at | Anti-alpha dN/dy has been
RHIC in heavy-ion collisions measured by ALICE in central Pb-Pb
(STAR coll., Nature 473, 353 (2011)) collisions at \sy = 2.76 TeV.
> e
S 402 ALICE preliminary
3 10 Pb-Pb | sy = 2.76 TeV

0-20% centrality Thermal model prediction

107

102

10°F

104E

10°E Nuclei follow nicely the
10°E  ceBr it (x2/NDF = 0.32) exponential fall predicted
107F  B=(-58%0.2) GeV by the model.

We get a penalty factor of
~ 300 for each added
baryon

-8 | | | |
10 1 2 3 4
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ALICE
The hypernucleus 3,H was measured by its weak decay in 3He+ n by the
topological identification of secondary vertex + 3He and n PID, with:
pn= 2.992 + 0.002 GeV/c? (c = (2.08 +0.50)x10-3 GeV/c?) .
Agreement with literature value (Juric, Nucl. Phys. B52, 1(1973)):
p=2.99131 + 0.00005 GeV/c?
3,H yield in agreement with B F mEeai s - Froolanidapie
thermal model T, = 156 MeV g 400F AT
E 350_ PRD1(197:5K6 |
Lifetime measured thanks to = 200F wBETSTIzs
excellent determination of = . | A L] e
primary and decay vertex 5 55 U N B A0 ¢
g0 ] H
t 1 50 :_ NPB 16 (1970) 46
N (t) =N (0) EXP| —— | = N (O) eEXP| — . + $ ALICE
¢ pree 1001 ¢
50 :E J. Prem and P. H. Steinberg ﬂ I- IC E AR
Where t = L/(Byc) and Byc :p/m - PR 136 (1964) B1803 PRELIMINARY

With m the hypertriton mass, L the decay length
and p the total momentum
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ALICE coll. PLB 728, 25 (2014)

f""-. _IIIIIIIIIIIIIIIII-_IIIIIIIIIIIIIIIII_ OU'J 2.4:IIIIII II IIIIIll::lllllllllllllll:
[ 1 [ ALICE, p-Pb, |5y =5.02TeV " ALICE, Pb-Pb, | 5, =2.76 TeV ] x 2 o E- ALICE, p-Pb, {8, =5.02TeV _F-_ ALICE, Pb-Pb, | s, = 2.76 TeV 3
+ L VOA Multiplicity Classes (Pb-side) - - —~ é/OA Multiplicity Classes (Pb-sideﬁf_ _E

12 - oo T o]osu 1 < 2E SHosw E =]os% E

— 0.8 = 60-80% — = 80-90% — 1.8 = 60-80% F [=18090% Pb 'Pb_:

foX K I i 1.6 =+ =
+ B T ] 1.4 - =+ -
o 06 T - = p-Pb E3 :

~ N 41 . 1.2 - = -
- T - 1E E3 E

0.4 T 7 0.8F + =

Z 1 i 0.6 = FH 3

0.2+ -1 ] 0.4F = e —

- T ; 0.2F + =

0 - 1 1 0 C I L I L L I L . 1 1 L]

0 0 2 4 6 8 8

In p-Pb centrality/multiplicity dependence of the A/K° and
p/n ratios similar to Pb-Pb

» Enhancement at mid-p; with increasing multiplicity

« Corresponding depletion in the low-p; region
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A jet axis
jet cone

cwn 1Ir—T——TT—TTTT—T—TTT T T T T7 1T
< [ p-Pb {5=5.02 TeV -
= [ 0-100%, VOA Multiplicity Class (Pb-Side) ~*~inclusive
pc" >10 GeV/c, anti-k; —=—jet A=0.2 |
N |<0.75-R, fn, }<0.75 ~jet R=03 ]

J&H ot 04~
_B_ + stat error
_E_

syst error

Hoeag & 2

p-Pb  ALICE Preliminary

charged
primary
particles

Inclusive
harticles

articles in jets do not ) s T T S TR B
show enhancement : 4 ° 8 pT130 (Gev}g)
|The extra baryons don't come from jets |
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oM Multi- strange to pion ratio in Pb-Pb

