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Light flavour hadrons

B. Muller, NPA 750 (2005) 84-97
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Light flavour hadrons are composed by u, d and s quarks 1000001 M(F7 e
W Higgs mass
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m,= 96 MeV 10 1

- Most of the light-flavour hadron mass is generated

dynamlcal Iy FIG. 1: Masses of the six quark flavors. The masses generated
by electroweak symmetry breaking (current quark masses) are
shown in dark blue; the additional masses of the light quark
flavors generated by spontaneous chlral symmetry breaking
in QCD (constituent quark masses) are shown in light yellow.
Note the logarithmic mass scale.
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A comprehensive set of measurements of identified ko’&o 3‘
particles production in all collision systems:
nis Ki, KOS! p, A3 E! Qa
0 *0 0 Yt * %0
p!K ,(I))z)z !A9‘=‘ M, =938 MeV = 1115 MeV
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=140 MeV M, = 1020 MeV
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QCD and its phase diagram

C. Patrignani et al. (PDG), Chin. Phys. C, 40, 100001 (2016)
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Fig. 1. Schematic phase diagram of hadronic matter. pyg is the
density of baryonic number. Quarks are confined in phase |
and unconfined in phase Il.

Quarks and gluons exist in nature as confined
in colorless hadrons
- confining property of QCD

The strong coupling becomes weak for
processes involving large momentum transfers
- asymptotic freedom

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

A phase transition is expected to occur
around T_ ~ 145 - 164 MeV (from lattice QCD,

PRD 90 (2014) 094503)

and s quarks
,asmy s <Tg

- study of light-flavour hadron production
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From nuclear matter to QGP

Nuclear initial state
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From nuclear matter to QGP
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Nuclear initial state
Hot matter in final state

https://madai-public.cs.unc.edu/

Energy stopping
Hard collisions

Phase transition: confined = deconfined
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From nuclear matter to QGP

N o
Nuclear initial state
Hot matter in final state

https://madai-public.cs.unc.edu/

Energy stopping
Hard collisions

Hydrodynamic
evolution

Collectivity (flow) develops

Temperature T [MeV]
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From QGP to hadronic matter
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From QGP to hadronic matter
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Nuclear initial state
Hot matter in final state

Chemical freeze-out: inelastic interactions stop

https://madai-public.cs.unc.edu/

Energy stopping
Hard collisions

Hydrodynamic
evolution
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from thermal model fits of 'Z
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Hadron freeze-out

Note: it must be
T.2T,

At the LHC, they are
very close to each
other - chemical
equilibrium reached at
or very close to
hadronisation!



From QGP to hadronic matter
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Nuclear initial state
Hot matter in final state

Hadronic phase: (pseudo-)elastic interactions

https://madai-public.cs.unc.edu/

Energy stopping
Hard collisions

Hydrodynamic
evolution

Temperature T [MeV]
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Hadron freeze-out

T,p ~ 10 fm/c

Short-lived resonances
decay and undergo re-
scattering and
regeneration

- Yields established at
T, can be modified



From QGP to hadronic matter

~ ~

Nuclear initial state
Hot matter in final state

https://madai-public.cs.unc.edu/

Energy stopping
Hard collisions

Hydrodynamic
evolution

T, ~ 90-110 MeV _
from Blast-Wave model
fits of the measured p-
dependent particle yields
at the LHC

Templerature T [MeV]

200F
Quarks and Gluons
ritical point?
D@
Cop e
/7;;/76
7
o » Hadrons /%,
_F‘ Q 05/'
g 5 %
& & %
9 2,
: %
Color Super-
Neutron stars  conductor?
9 I L
0 1 7/
Nuclei

Net Baryon Density




“Small” systems as reference for “large” systems

Pb-Pb collisions

- Particle production mechanisms
- Strangeness enhancement

- In-medium energy loss

- Collectivity

Nuclear initial state : :
- Properties of the hadronic phase

Hot matter in final state

p-A

*—> p-Pb collisions
- Disentangle final from initial-state effects
- Collectivity in small systems?

Nuclear initial state
Cold matter in the final state

P-pP pp collisions

- No deconfinement expected
No collectivity expected
Reference for “larger” system

®o— «—0O

Hadronic initial state
Hadronic final state
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... but more than a reference!

Recent measurements have revealed striking similarities
across different systems
Nuclear initial state
Hot matter in final state — Hints for collectivity in small systems
= What is its origin (radial flow, color reconnection, ...)?
p-A
o—> — Smooth evolution of particle production as a function of
multiplicity across different systems
- What drives particle composition in different systems?

Nuclear initial state

Cold matter in the final state Enhancement of strangeness production from low to

high-multiplicity pp and p-Pb
P-P

®o— «—0O

Hadronic initial state
Hadronic final state
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Experimental Details

What particles and momenta are accessible to ALICE?
How are centrality and multiplicity defined in ALICE?



Experiments at the Large Hadron Collider

System Run | Run i

pp 0.9,2.76, 5,13
5.02, 7, 8

p-Pb 5.02 5.02, 8.16
Pb-Pb 2.76 5.02




A Large lon Collider Experiment at the LHC
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TOF: PID via Time ST, T A1), 20k

: Trigger, timing,
Of Flight, || < 0.9 ey, M9 .
Grer ~ 80 ps | multiplicity and centrality
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Int. J. Mod. Phys. A 29 (2014) 1430044

Particle identification
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Identification of light flavour hadrons and light (anti-)nuclei via M, (GeV/c?)

practically all known PID techniques in 0.1 GeV/c < p;< 30 GeV/c
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Phys. Rev. Lett. 106 (2011) 032301

Event classes in Pb-Pb

Event multiplicity/centrality classes are | L
defined based on the amplitude measured in - ;
the VO scintillators, placed at ; 256 @ - 1126 m)

2.8 <n<5.1(VOA)and -3.7 <n < -1.7 (VOC) Pb \J; Zve-7sm

(dN/dn) is measured in |n| < 0.5
—> avoid “auto-biases” in multiplicity
determination

1l vzero-a

In Pb-Pb the Glauber model is used to relate
the VOA&VOC (“VOM”) amplitude* distribution

to the geometry of the collision. 2 F AL:LCE Eb;Pb at |syy=276TeV  p
S ala E
S10°EF — NBD-Glauber fit - '
At Yy = 2.76 TeV e NS 3 P )
2} =0. , =293, k=1. C [ 54 N 1
0-5%: (dN,/dn) = 1601 = 60 S04 I e 2] 2 3
ch o - e " 0 500 1000
(N = 328.8 + 3.1 ol (Z> . -
70-80%: (dN_,/dn) = 35 = 2 \= ]
— -6 °O Oo °0 °O °° o —
(Nparp = 15.8 £ 0.6 10 é é § § § £ <
B F| S & = b S :
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(ot muliplctyof specttors e ZeroDeee 075t g s+t~
VZERO amplitude (arb. units)

Detector or the Time Projection Chamber)
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Event classes in Pb-Pb, p-Pb and pp

Phys. Rev. Lett. 106 (2011) 032301
Phys. Rev. C 91 (2015) 064905

Event multiplicity/centrality classes are
defined based on the amplitude measured in
the VO scintillators, placed at
2.8<n<5.1(V0A) and -3.7 <n < -1.7 (VOC)

(dN/dn) is measured in |n| < 0.5
—> avoid “auto-biases” in multiplicity
determination

In Pb-Pb the Glauber model is used to relate
the VOA&VOC (“VOM”) amplitude* distribution

to the geometry of the collision.

At s\ = 2.76 TeV
0-5%: (dN_/dn)> = 1601 + 60
(Nparp = 328.8 £ 3.1
70-80%: (dN_,/dn) = 35 + 2
(N, =15.8 + 0.6

par

(*alternatively, multiplicity of spectators in the Zero Degree
Calorimeters or number of tracks in the Silicon Pixel
Detector or the Time Projection Chamber)

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

puu

N

1l vzero-A ! VZERO-C

In p-Pb collisions, VOA (Pb side) is used:
at /syy = 5.02 TeV

0-5%: (N /dn) = 45 + 1
60-80%: (dN_,/dn) = 9.8 + 0.2

In pp collisions, VOA&VOC (“VOM”) us used:
ats=7TeV

0-0.95%: (dN_,/dn) = 21.3 = 0.6

48-68%: (dN . /dn) = 3.90 = 0.14
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Phys. Lett. B 753 (2016) 319-329

Multiplicities in pp at 13 TeV
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Phys. Rev. Lett. 116 (2016) 222302

Multiplicities in Pb-Pb at 5.02 TeV
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increases with /s following a
steeper power law than pp
collisions

- About 20% increase from 2.76
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ALICE results from the LHC run 1 & 2

A comprehensive set of results on identified particles production in all collision systems:
ni, Kil KOS! p! A) E! Q, pO! K*O! (I)’ 209 Z*i! A*) E*o

...plus light nuclei and exotica (anti)d, (anti)®*H, (anti)*He, (anti)*He, (anti)3,H

Runlresults 2 T T TTTT] T IIIIIUL:—I-;I—;—II.IL—.I._;I'(IIII_
.g = e o o ¢ 008K k22
pp at s =7 TeV (mb and vs mult.) 3 |
and /s = 0.9, 2.76, 5.02 TeV P . ;
p'Pb at JSNN - 5.02 Tev E 10_1 n "/@7~"\ — 1 Kieao

Pb-Pb at /s, = 2.76 TeV

New Run Il results (QM 2017):

pp at /s =5, 13 TeV minimum bias
pp at /s = 13 TeV vs multiplicity

ALICE Preliminary

pp \s=7TeV
e p-Pb ys, =5.02 TeV 1
X / Pb-Pb \Sy = 2.76 TeV 1

1072

- 1 1 Illllll 1 1 Illllll 1 1 lllllll 1 L1111
1 10 10? 10°
(dN _ /dm)

Inl < 0.5
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Phys. Lett. 88 (2013) 044910
Phys. Rev. C 93 (2016) 034913

Transverse momentum spectra

A thermal (soft) part of the transverse momentum spectra which contains most of
the yield and shows roughly an exponential shape

A hard part (power-law shape) which is e.g. studied when looking at energy loss in

the medium
W T TTTTTITTTTTT T T T Low py(py <3 Gev/)
ALICE ys, =276 TeV = N °Pp 1 - Study collective phenomena
o ! 0 40-60% Pb-Pb (x2) .
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e
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F. Bellini, HIM Daejeon 21/04/17 23



Collectivity

Do we see signs of collective behaviour in small systems?
What is its origin?



Phys. Rev. C 88 (2013) 044910
Phys. Rev. C 93 (2016) 034913

Bulk particle production in Pb-Pb

Bulk composition: ~80% of charged particles are 11, ~13% are K, ~4% are p
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« Spectra get harder with increasing centrality, according to mass ordering
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Phys. Rev. C 88 (2013) 044910
Phys. Rev. C 93 (2016) 034913

Bulk particle production in Pb-Pb Phys. Rev. G 91 (2015) 024609

Bulk composition: ~80% of charged particles are 11, ~13% are K, ~4% are p
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« Spectra get harder with increasing centrality, according to mass ordering
« Particles with similar mass have similar mean p+in central Pb-Pb

Expected in presence of collective hydrodynamic expansion (p = m-By)
—> Clear signature of radial flow
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Phys. Rev. C 88 (2013) 044910

Behaviour Conﬁrmed at 5.02 TeV Phys. Rev. C 91 (2015) 024609

Bulk composition: ~80% of charged particles are 11, ~13% are K, ~4% are p
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« Spectra get harder with increasing centrality, according to mass ordering
« Particles with similar mass have similar mean p+in central Pb-Pb

Expected in presence of collective hydrodynamic expansion (p = m-By)
- Clear signature of radial flow, also at ,/s,,, = 5.02 TeV
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Particle ratios in Pb-Pb from 2.76 to 5.02 TeV

e —
. Pb-Pb, ALICE Preliminary T ,, ALICE, PRC93 034913 (2016) | . T
1__ 0-5% \S, = 5.02 TeV (full markers) 5-10% \s,, = 2.76 TeV (empty markers)'__—10'20/° 7]

~ 1

(=4

+

+

R

N

~~

)

'

+

+

'

N

p- (GeV/c)
K/mt: no significant difference between 2.76 and 5.02 TeV

F. Bellini, HIM Daejeon 21/04/17 28



Particle ratios in Pb-Pb from 2.76 to 5.02 TeV

i o Pb-Pb, ALICE Preliminary ALICE, PRC93 034913 (2016) o
1_— 0-5 /°I A5y, = 5.02 TeV (full markers) | 5 10% \Sy = 2.76 TeV (empty markers) | 10'20 /o

— 40-60%

— 60-80% @D -

(p+p)/(n"+7)

o (GeV/c)

K/mt: no significant difference between 2.76 and 5.02 TeV
p/mt: small blueshift of the maxima - (slightly) larger radial flow at 5.02 TeV

The effect is more evident in p/mt than in K/mt, due to the larger mass difference
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Identified hadron spectra in pp collisions

-
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Hardening of spectra in high-multiplicity pp

Ratio to minimum bias spectra show
spectral modification as a function
of multiplicity:

- Spectra become harder at
higher multiplicities

—> The hardening is more
pronounced for baryons than
for mesons

Ratio to INEL>0

[y
o

N W A OO O N 0 ©

0.8
0.7
0.6
0.5
0.4
0.3

0.2

ALICE Preliminary, pp at \s=7 TeV

VOM Multiplicity Classes

ATt

2K'+K

. Bellini, HIM Daejeon
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P (GeV/c)

21/04/17

31



Phys. Rev. Lett. 111 (2013) 22301
Phys. Rev. C 88 (2013) 044910

Baryon-to-meson ratios Phys. Rev. C 91 (2015) 024609

. Pb-Pb\ s\ =2.76 TeV 0o |
1.5} Centrality 0-10% Al A/KS/ _
’ 4

I ’ . »

Baryon/Meson Ratio

050 [ofa) @ ebtle] @) 0 *

o ALICE
[ R RTINS

0 1 2 3

4 5
P, (GeV/c)

In central Pb-Pb collisions
- p/m, N/K°% enhancement at intermediate p;
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Phys. Rev. Lett. 111 (2013) 22301
Phys. Rev. C 88 (2013) 044910

Baryon-to-meson ratios Phys. Rev. C 91 (2015) 024609

i T T T | T T T | T T T | T T T | T T T | T T T l
T ALICE Pb—Pb, | 5 =2.76 TeV, 0-10 % |
‘S Preliminary ]

. Pb-Pb\ s\ =2.76 TeV
1.5} Centrality 0-10%

—8&— injets, p‘:""h >10 GeV/c

—+— injets, pI"”" > 20 GeV/c

feed-down uncertainty

Baryon/Meson Ratio

W ALICE j
O'M"""""""""'

i
I
il

% inclusive A/K’, ALICE, 7
/ T (05%, ly 1 <05) -
T ’
,’ p,,* * 1 In,l <07 E
I " X ] - anti-k, R =0.2 -
k x 0.8~ | =
I g o % | " 7l < 05 ]
05 (ol ®uoNe B g £5 osp s Gevle
- § W / 0.1 1 5 plreck 5 150 MeV/c .
¢ & P/ox0. 0.4~ ! —
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O% 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 I 1 1 |1T2
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0 1 2 3 4 5 0 (GeV/ef

P, (GeV/c)

A jet axis
jet cone

In central Pb-Pb collisions (P
- p/m, N/K°% enhancement at intermediate p; i

- Effect arising in the bulk and not from jets paticne
- Flat p/¢ y
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Phys. Rev. Lett. 111 (2013) 22301

Particle production mechanisms

ow 22 -
X LF ly|<0.5 ALICE: Pb-Pb at | 5,,=2.76 TeV
< sk - A/KS0-5%
. N: Y - A/KS 60-80% _
0 . K ™
B “,‘_ systematic uncertainty o
1.4 . ¢ . )
: e Theory 0-5% =
1.2F 4 3, — Hydro VISH2+1 0]
C : S ---- Recombination a
1F N ---- EPOS =
0.8F & =
0.6F Y, . ke
C ¢ e}
04 ¢ ¢ “©
c .4 ¢ ’ L
02 :_ """"""" ‘ """"""""
I 1 | 1 I 1 1 | 1 1 1 I
0O 2 4 6 1
p_ (GeV/c)