INF
ALICE coll. PLB 728 (2014) 216
9 ]
SO G- TR EE
c ]
9 : ] I
Q
S
c
2
]
S s T
T 107 . <€ |
Q/n % g ?g
- |
I
i ]
B ALICE Pb-Pb at 2.76 TeV
Il ALICEppat7TeV
[ ALICE pp at 900 GeV
[T] STAR Au-Au, pp at 200 GeV
104 | A ALICE Pb-Pb at 2.76 TeV
[ A ALICEppat7Tev |
/\ STARAu-Au, pp at 200 GeV 1
1 IIIIIII| 1 lIIIlIIl 1 1 1
1 10 10°
(N_ )

O @
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ALICE

Strangeness enhancement

one of the first proposed QGP signatures
J.Rafelski et al., PRL 48 (1982)1066;
P. Koch et al., Phys. Rep. 142(1986)167

Relative production of strangeness in
pp increases going from RHIC to LHC

Saturation of Z/n and Q/=n ratios for
Npart>150. Ratios match prediction from
thermal models based on a grand
canonical approach (T¢= 164 MeV (full line[1],

170 MeV (dashed line, [2])

Clear increase of strangeness
production from pp to Pb-Pb

[1] A. Andronic et al. PLB 673(2009)142
[2] J. Cleymans et al., PRC 74 (2006) 034903
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GSl-Heidelberg model
T., = 156 MeV

THERMUS 2.3 model
T, = 155 MeV
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ALICE

p-Pb \ s, =5.02 TeV
VOA Mult. Evt. Classes (Pb-side)

pp 15 =900 GeV
ppis=7TeV

Pb-Pb | 5, = 2.76 TeV
1111 |

10

10°
(chh/dn )

lab" |7, |< 0.5

ALICE

x10°
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t - ALICE Preliminary

+ i GS|-Heidelberg model
. L T, =156 MeV
B -
R THERMUS 2.3 model
.08 T,, = 155 MeV

I|II\|II

aal 1 1 |

Ay

T

ALICE

p-Pb \ sy, =5.02 TeV
VOA Mult. Evt. Classes (Pb-side)

ppis=7TeV

Pb-Pb \ 5, = 2.76 TeV

3

10
)

AN/ 1< 05

E/n and Q/n ratios in p-Pb increase with
multiplicity

Low multiplicity: ratios consistent with pp
High-multiplicity: E/n ~ with central Pb-Pb;
Q/n ~ with peripheral Pb-Pb
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NN System size dependence

ALICE

x10° x10°
N _
& ,&  ALICE Preliminary ® [ ALICE Preliminary
+ C + 1— GSl-Heidelberg model
' r . L T, =156 MeV
5 Sj é H H 5 B T:EHMUSES del
— - .3 moae
=k ' H Y | Rl
S T ey N | T T U e | R - + “L
lx) ) H H (oI . 1
ALICE . B
) H C a °F m ALICE
. p-Pb \ s, =5.02 TeV ~ |
VOA Mult. Evt. Classes (Pb-side) 0.4 r ., PPbysy,=502TeV
GS!-Heidelberg model ¥ op 15 = 900 GeV L a H VOA Mult. Evt. Classes (Pb-side)
T = 156 MeV Tev B H s ppis=7TeV
A ppis=7Te 0.2
THERMUS 2.3 model TE _
Ty = 155 MeV = Pb-Pb\s, =276TeV = PbPbys,=276Tev
I\I 1 1 JIIII\I 1 1 IIIIJI| 0_ 1 IIILI\I 1 1 IIIIIlI 1 1 IIIIJI|
10 10° 10° 10 10° 10°
dN  /d dN  /d
( ch nlab>|nlab|< 0.5 { ch nlab>|77|ab|< 0.5

E/n and Q/n ratios in p-Pb increase with

-3
x10
ElEI ALICE, pp, \ Sy =7 TeV
|Z| ALICE, p-Pb, | 5, = 5.02 TeV

8

7

BE VoA Multplicity Classes (Pb-side) ngh-mUH'IPIICITY: E/n ~ with central Pb"Pb;
5 [@]aLice, poo. 5y, - 276 Tev .& H_ Q/n ~ with peripheral Pb-Pb
4 poch-diy
3

2

it
ﬁ* *

multiplicity
ALICE prefiminary Low multiplicity: ratios consistent with pp

2d/(p+p)

Also d/p ratio increases with multiplicity in
p-Pb collisions bridging the pp and Pb-Pb

1 values. No significant centrality dependence
7S is observed in Pb-Pb within errors
<chh / dnlab> mlabl <05
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Overview of particle production