NKP compared with models:

— Hydro alone describes only the rise < 2 GeV/c [H. Song, U. Heinz, PLB 658 (2008) 279

- Recombination alone reproduces effect but overestimates [Fries et al., ARNPS 58 (2008) 177]
- EPOS (with flow) gives good description of the data k. wemer, PRL 109 (2012) 102307]

F. Bellini, HIM Daejeon 21/04/17 34



Phys. Rev. Lett. 111 (2013) 22301
Particle production mechanisms

V. Greco at al, Phys.Rev. C 92 (2015) 054904

O ALICE : :
6 & coal. only ﬁ@‘é - Flat p/d in Pb-Pb can be explained by
¢ coal. + frag. . _ _ o _
o Ol -1 - by hydro (radial flow), since similar mass drives
= 4 - similar spectral shapes
] c ] - by models with recombination
g N[ @00 © o -
1F o - V, results are suggestive of a transition between
0 T L L 1] production mechanisms around ~3 GeV/c
0 1 2 3 4 5
p- (GeV/c)
% 0.3} Pb-Pb 5.02 TeV  10-20% _ St 40-50%
ﬂ: [ T, Kl P, d) [ Y &
S 02f | s

o -
¥ i
015, 1{. 2 +§t et |

2 6 8 12 14
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Eur. Phys. J. C 76 (2016) 245

Particle production mechanisms

e l2pr AR RS 1 Flat p/¢ in Pb-Pb can be explained b
ALICE y
Ia L J
& 1ol pp 7 TeV INEL . . . . :
0 e p-Pb5.02TeV,05% | - by hydro (radial flow), since similar mass drives
y hy
A o p-Pb 5.02 TeV, 80-100% .
8— s Pb-Pb 2.76 TeV, 0-10% Slmllar SpeCtra| ShapeS
i ﬂ % o Pb-Pb2.76 TeV,60-80% 1 — by models with recombination
6 é& .
A @@ E H 1 - v, results are suggestive of a transition between
HH# ] production mechanisms around ~3 GeV/c
2f § :
[ Uncertainties: stat.(bars), sys.(boxes) ] In small SyStemS:
v v v b v by v v v e by 0 | .
S T2 T3 4 5 % - steep p; dependence of the p/¢ ratio
p;(GeVic)  _ Hint for a flattening at very low p; in central p-Pb

- hint of the presence of radial flow?
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Phys. Rev. Lett. 111 (2013) 22301
Phys. Rev. C 93 (2016) 034913

Three systems compared: A/K° Phys. Lett. B 728 (2014) 25-3¢

arXlv:1606.07424

Qu)2-2 l|l|||| T ||||||| l__ T TTTT I T | L L 1T TTTT T 1 1T TTTT ]
X ALICE Prellmmary pp \s=7TeV T ALICE p-IPb YSw = 5.02 TeV T ALICE Pb-Pb \sy, =2.76 TeV

~ 2 F=—] VOM Class |, (dN_ /dn) = 21.3 + = 0-5%, (dN_ /dn) = 45.1 F E=— 0-5%, (dN_ /dn) = 1601.0 ]

< 1.8 = VoM Class X, (chh/dr]) =23 + FE=—160-80%, (dN_/dn) = 9.8 I [E=— 60-80%, (dN_/dn) = 55.5 h

6 (VOM Multiplicity Classes) + (VOA Mult. Classes - Pb side) T

1. =+ T ]

1.4 P P + P Pb T .

o— «—O@ I o— — T ]

1.2 -+ g T =

. ]

1 T 1 :

| T ol 1 Lol T ool 1 Lol 1

P (GeV/c)

Across the three systems the baryon-to-meson ratios evolve with multiplicity
- in qualitatively similar way: at low p;, enhancement at
intermediate p;
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Three systems compared: p; slices
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< ; 4: E ALICE p-Pb ys,, = 5.02 TeV 1 p-Pb: 240< p_ < 3.20 GeV/c [ p-Pb: 6.00 < p. < 8.00 GeV/c
. [ @ ALICE Pb-Pb |5,y = 2.76 TeV | Pb-Pb: 2.40 < [ 3.00 GeV/c ﬁﬂ [ Pb-Pb: 6.50 < p.< 8.00 GeV/c
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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 p; intervals
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Blast-Wave model fit to m,K,p

E. Schnedermann et al., Phys. Rev. C48 (1993) 2462
Phys. Rev. C 88 (2013) 044910
Phys. Lett. B 728 (2014) 25-38

Boltzmann-Gibbs Blast-Wave model

A simplified hydrodynamic model with 3 free %‘
fit parameters: o)

T, = Kinetic freeze-out temperature
- By transverse radial flow velocity
- n: velocity profile

Simultaneous fit to the 1, K, p spectra:

- in Pb-Pb increase of (3;) with centrality

- {(Bp 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

I\E

N
(=

0-2:| 1T LI | LI | LI | LI I 1T 17 T 1T :
0.18F —
- o, Ny .
0.16 ® » Rkkkx -
0.14F- % S“ -
0.12F %% % =
0.1 %x =

- Global Blast-Wave fit to .
0.08:— © (0.5-1 GeV/c) , K(0.2-1.5 GeV/c) , p (0.3-3.0 GeV/c) _:
L e ALICE Preliminary, pp, \s = 7 TeV N
0.06F  ALICE, p-Pb, 15 = 5.02 TeV ~
0 04-_ + ALICE, Pb-Pb, ﬁ =2.76 TeV ]
"~ 'L+ ALICE Preliminary, Pb-Pb, |s, = 5.02 TeV ]
0 0 C 11 1 | | | I | | L1 1 1 | 11 1 1 I L1 1 1 | 11 1 | | L1 1 1 | ]
| 20 0.1 0.2 0.3 0.4 0.5 0.6 0.7

B)
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Blast-Wave model fit to m,K,p

Boltzmann-Gibbs Blast-Wave model

E. Schnedermann et al., Phys. Rev. C48 (1993) 2462
Phys. Rev. C 88 (2013) 044910
Phys. Lett. B 728 (2014) 25-38

N
(=

A simplified hydrodynamic model with 3 free 5‘ 0.2
fit parameters: @ 0.18
T, = Kinetic freeze-out temperature 016
- By transverse radial flow velocity '\
- n: velocity profile 0.14
0.12
Simultaneous fit to the 1, K, p spectra:
- in Pb-Pb increase of (3;) with centrality
- (Bp at5.02 TeV is (1.78 = 0.9)% larger 0.08
than at 2.76 TeV in central Pb-Pb 0.06
0.04

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

At similar multiplicity, B is larger for
smaller systems

CAVEAT: sensitivity to fit range and the set
of particles included in the fit
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Global Blast-Wave fit to x
n (0.5-1 GeV/c) , K (0.2-1.5 GeV/c) , p (0.3-3.0 GeV/c)
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e ALICE Preliminary, pp, \s =7 TeV

m ALICE, p-Pb, 1s=5.02 TeV

+ ALICE, Pb-Pb, |s\, = 2.76 TeV

¢ ALICE Preliminary, Pb-Pb, ﬁ =5.02 TeV
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Radial flow?

Does this imply that the trend in different

»
>

SyStemS iS driven by the same type Of 5\ 02:| L L B S I B B N B T T T L ] g
collectivity (e.g. radial flow)? S 0.18F RN
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otef R N =k
0.14F R . k) E
0.1 2;— %% (Q) —; 35
0.1 %§ 330
L Global Blast-Wave fit to x ]
0.08[= ™ (051 GeV/c) , K (0.2-1.5 GeV/c) , p (0.3-3.0 GeV/c) 4%
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P. Skands, J.R. Christiansen, JHEP 08 (2015) 003

Radial flow vs Color Reconnection

Does this imply that the trend in different

v
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“ . Q C ]
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P. Skands, J.R. Christiansen, JHEP 08 (2015) 003

Radial flow vs Color Reconnection

Does this imply that the trend in different

i i —e— ALICE pp Vs =7 TeV
systerr?s. is driven by the same type of bythiat Monach No CR
collectivity (e.g. radial flow)? e Pythiag Monash With CR
— T T T T T T T T
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No, QCD effects such as color + I ]
reconnection (CR) can mimic the effects k
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P. Skands, J.R. Christiansen, JHEP 08 (2015) 003

Radial flow vs Color Reconnection

Does this imply that the trend in different

system.s. is driven by the same type of Lo | ';;t"‘j;spm’:a: N
collectivity (e.g. radial flow)? e Pythia8 Monash With CR
"B (.1 0:50< p <0.55GeVic AL|ICE Preliminary |
No, QCD effects such as color + ]
reconnection (CR) can mimic the effects k ;
of radial flow =
- p/mt vs multiplicity is described better ~
by Pythia8 with CR than w/o CR + ]
(o

Hydrodynamical (radial) flow is present in a
system in local thermodynamical
equilibrium, which would lead also to
chemical equilibrium

- Look at the relative particle abundances!

(chh/dn)

In|<0.5

F. Bellini, HIM Daejeon 21/04/17 44



More model comparisons

—e—] ALICEpp \s =7 TeV
——— Pythia8 Monash No CR

DIPSY Color Ropes
EPOSLHC

Pythia8 Monash With CR

— HERWIG7

Comparison with MC predictions in pp:

T T I T
ALICE Preliminary |

Color Reconnection:
* Implemented in PYTHIA8 Monash
« Qualitative agreement with the data

(p+p)/(n*+ )

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

_O
i
T
|

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

o1 ]

R. De Souza, SQM 2016 10

(dN _/dn)
PYTHIAS8 —T. Sjostrand et al., Comput. Phys. Commun. 178 (2008) 852-867 ch
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
EPOS LHC —T. Pierog et al., arXiv:1306.0121
HERWIG7 — M. Bahr et al., EPJC 58 (2008) 639-707; J. Bellm et al., EPJC 76 no.4 (2016) 196
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Hadrochemistry

Are particles produced in thermal equilibration?
What drives particle composition in different systems?



Thermal production of hadrons

The thermal models described successfully hadron yields measured in AA
collisions at SPS and RHIC, supporting the idea of matter in local thermal and
chemical equilibrium

- Caveat: strangeness content, resonances

Several implementations of the statistical A. Andronic et al., Phys Lett.B 673:142- 145(2009)

hadronization model (SHM), with common T [a®  \5,=200GeV
features: Sek RHIC Tch_164Mevg
« grand-canonical (GC) partition function for % A
.. . . R <. B O I : : -
a relativistic ideal quantum gas of hadrons ok 'Q'._Q_. BEREE SEN
50 T0N T U A A T A A I T - T B N N O B
: H H : : : : : »E : : : E—
* main parameters: T, Hg, V, but volume n 6 o
. H H | Data : : : : H '—‘—‘_2 : : : :
cancels out if particle ratios are calculated WL REEEEEEEEEEEENEn
F o STAR R O A O ?
» deviations from (GC) equilibrium through E;:i::\;‘sg e | n
empirical under(over)-saturation 1ok DR R T O O e
parameters* for strange, charm or light : —¥°1":i :Z’\“/ ;2937:“;6?\/ ‘- 1950'fm3 3 B
quarks (vs, v and v,) '

nnKKppAA__Q«pddK*z*A*

 Measured particle yields (or ratios) are
the input
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Thermal model

- - - - 3 3
o+ KK 0 K*+K* p+p Z+ET Q+ AH+ QH 3
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10° | : : : : : : : : L =
g E el : g ; : : : i ALICE Preliminary E
o r : z : z s : : ]
10 e e § : : . Pb-Pb sy =276TeV,0-10%
C : : Doamma [as Aal : : : : : E
10 | Al o U R R S R A
Dol i 3
U A
€ Not in fit : : ]
107 E ¢ Extrapolated : _§
102 |E Model T(MeV)  V(fmd) X?NDF | | .
, — THERMUS 2.3 155 + 2 5924 + 543  23.6/9 ]
1070 ... GSl-Heidelberg 156+2  5330+505  17.4/9 3
F : 5 5 it
1041k |*''SHARES 156 + 3 4476 + 696 14.1/9 : i e N
E . . . . H H . . H . BH=25°/. =
g -
E05¢
s
s 0
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£-05 F
g 4F
L) C
= 2F
© C
T 0F
ge c
S 2Ff
-4 F

THERMUS: Wheaton et al, Comput.Phys.Commun, 180 84
GSI-Heidelberg: Andronic et al, Phys. Lett. B 673 142
SHARE: Petran et al, arXiv:1310.5108

of particle production

Describes hadron production
assuming chemical equilibrium

Production of (most) light-
flavour hadrons in Pb-Pb is well
described (x?/ndf ~ 2) by
thermal models with a single
chemical freeze-out
temperature, T, = 156 MeV
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Thermal model of particle production

z 2z 2~ ™ Describes hadron production
— 4 assuming chemical equilibrium

S°fEa s L CE Prelim

3 reliminary E
Cfe e e . Pb-Pb1sy =276TeV,0-10%
of T =~/ 4 Production of (most) light-

- : : ; 5 s 5 Dol : s 5 ] . .
£ . 4 flavour hadrons in Pb-Pb is well
101 fF e e _ described (x2/ndf ~ 2) by

w02 le [wos TTee  ven | gmor| | ] thermal models with a single

F | —THERMUS 2.3 15542 50244543 23600 | : i chemical freeze-out

==+ GSl-Heidelberg 156 + 2 5330 + 505 17.4/9 — § temperature, Tch ~ 1 56 Mev

104 |&  |''sHARES 156 +3 4476 +696  14.1/9 | | e N

2P Not in fit

ot
o

o

Deviation for K*° resonance: re-
scattering in the late hadronic
phase?

o
o

A DO M A

(r’lnod.-data)/mod.

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

0 T O i O S W

THERMUS: Wheaton et al, Comput.Phys.Commun, 180 84
GSI-Heidelberg: Andronic et al, Phys. Lett. B 673 142
SHARE: Petran et al, arXiv:1310.5108
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of particle production

Thermal model

o+ KK KS K*+K 0 p+p A E4E Q40 d AH+ ZH He . )
S M ? 22 > Describes hadron production
Sid T ] assuming chemical equilibrium
> 3 § . ALICE Preliminary  :
Sy b e | e : . Pb-Pb \sy =276 TeV,0-10% 3
Rl U T , ,
10 T e ' 1 Production of (most) light-

flavour hadrons in Pb-Pb is well
described (x?/ndf ~ 2) by

2P Not in fit

THERMUS: Wheaton et al, Comput.Phys.Commun, 180 84

GSI-Heidelberg: Andronic et al, Phys. Lett. B 673 142
SHARE: Petran et al, arXiv:1310.5108

10—1 E ¢ Extrapolated e E

oelb wes v el 1 thermal models with a single

10_3 F — THERMUS 2.3 155+ 2 5924 + 543 23.6/9 : Chemical freeze_out

= |-~ GSI-Heidelberg 156 +2  5330+505  17.4/9 -

10 _ = ++SHARE 3 156 + 3 4476 + 696 14.1/9 w T_ temperature’ Tch ~ 156 Mev
%0-5 I R R ey M """""""""""""""""""" """"""" """ J """"" %H'_ Deviation for K*® resonance: re-
E 0 s BLORL Bl d,#ﬂl ':]ﬂjl:] ....... ; ¢¢ +A%¢¢¢%]} ........... - Scatterlng in the Iate hadroniC
E‘O-S ENURRURRE SVMRUSRUNE UNRURUENS SORURUNINS SOOI ............................... [ .............. ....................... I phase?
bé—; 4;_ ............................................... s L B B R s _;

§ b e UL ey Tensions between protons and
Y LR - T S N S TUTLY FIETS Lot S i Multi-strange: incomplete hadron
Y S — S . o L__J ------------- — —— -4 gpectrum, baryon annihilation in

hadronic phase, ...?
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pr-integrated K/n, p/n ratios