ALICE

Particle ratios evolve as a function of the system size
from small (pp), intermediate (p-Pb) to large (Pb-Pb) collision systems

K'+K PP 24 E:E QuT 2d  *He AH#:H 0 K*+K*
T4 T+ K2 T+ T4 p+p d T+ K'+K K'+K
L 0 BR = 25% (L]
ALICE Preliminary | ppis=7TeV
¢ Extrapolated (Pb-Pb 0-10%) .| ® p-Pb sy, =5.02 TeV
0.4 = & Extrapolated (p-Pb 0-5%) VOA Multiplicity (Pb-Side) 0-5% I
- .| ® Pb-Pb \s,=2.76 TeV, 0-10% o
N L ¢
L ete T ey
s L b n + s s o
0.2 - : : T T =t : é S
g~ : : . : n : oo ool : :
L o 0% L s A
Eu : & : : - : : : : : ';':.E
- : é HCEE : é é Poo
s s s 5 $ z
x1 | x3 | x05 i x30 : x250 i x50 : x100 ; x410°. x2  x1
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LM Overview of particle production
Particle ratios evolve as a function of the system size
from small (pp), intermediate (p-Pb) to large (Pb-Pb) collision systems
K'+K PP 24 E:E QuT 2d  *He AH#:H 0
T+ T+ Kg T+ AT p+p d T+ K*+K
op ¢ BR =25%
Strangeness ; ! ! ! . . . .
enhancement ALICE Preliminary °* pp\s=7TeV
¢ Extrapolated (Pb-Pb 0-10%) * p-Pb s, =5.02TeV
0.4 = & Extrapolated (p-Pb 0-5%) VOA Multiplicity (Pb-Side) 0-5%
' ' ' * Pb-Pb \sy, =276 TeV, 0-10%
o N
0.2 F . Lo
o® <% 2o ¢ e i 2
o Lx1 x 3 x0.5§ x 30 §x250 Exso §><100 §x4105§ x2 i x1
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Overview of particle production

( 7 arukan
Particle ratios evolve as a function of the system size
from small (pp), intermediate (p-Pb) to large (Pb-Pb) collision systems
K'+K PP 24 E:E QuT 2d  *He AH#:H 0 K*+K*
T +T T+ Kg T+ T4+ p+p d T+ K '+K K'+K
L] ¢ BR = 25% ¢
Strangeness _ ! , , , : . . . .
enhancement ALICE Preliminary °* pp\s=7TeV
¢ Extrapolated (Pb-Pb 0-10%) * p-Pb s, =5.02TeV
Deuteron 0.4 = & Extrapolated (p-Pb 0-5%) VOA Multiplicity (Pb-Side) 0-5% o
enhancement : ' ' * Pb-Pb \s,, =2.76 TeV, 0-10% .
.. | . +
o ' n
0.2 - _ Lo . -
r;|';' EE.—. I!II;I ¢ : .‘—’ - -
o Lx1 x 3 x0.5 : x30 §x250 Exso §><100 §x4105§ x2 i x1
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Well Overview of particle production R
(o ALICE
Particle ratios evolve as a function of the system size
from small (pp), intermediate (p-Pb) to large (Pb-Pb) collision systems
K'+K PP 24 E:E QuT 2d  *He AH#:H 0 K*+K*
T+ T+ Kg T+ T+ p+P d T K'+K K'+K
op ¢ BR = 25% O dp
Strangeness _ ! , , : . . . .
enhancement ALICE Preliminary °* pp\s=7TeV
¢ Extrapolated (Pb-Pb 0-10%) * p-Pb s, =5.02TeV
Deuteron 0.4 = & Extrapolated (p-Pb 0-5%) VOA Multiplicity (Pb-Side) 0-5% o
enhancement : | ' e Pb-Pb \s,, = 2.76 TeV, 0-10% .
:'.h : . m . +
Baryon - N T
suppression o, | - oo + A
o LX x0.5§ x 30 §x250 EX50 §><100 §x4105§ x 2 X 1

1 x 3
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Overview of particle production