™ 0-2: IR T | ] ?007_ T T | T —
B 016 H f HHHHHHHHHHH—: £ - HHHHHHH@EHH H@@ HH H .
= 014F HHEH@EHH H@% 0 ¢ = %005:—H HHHHHHHHHHBH:
p 0'12:_H H T+ 0.04F E
= 0.08 -ALICE V0 Multiplicity Classes E 0.03 =-ALICE V0 Multiplicity Classes =
0.06 = |pp, \s =7 TeV p-Pb, \[Sy = 5.02 TeV 0.02 4 |PP. \s=7TeV Dp Pb, Sy = 5.02 TeV 3
0.04 £ arXiv:1606.07424 PLB 728 (2014) 25-38 3 - LlarXiv:1606.07424 PLB 728 (2014) 25-38 7

T E T Pb-Pb, \[Sy, = 2.76 TeV [ Pb-Pb, sy = 5.02 TeV ] 0.01F[ 4 | Pb-Pb, Vs =2.76 TeV -7 Pb-Pb, s = 5.02 TeV 1

0.02 —L_IPRC 88, 044910 (2013) LI Preliminary - - . PRC 88, 044910 (2013) L Preliminary .
O:| Ll | ool L Lol | n O_l | 1 Lol L Lol ]
234 10 20 102 2x10° 10% 2x10° 234 10 20 102 2><1o<2dN /d1 o; 2x10°

ch/ d77>|n| <05 ch n Inl < 0.5

Smooth evolution of the p/mt and K/mt ratios across different systems
- High multiplicity pp at 7 TeV and peripheral Pb-Pb at 2.76 and 5.02 TeV are
consistent

No significant evolution in Pb-PDb collisions from 2.76 to 5.02 TeV
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Strangeness production

s quark can be thermally produced in

QGP as u and d quarks. However, JPCS 736 (2016) no.1, 012018

u quark

- Strange quarks are more

abundantly produced in Pb-Pb 08
than in pp collisions: strangeness o6 |
enhancement vs. canonical

suppression 041 2,2 cont.
02 | %o /T? cont.

— Do strange hadrons in Pb-Pb form | | | | |
at a different temperature wrt non- 150 200 250 300 350
strange (e.qg. the proton)? T [MeV]
= indications from one of the two Wuppertal-Budapest-Houston
major LQCD groups Lattice QCD
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C. Bierlich et al., PRD 92 (2015) 094010
T. Pierog et al., arXiv:1306.0121

Strangeness production “rXiv:1606.07424
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Strangeness production

Andronic et al, PLB 673 (2009) 142
Cleymans et al, PRC 74 (2006) 034903
Phys. Lett. B 728 (2014) 216
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0.5} ]
0 | | 1 L1 I/L ]
3
10 20 30 40" 10
dN /d
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arXiv:1701.07797

= =
M ~ 1300 MeV M ~ 1500 MeV

=(1530)° resonance:
- Same strangeness content as =
- Intermediate in mass between = and Q

- In p-Pb collisions, E*/7 shows an
increase compatible with that of Z/x

—> Strangeness content more relevant
than mass

What is driving the increase in small
systems?

O Mass of the hadrons?

0 Baryon/meson effect?

O Strangeness content?
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Andronic et al, PLB 673 (2009) 142

o Cleymans et al, PRC 74 (2006) 034903
Strangeness production Phys. Lett. B 728 (2014) 216
arXiv:1701.07797
_ ><1073| T ||\||I| T ||||||| T T T TTTT T
$ 7= GSlHeidelbergmodel  THERMUS V3.0 model
B Pb-Pb - T,,=156 MeV Pb-Pb - T, =156 MeV
R HH H H H Baryon-to-meson ratios where the net
[x] — .
w 5 =/T H% HHH --------------- H strangeness content Is zero, as
4 g and /\/K°.,, are flat with multiplicity

Models as DIPSY (color ropes) and

llllllllllllll|IIII|IIII|IIII}II1I|II

W
_"I\II‘\I|\ll\lllllllllllllllll‘ll\Illl
B H
0y
— ‘\
‘\
- , =

______ _ ALICE‘S ) 1o ) ) )
2 MC p;(:(qllﬁtli)giﬂ- PP |!1EI\T7TCeF\(, E?/—Ol:/,-\bl\yluﬁl.\‘EV?..OC|aTSS\;S (Pb-side) EPOS LHC eXthIt a. trend Wlth
’ _ onasn Mo [=]Pb-Pb 5y, = 2.76 TeV L. . .
1 DIPSY Golo Fopes. i5-7Tev multiplicity but may still need tunin
“ EILl:OSgLﬁgor Flopes III{J/F(J)M I\/Tult. Evt. Classes p y y g e
IIII 1 1 1 11 III| 1 1 1 1| III‘
° 10 e 10°
\“~\<9\’Ych/dn>|n|< 05
045\_ T T T T T T T \|\‘_
"'% E ALICE —— PYTHIAS8 E
E 0.4,—<o> PP, IS=7TeV e DIPSY -
C p-Pb, |'sy = 5.02 TeV EPOS LHC .
§ 0.35— =
- - What is driving the increase in small
5 03F TR RIS J
2 0.05F E gi) i ] S systems?
c 0. n “““““““““““ =
S 0 21 ..................................... MK O Mass of the hadrons?
N — ; M Baryon/meson effect?
] E Q Strangeness content?
R 1 A 3
C p/m (x2) J
005 _ 1 1 L R L 1 N

AN /dm, o F. Bellini, HIM Daejeon ~ 21/04/17 55



Andronic et al, PLB 673 (2009) 142
Cleymans et al, PRC 74 (2006) 034903

Strangeness production Phys. Lett. B 728 (2014) 216

arXiv:1701.07797
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Normalised values to INEL>0 show

E+Z") / (T+m*)
»

&)}
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- No increase for p/mt
- Hierarchy of the increase clearly
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Strangeness production in the SHM

In equilibrium statistical (thermal)
hadronisation (SHM) models,
strangeness enhancement is a
result of the suppression of
strange hadron production in
small systems due to the explicit
conservation of the
strangeness quantum number

—> First comparisons to model
calculations based on
THERMUS code show
agreement with data within
uncertainties, except for ¢

- More studies ongoing on
comparisons with alternative
models, such as core-corona

- o (oD, ()i,
a II_AlIIIU'IIlIIIIU'I ‘I_AIIIIU'I

(h/m)/(h/x)

V. Vislavicius, A. Kalweit, arXiv:1610.03001

Réfm)
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2 3 4567810
T T T T IIIII
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(]

K* -

0 107100
dN_/dy

F. Bellini, HIM Daejeon

= ppis=7TeV

= p-Pb ﬁ =5.02 TeV
=  Pb-Pb M =2.76 TeV
Thermus v3.

T =146-166 MeV

R =R.
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Js- vs multiplicity- dependence
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) 1.8 = KS ALICE Preliminary = T, 16: = E-l— ALICE Preliminary .
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New 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

- The event activity drives particle production, irrespective of the collision
energy
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comparison - Yields vs multiplicity and /s
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EPOS reproduces only qualitatively the trend with multiplicity
Pythia fails in describing (multi)strange baryon production
- Some tuning (or new approaches) needed from the models side

— T T T
E = =t ALICE Preliminary 7
o2+ =
C lyl<0.5 -
- Monte Carlo models (Vs = 13 TeV): .
I — — PYTHIAG6 Perugia 2011 B —
C e PYTHIA8 Monash 2013 .
r  —— EPOS-LHC E‘ ]
— pp, mult. dependent (VOM): —
. —4-Vs=7TeV ]
- s =13TeV ]
E ot is=13Te ////- ]
il P ]
- T ——stat T
C ’ [syst i
- [ syst. uncorr.
Co 70 b e e T
5 10 15 20 25

dN /d

< ch n>|n|<0.5
A B B I e e
E - =t ALICE Preliminary 3
- Q+Q ]
- lv|<0.5 =
E  Monte Carlo models (Vs = 13 TeV): =
F — — PYTHIA6 Perugia 2011 .
o PYTHIA8 Monash 2013 e
- — EPOS-LHC 3
E  pp, mult. dependent (VOM): E 4
E 4 Vs=7TeV @ s =
- e _ stat. ]
=+ Vs=18Tev . Doyt .
— [&] [ syst. uncorr. 5
o k=l 7
- s =
AP e SR S e B D I
2 4 6 8 10 12 14 16 18 20 22

dN /d

( ch n>|n|<0.5

F. Bellini, HIM Daejeon

21/04/17

59



comparison — Mean p; vs multiplicity and /s

/G 1_2_\ T |0| LI — LN e B L S B B B B T T G 2_ T L LA S B S B N T T T ]
= C K ALICE Preliminary 1 = L - =t ALICE Preliminary -
> - S 1 > N N, A ]
o 11 - o gL = T— ]
9 T lyl<05 1 0 "t lv1<0.5 ]
“~ 4~ Monte Carlo models (s = 13 TeV): B3 o~ " Monte Carlo models (Vs =13 TeV): -
q F — — PYTHIA6 Perugia 2011 — 1 o 1.6 — — PYTHIA6 Perugia 2011 ]
~ oo PYTHIA8 Monash 2013 o) 5 - PYTHIA8 Monash 2013 d i ]
09 —— EPOSLHC o =~ = i [ —— EPOS-LHC [el— ]
- BT T ] 14— -
0.8:_ _i 1_2__ ‘‘‘‘‘ —}— stat ]
F ] [ syst. uncorr. ] C " [Isyst. ]
0.7~ ] L H [ syst. uncorr. _|
C o pp, mult. dependent (VOM): ] T H pp, mult. dependent (VOM):
06j K —4—\V\s=7TeV —] B H y A —4— ys=7TeV ]
= | | | —4—\S = 1|3 TeV | . 0.8— * | | | — \El: 13 TeV | _]
10 15 20 25 5 10 15 20 25
N N
<d Ch/dn>|n|<0.5 <d Ch/dn>|77|<0.5
5 18T T L L Mty
= = - ALICE Preliminary 1 = 22 - =t ALICE Preliminary -
o v|<0.5 1 O 2F Iv1<0.5 -
N - Monte Carlo models (Vs = 13 TeV): 1 = [ Monte Carlo models (Ys = 13 TeV): ]
o 14 — — PYTHIAG Perugia 2011 —| o 1.8~ — — PYTHIA6 Perugia 2011 —
~ L PYTHIA8 Monash 2013 [ _— 1 s PYTHIA8 Monash 2013 -
- — EPOS-LHC B L= ] 16 —— EPOS-LHC =
1.2 S RENEL L B R~ T L el L 1
- R =TT —t stat i 1_4_— ---------- —
1? [Isyst. ] E E ]
- [ syst. uncorr. | — Pt -
0.8k . 1'2: @ /_/—' ' [syst. uncorr.
B e - C 7
C B M pp, mult. dependent (VOM): 7 11— . < pp, mult. dependent (VOM): —|
L ——Vs=7TeV | C —4— Vs=7TeV ]
0.6 s =13 TeV - - —— {s=13TeV .
T I T/ sl A AST X B PR M S T
5 10 15 20 25 2 4 6 8 10 12 14 16 18 20 22
N N
( ch/d m [7<0.5 «d ch/d n>|n|<o.5

Average p- for K% higher at higher energy for similar multiplicities
Models reproduces only qualitatively the trend with multiplicity
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Hadronic phase

How do the processes occurring in hadronic phase
affect the final state hadron distributions?



Probing the hadronic phase with resonances

Resonances contribute to the study of particle production mechanisms
—> compare particles that differ by mass, baryon number, strangeness content

Hadronic resonances decay under the strong interaction with lifetimes (~10-23s) of the
same order of magnitude as that of the fireball.

Yields are fixed at chemical freeze-out

In the hadronic phase, resonances decay their decay products undergo (pseudo)elastic
processes (re-scattering vs regeneration) depending on

— duration of the hadronic phase
— lifetime of resonances
— scattering cross-section of the decay products

Kinetic
freeze-out

Chemical
freeze-out

K* ,‘n’ TK*
Resonance Regeneration Re-scattering L :
decay F. Bellini, HIM Daejeon ~ 21/04/17
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Probing the hadronic phase with resonances

Resonances contribute to the study of particle production mechanisms
—> compare particles that differ by mass, baryon number, strangeness content

Hadronic resonances decay under the strong interaction with lifetimes (~10-23s) of the
same order of magnitude as that of the fireball.

Yields are fixed at chemical freeze-out

In the hadronic phase, resonances decay their decay products undergo (pseudo)elastic
processes (re-scattering vs regeneration) depending on

— duration of the hadronic phase
— lifetime of resonances
— scattering cross-section of the decay products

- Compare resonances with different lifetimes

p(770)° K(892)° 3(1385)t  A(1520) =(1530)°  ®(1020)
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Probing the hadronic phase with resonances

Key measurements:
« Resonance yields and ratios to long-lived particles vs. centrality

« 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 (e.g. 2*)
« Spectra down to low p;

« Improve precision on the yields by minimising the extrapolated fraction

« UrQMD predicts the largest effects for p; <2 GeV/c

A. Knospe et al. Phys. Rev. C 93 (2016) 014911
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A. Knospe et al., Phys. Rev. C 93 (2015) 014911

. . o o Phys. Rev. C 91 (2015) 024609
Suppression in Pb-Pb collisions 170200585
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Trends qualitatively reproduced by EPOS3 with the
hadronic cascade modeled by UrQMD (includes
rescattering and regeneration)
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A. Knospe et al., Phys. Rev. C 93 (2015) 014911

Suppression in Pb-Pb Co"isions arXiv:1701.07797
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S. T. Butler, C. A. Pearson. Phys. Rev. 129, 836 (1963

Light (anti-)nuclei production

At the LHC energies, light nuclei and anti-nuclei are
abundantly produced according to two possible
mechanisms:

* Thermal production: hadrons emitted from the
interaction region at chemical freeze-out (T )
- Abundance o< exp (- m/ T_)

« Coalescence: (Anti-)baryons close in phase
space at the kinetic freeze-out can form a(n)
(anti-)nucleus
- The coalescence parameter (B,) expresses the
formation probability
- in simple coalescence model, B,is expected to
be independent of p; and centrality

p éBe | "Be | ®Be

401 |5L1 81 |°L1

SHe | ¢He | He | ®He

*H | *H | °H | ¢H

> N

A. Andronic, et al. Phys. Lett. B 697, 203 (2011)
T IIII| T IIIIIIII T 1IIIIII| LI

) 69 _ 3
= 10 e, -©-%He, *He _'_ASH
5 105 \‘\‘s 4574He,4H_e '.'AAH
= 10* m"-'.v.’ N *yHe
— i‘ﬂ Q 7
.§ - = o - ,zHe
= 10°H N — o o . &
> 102 h g
o N P
T 10
> s s = =5 B
1 e
10 G
10'2
[0]

10'3 ; :

10* s d

10'5 1 m"l 1 1 |- II| 1 1 IIIIII|

10 10? 10°
\/s,, (GeV)
. . . N
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Light (anti-)nuclei production

At the LHC energies, light nuclei and the 15 010% ALICE, Pb-Pb, | $,,=2.76 TeV
corresponding anti-nuclei are produced o 15 -- - [edsnele[e]0|®e[0[g0l0l00l0p@1y - - |
in equal amounts 0.5
15F 10- 20%
o} —
Mass ordering of nuclei: “penalty factor” for o :._a.uﬂnﬂncnﬂugﬂgnm -----
adding one nucleon ~300 055
- thermal production predicts in first order - SE 20-40%
dN/dy o< exp (- m/T) S 10//0:0/0;0/8 30 gie/ 2O - - -~
05—
15F- 40-60%
% 2 ALICE Preliminar 2 § |
E 10 = y o 15_ _____ ..---Dnnnnnnnu _______________
© 10 05—
1 15E- 60-80%
107 = 2 E .
102 o 15— Bl : ::Dﬂgﬂnﬂﬂﬂﬂn ---------------
-3 05—
10 . o °E
107 o 2E
107° % 12— —————————
10—6 a ® E
1077 m% 2
108 p-Pb, \ s, = 5.02 TeV, NSD s £
10°E ®  Pb-Pb, \s,, = 2.76 TeV, 0-20% central £ E
0

O L [ P A B
05 1 15 2 25 3 35 4 45

m, (GeV/c?) p./ A(GeVic)
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Phys. Rev. C 93 (2015) 02491