ALICE
Particle ratios evolve as a function of the system size
from small (pp), intermediate (p-Pb) to large (Pb-Pb) collision systems
K'eK PP op EsE Q:T 2d  He aH+H o KWK
T+ T+ KO T 4T T+ p+p d T+ K'+K K*+K
S op ¢ BR =25% ¢ dp
Strangeness _ ! , , . . . . .
enhancement ALICE Preliminary °* pp\s=7TeV
¢ Extrapolated (Pb-Pb 0-10%) * p-Pb s, =5.02TeV
Deuteron 0.4 = & Extrapolated (p-Pb 0-5%) VOA Multiplicity (Pb-Side) 0-5% o
enhancement : ' ' * Pb-Pb \s,, =2.76 TeV, 0-10% .
Baryon - o) D
; 5 b A a
suppression 02 | ] i on . -
og | S8 &g T T B 5 o
K* @2 s R R ' : A
suppression R $
o Lx1 x 3 x0.5§ x 30 §x250 Exso §><100 §x4105§ x 2 X 1
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Three different versions of thermal model
implementations give similar results

(THERMUS) Wheaton et al., Comput. Phys. Commun. 180 (2009) 84
(6SI) Andronic et al., PLB 673 (2009)142
(SHARE 3) Petran et al., arXiv 1310.5108
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(e Thefma/ made/S in Pb- Pb da fa

In Pb-Pb collisions at LHC
energies hadrons are produced in
apparent chemical equilibrium

Particle yields of light flavour
hadrons (including nuclei) are
described over 7 orders of
magnitude with a common

T chemica=196 £ 2 MeV (prediction
from RHIC extrapolation was of 164
MeV).

K*0 is not included in the fit
(interaction in the hadronic phase)

Largest deviation observed for
protons (incomplete hadron list,
baryon annihilation in final hadronic
matter,..?)




ALICE
T ;n' K ;K Kg K ER o % A = -55 9-55 ?\H; ZH 3y
. - The thermal fit works to
=Pl B f . ALICE Preliminary ] | first order also in p-Pb
© E : p-Pb \s,, = 5.02 TeV Tt
S R L =502 T8V collisions, however, the
: Lo V0/§ MUHIplI:CIty (Pb-:Slde) 0-'::3%

= T = T I ®/ngyf is slightly worse:
ol oo = 4 Is5instead of 2, mainly

; ﬁNolil;fit H i H i H H : H M
U A p—— | — ] due 1'0 mUITl-STange
Model T(MeV) 7, r, (fm) r (fm) +/NDF =8 pGI"TICICS
10% | |—THERMUS 23GC 158+2 1 (fix N/A 340 +0.11 32017 -
F |-- THERMUS 23 GC 159+2 0984003 NA 3.40+0.11 31.3/6 ]
10* E |-  THERMUS 23SC 1583 1 (fix) 461+377 307+013 296/6 - .
=== 1 | The matter created in
g5l p-Pb collisions seems to
g be not in chemical
3 equilibrium, but is
€05

maybe approaching it

(mod.-data)/c .
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» Detailed study of the properties of the hot QCD matter shows clear
signatures of a collectivity in Pb-Pb collisions

 Bulk particle production in p-Pb shows Pb-Pb features and signatures
of collectivity: mass-dependence of p; spectra and flow, but we
should be aware that also non-collective effects can mimic flow-like
patterns.

 Particle production changes with increasing system size: baryon and K*
suppression, strangeness and deuteron enhancement

* Light flavour hadron yield can be described in a thermal fit with a
chemical freeze-out temperature T, = 156 MeV. Production of light
(anti-)nuclei is found to be in agreement with thermal model
expectations despite their low binding energies (T,..,> Tyin > Eg).
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ig, i Pb-Pb sy, = 2.76 TeV To determine the lifetime the 3, H
28 EQ sample has been divided in 4 intervals
T 102}
Iﬁsé R
ct=55+1.4+0.8cm mLC
Cl=——
10} + Stat. Error : \\\ p
[ Jsyst Eror \ m = the hypertriton mass
05 10 15 20 25 L = decay lenght
ct (cm) p = total momentum

The lifetime has been determined by
an exponential fit

N = N(U)exp[— 5} - N(ﬂ)exp(— : }
T . .