Light (anti-)nuclei production

% | ALICE, P-Pb, | s, =276 TeV Eo‘j'o/ Measurements of d and 3He yields and elliptic flow
102 -10% . . .
3 o Eee coefficient v, in Pb-Pb at 2.76 TeV show
;:\J i ll:::llﬂnnﬂﬂl. (o] 1060%
[®@]60-80% . . .
i 'Ill“mm - yields are in agreement with thermal model
]
10 - Hydrodynamic (Blast-Wave) model from a
C simultaneous fit of ,K,p spectra and v, describes
- the deuteron spectra and v,
I - common radial expansion with other light
104 T s T g hadrons
pT/A (GeV/c)
—~ - Deuteron v, follows mass scaling
2 0.6 pata  Blastwave 30-40% 2
A o7 -t .
=05 oKt K C - trend of the coalescence parameter with p;and
= "P+p —p+p centrality can be explained by space-momentum
o O 4 °d+d —d+d . .
o Y- correlations caused by radial flow

©
w

Ill\llII\‘IIIIlIIIIl!\I]lI!IIl

from measured
proton as 2v, ,(2p,,) in describing v,

©
N

0.1

: ALICE Preliminary
Pb-Pb | s, = 2.76 TeV 30-40%

Lo v b v b v by 1
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Nuclear modification of light flavour
hadrons



ALICE, PRC 93 (2016) 034913

Nuclear modification of spectra

o g ALICE|Sy=276TeV cent 0-5%, |y | <05 o
B! Fht <08  [£o(prel) 1 d°N;; | dndp,
1.6¢ Hn'+ﬂ:+ BK-+K+ @p+5 Pb % RXA(pT)= d2 PP | dnd
1.4F — =t <* Pb T <TxA> Gch / 77 pT
+Z + E (prel.) cent. 0-10% 222 &
Y ] e @ el cont 0-10% S
0 ;;_ »/Average D°, D, D" cent. 0-10%;
0.4} ° " ] At high-p; (>8-10 GeV/c):
y A
0.2 i —
% 246 810 12 14 16 18 20 22 24 « Strong (light) flavour-independent
p; (GeVic) suppression in central Pb-Pb with
g Sf respect to pp
mo_ C mE+E -05< Yous <0 05<y, <0 forp <2.0GeVic
5 5__ 00 +Q" 05 < Yous < 0 . ;2.3K<_ ycms<0'3 for pT>2.0 GeV/c . .
L 05<y. <0 forp <26Gevic * no suppression observed in p-Pb for
C l K -(1.3<yCMs<O.3 for pT>2.8 GeV/c _
oF- 2s ?8_5 <0 20001 ,K,p above 6-8 GeV/c
E +:t+ 03 <y <0-3forp >3.0GeVic
150 ] 1 - In Pb-Pb, due to parton energy loss in
E. g O e e N R the hot nuclear matter
- e ™ == SeEamy
0 5: ALICE Preliminary o Pbd
P NSD, p-Pb \ s, =5.02 TeV |*— ¥
C Uncertainties: stat. (bars), sys. (boxes) l )
O o e e b by b e by
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ALICE, PLB 720 (2013) 52
ALICE, PLB 736 (2014) 196
ALICE, PRC 93 (2016) 034913

Nuclear modification of spectra

E ALICE \ =2.76 TeV cent. 0-5%, | y | < 0.5 ]
x 1.8F NN - 7 2 ATXA
: $h" | n|<08 [0 (prel) ] R _ d°N,, /dndp,
1o s [K+K [lp+p Eb_% w(Pr)= (T )d’c" | dndp
1'4§_§ HE' +E (prel.) cent. 0-10% &L - *A T
o HQ + T (prel,) cont. 0-10% =om
08l /Average D°, D', D cent. 0- 10%
0.4 ° i ] At intermediate-p; (3 < p; < 6 GeV/c):
0.24 .t
Oo 5 4 6 8 10 12 14 16 18 20 22 é4 o Baryon/meson difference in central
p, (GeV/c) Pb-Pb
g 3r
x 255_ e -_ggj;:i KggK:;x::g.sig:g;:;ggzxjg « Cronin peak in p-Pb collisions
) B v—0.4E;<yCMS<O for p_<2.8 GeV/c
- -0.3< Y s < 0.3 for p,> 2.8 GeV/c .
of : e - presence of other final state effects
- :i+ 03y <03 Tor oy > 20 Gelle or dynamics (flow, recombination, ...)?
15:_ NN T I I
B L{ | * T
ql— e SN O PTG = o T
5 IIIIIi||II|| lgi — :]——y—‘i,_
0 5: ALICE Preliminary o Pbd
P NSD, p-Pb \ s, =5.02 TeV |*— ¥
C Uncertainties: stat. (bars), sys. (boxes) l )
OIlIIlIlIIllIIIlIIII|lll|lll|ll
0 2 4 6 8 10 12 14 s ;
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Charged particles spectra in Pb-Pb, pp at 5.02 TeV

&31010;1 T T T T T T T LI B B T I_: :\'g 10 T T LI T T T T '_E

o S ey, ALICE Preliminary 3
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Detail: data driven-particle composition reweighting

|dentified particle measurements in pp at 7 TeV and Pb-Pb collisions at 2.76 TeV
used as input for a data-driven correction of the tracking efficiencies to account
for different particle composition in data and MC generators
e particle species: t*+1,p+p, K*+K-, 2%, 2
* measurement of A-baryons used to approximate charged 2-baryons
* all others:rest (e, y, =, Q)

1

relative abundance
S S
[\} e

SN

—
S
)
T |*)|||||
([ ]

107

107°

OCDQ

*

it

e

T

ALICE Preliminary

e Pb-Pb0-5%, |5 <0.8
MC: HUING, \ 5, = 5.02 TeV
Data: ALICE, \Syy =276 TeV

Data-driven
—— T P> 0.15 GeV/c
—-p+p p > 0.3 GeV/c
—o— K'+K p.>0.2GeV/c
Construction
- p.>0.4 GeV/c
- p,>0.4 GeV/c

MC
—— T+
—S— p+p
- K*+K
- X
=X

+

—— Rest

1

10
P, (GeV/c)

Tracking Efficiency x Acceptance
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$ o —tt—0—0—0—0

.... =
< S
e ® i )
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0.8}

ALICE Preliminary Pb-Pb
II 0-5%

filled symbols: |'s,,, = 5.02 TeV
open symbols: |/s,, = 2.76 TeV

A

+ I 5-10%

1R gl lig]
__“‘ l | —|E ]_

' cﬁargled rl)arti(I:Ies,l | nl| < 6.8 '

i

L 00,

—
T T

0.6F

B 10-20%

0 5 10 15 20 25 30 35 40
P, (GeV/c)

0 5 10 15 20 25 30 35 40
P, (GeV/c)

Measurement of nuclear
modification factor of inclusive
charged particles as a function of
centrality

- Data-driven particle composition
reweigthing of tracking
efficiencies - Improved
systematics wrt previous 2.76
TeV measurement by a factor of 4

- Rja compatible with 2.76 TeV

- hotter/denser medium?