Lret
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w8 Coalescence parameter for deuteron E

Within the coalescence model, nuclei are formed by protons and neutrons which are nearby in phase
space and exhibit similar velocities. The key parameter is the coalescence parameter

~ 20810 3
&‘(3 18:— VOA Multiplicity d N d
% o Class (Pb-side) E
165 d 3
c [ 0-10% dp Coalescence
o 14F [®110-20% B = E
1oE- o120 40% 2 parameter for
10E- fe]40-60% d 3 N d +
8:— fe]60-100% P euteron
3 Y
°F dpg
4 ;_ ALICE preliminary
2;— p-Pb | s, = 5.02 TeV, deuterons
E AP B EPUP PP B

N
0.5 1 1.5 2 25 3

At first order B, is expected to
depend only on the maximum relative
momentum of the costituent nucleons

deuteron
Pb-Pb \s, =2.76 TeV

Flat B, vs pr and no dependence on
multiplicity/centrality — Observed in:
p-Pb collisions

peripheral (60-80%) Pb-Pb collisions

5
Py (GeV/c)
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Within the coalescence model, nuclei are formed by protons and neutrons which are nearby in phase
space and exhibit similar velocities. The key parameter is the coalescence parameter

20><1 03

B, (GeV?/c?)

18F
16F
14F
12F
10F
8E

N A
TT TTT 7T

- ALICE preliminary

= p-Pb | Syn = 5.02 TeV, deuterons

PRI S S S S NS R S N R

VOA Multiplicity
Class (Pb-side)

fe] 0-10%
te]10-20%
f®]20-40%
fe]40-60%
fe]60-100%

Ly v o by oy a by

-
0.5

1

1.5

2

25 3 3.5 4
Py (GeV/e)

deuteron
Pb-Pb |s,=2.76 TeV

5
Py (GeV/c)

d3N,
d
dpg Coalescence
2 ™ parameter for
d°N D deuteron
p 3
dp >

In second order, B, scales like HBT

volume. This could explain the observed

trends of B, in Pb-Pb collisions:

» B, decrease with centrality — it is due
to the increase in the source volume

» B, increase with py in central collisions
— reflects the ky-dependence of the
homegeneity volume in HBT

R. Scheibl and U. Heinz, PR €59(1999)1585
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The size of the emitting volume has to be taken into account: the larger the
distance between the protons and neutrons, lower their probability to coalesce

(small fireball) (Iarge: ﬁ.réba||)

3772(C
B, = 772(Ca) exp| 2(m; —m,) 1*— 1*
2mT RJZ_(mT)Rp(mT) Tp Td

The coalescence process is governed by the same lenght of homegeneity
which can be extracted from the HBR radii . B, «c1/V

R. Scheibl and U. Heinz, PR €59(1999)1585
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SHARE can do a thermal fit in an
equilibrium mode (y,=ys=1)or ina
non-equilibrium mocje (vq and v,
free)

In the equilibrium mode, the
model describes the nuclei yields

= = - 3,3
'+ KK 0 K*+K* p+p T+ET Q40" AH+ QH 3
Y & & o0

>3 T T T T T T T T T
10° F Y : : H L. -
g i ' : : , ¢ ALICE Preliminary 3
o : i : : ]
10° F - . Pb-Pb sy =276TeV,0-10% 3
C R A G S : : : : ]
10 ¢ : ; E
TFE : | E
N 92 Not in fit : S ]
10 ;_ O Extrapolated o ?g
102 k| Model T(MeV) V (fm% v, 1, +ZINDF ]
£ |—SHARE 3 156+ 4 4364 +848 1 (fix) 1 (fix) 12.4/6 |
10° E |=' SHARE 3 155+3 4406 +766 1.07+0.05 1 (fix) 96/5 |: S -
F |== SHARE 3 138+ 6 3064+1319 198+068 163+038 3.1/4 |: PTET
10* £ | SHARE 3 (with nuclei) 152 +8 4445+743 1.16+020 106+012 907 |: L 3
F H T : : H H T H : " BR=25%: 3
8 C : : : : T ]
£ 0.5 oo R RaaAAE EERTREE (LR Brossesesnness b Bl foernnense -
- s ; 5 ¢¢¢¢ § N " : § + +
© o ciatatigaanl iR TRenE B bor . IR Y + ]
° 0 L [m B :] ] : : #J : 1 [m i T : i
AT L A R U R T s L R T
E-0.5 oo Froseeeeens B ool e -

(mod.-data)/c

In non-equilibrium mode and if
nuclei are not included, the
model converge to values of v,
and v, significantly different
from 1. Hadron yields are well
described , better description of
protons and =. Nucleus yields
are largely overestimated.

A MO MN A
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In non-equilibrium mode and if
nuclei are included, the model

converges to values of y, and yin
agreement with 1.
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