21/04/17
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Raa in Pb-Pb at 5.02 TeV - model comparison

< | 1 < o |
C 0.6F ALICE Preliminary 1 OC0.6- ALICE Preliminary i
i Pb-Pb \ s, = 5.02 TeV | i Pb-Pb \ s, = 5.02 TeV
charged particles, | 1| < 0.8 | i charged particles, | n| < 0.8

\zl Data 0-10% ( +4.5% norm unc.) ] / (e ] Data 0-5% ( £4.5% norm unc.) -

0.1 1 0.1 7 —_ Djordjevic 0-5% .
i — Vitev 0-10% 1 - e Majumder 0-5% 1

O 5™ 1015 20 25 30 55 40 45 O 0 ETiGYETho bE 80 35 40 45
P, (GeV/e) P, (GeV/ce)

Vitev et al., Phys. Rev. D 93 (2016) 7
Djordjevic et al., arXiv:1601.07852
Majumder et al., Phys. Rev. Lett. 109 (2012)
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Identified hadrons R,, in Pb-Pb at 5.02 TeV

———
- ALICE Preliminary, Pb-Pb s, = 5.02 TeV
1o 0-5%

0O 10-20% -

0.5} .
<C 1 1 1 } 1 T T T 1 1 T T } } ———
< i T :

S 20-40% I - 40-60% 1] ’r; ! i
T i I a _}% il i
I ol 1 NO0cURSLAXAE Jas
1 im i
] ] (o] i ]

60-80%

10 2 4 6 8 10 2 4 6 8 10

o (GeV/c)

New preliminary measurement of the nuclear modification factor of identified
hadrons at 5.02 TeV
— Confirms behaviour seen at 2.76 TeV
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|dentified hadrons R, , in Pb-Pb at 5.02 TeV

—————
Pb-Pb, ALICE Preliminary -+

\s,, = 5.02 TeV (filled markers) T

ALICE, PRC93 034913 (2016) ]

Syn = 2.76 TeV (empty markers]|

1-0m0-5% 0 10-20%

60-80%

0 2 4 6 8 10 2 4 6 8 10 2 4 6 8 10

o (GeV/c)

New preliminary measurement of the nuclear modification factor of identified
hadrons at 5.02 TeV
—> Confirms behaviour seen at 2.76 TeV, consistent with lower energy
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Summary

own

f 1'6‘EAL|£:E Pveliminlary op f§=;TeV T pp: ‘2-50<p,<l2-90 Gevic [
< ; 4»EALICE p-Pb ys,, = 5.02 TeV ] p-Pb: 2.40<pT<3.20 GeV/e 1
4 5] ALICE Pb-Pb Yy = 2.76 TeV Pb-Pb: 2.40< p, <3.00 GeV/c H
19f 0.60< p <0.80 GeVic ] ﬁ % i
o W g
b 1o
) GH.#
0.4 1
L]
02 "¢ ) )
10 10° 10 10 10 10°
2 — T —
] N ALICE 7
g z 2;.pp,\s=7TeV “ﬁ” i
2 L Op-Pb,\s,=5.02TeV :ﬁ: i
RS
< rep ]
~ : WA :
€ 15 '°¢ Er o Y
SRE:IEM § o0 Y
= @ § d<> ]
sdieg W 222
1 ﬁ% 'HP #..00.0|
e mgp ¥
0.5 E E Ll . il
10 N
« ch d77>|q|< 0.5
20,18.,,,_,”[ ,,,,,,,,,,,, ——r
=t ALICE Prellmlnar 3]
ke) — y
E 0.16— ‘:’ +H, =
<0. ]
CRRVIS 1
E  pp, inclusive INEL>0: i 3
0'12; o \s=7TeV D E
o= " \s=13TeV -~ ]
, o
0.08 pp, mult. dependent (VOM): =
006; —4—\s=7TeV il
“UF 4-1s=13TeV EH
0.04—
@ ——stat.
C [Isyst.
0.02 - [ syst. uncorr.
0 | Ll | N I
5 10 15 20 25
(dN_/dn)

ALICE can perform unigue measurements of identified particle
production in pp, p-Pb, Pb-Pb collisions at LHC energies

Intriguing similarities among different systems:

O

Established collectivity in Pb-Pb + hints for collectivity in
small systems, whose origin and phenomenology is under
investigation

Measurements at different energies as a function of
multiplicity seem to indicate that the hadrochemistry is
driven by event activity regardless of the collision energy

Enhancement of strangeness production observed from
low to high-multiplicity pp events at \/s = 7 TeV, poorly
described by commonly used MC generators

- What would happen at higher multiplicity?

- more soon from the high-multiplicity triggered ALICE data
in pp collisions

- more differential measurements in peripheral Pb-Pb
collisions
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~400 0 400 800

High-multiplicity event, pp at /s = 13 TeV o

ALICE

Run: 225000

Timestamp: 2015-06-03 09:21:3%UTC)

Coliding system:p-p ~B00 ~400 Q 400 800
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Additional slides
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ALICE, Int. J. Mod. Phys. A 29 (2014)

Overview of PID in ALICE 1430044

N 20 T T T T T T T T T
= ] ]
X% 18 n-K i<0.5 : K-p i<0.5
“ e — TPC . —TPC .
— ITS 1 —ITS ]
14 — TOF . — TOF .
—— HMPID : —— HMPID ;
12 --- TPC 0.6<ni<0.8 -~ TPC 0.6<ni<0.8 -
10 Pb-Pb conditions . Pb-Pb conditions h
8
6
4 .
2 .........................
o T TTTTTTTY T T T T
HMPID i
TOF i _— 1
TPC _— —
ITSA_“AlA_..l 1 PUPE N 1 ) SPUPURPURPUES B UGV G DU VPV WUV WD S WP
0 1 2 3 < S 6 7 7
Py (GeV/e) Py (GeV/e)
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ALICE Tracking performance

p; resolution DCA,,: Transverse distance-of-closest-

N approach

ALICE, Pb-Pb, {5y, = 2.76 TeV, I[<0.8

0.14

W
o
o

° TPC-ITS p_ resolution IR ' LU LA

o(p,)/p;

0.1 2: fit (p,>1 GeVre) g.‘ E o % ALICE Perforrnance E
el - fa £ 02/06/2011 i
[ [ syst errors S 250__ AA T .
0.1— = - -«  ALICE @ .
- D ol 4 PERFORMANCE .
C a» 200~ : g L% DNV SO S W 5 58 % AU R | _
0.08- oALICE o - * Pb-Pb min. bias)
- <§' N 0 s Pb-Pb bias) ]
0.06_— 8 > 1 50:_ _____________________ . .......... _______________________________ BRI _5
0.04- 1000 RS L WERET L =
; - ‘2? 7
50 R s e 2222:. ....... ............................ —
0 PN TN TN NN NN TN ST TN SN NN TN ST SN SO Y SN SN Y SN SN SO S S B i i .:: : : :
0 10 20 30 40 50 N H Héi::z::*-_

p; (GeVic) P07 1 10

AT.T-DFRF-1&20&

p, resolution ~10% at 50 GeV/c Good DCA,, resolution
- Small multiplicity dependence —> control contamination from secondaries

- Estimate from track residuals
Residual contamination less than 1% for p, > 4 GeV/c

F. Bellini, HIM Daejeon 21/04/17 83



Phys. Lett. B 727, 371-380 (2013)

Multiplicity dependence of <p;>

— — — S F

o - . s r =

S 09 s ALICE, charged particles > 1 Pp 1s=7TeV 4 ALICE, charged particles

8 085" 71<0.3, 0.15< p_<10.0 GeV/c | Q/i ] 171<0.3, 0.15<p_<10.0 GeV/c
i ] —

3 08] >

Q |

~N~

PYTHIA 8, tune 4C
¢ without CR
% with CR

0.7}

0.65}

§ \/
¥ A TN [—
0.6 L - / 1 g ................................
0.55 eppis=7TeV . 3':
0.5 T = p-Pb s, =5.02TeV = &
i 4 Pb-Pb s, =2.76 TeV | 06E 4 g E';?/SET
L L L | L L L | I L L | L ! L | L I L 1] HISK
0.45, 20 40 60 80 100 055 0 HJING
0.5 i A AMPT
N ch 0.45 . . — Glauber MC

In PYTHIA the strong increase of {p;) with
N, is described by an effect of color
reconnections between strings produced in
MPI.

o . 0.5 & Pb-Pb \ s, =2.76 TeV
—> The same mechanism in p—Pb collisions? ,. 4 Data

045 e ! 1 1 L
0 20 40 60 80 100
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Js dependence of particle production

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

Reminder: <dN_/dn> increases by ~20%
from 7 to 13 TeV

Ratios of spectra in min. bias pp:

Hint for a blueshift of the p/mt and A/K%
maxima

pr-integrated ratios in min. bias pp:

- No significant evolution with energy for
p/mt, K/p

0.09

7,°0.08
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— @ ALICE Plreliminary,I pp
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— « CMS, pp
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Js dependence of particle production

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

Reminder: <dN_/dn> increases by ~20%
from 7 to 13 TeV

Ratios of spectra in min. bias pp:

- Hint for a blueshift of the p/rt and A/KO
maxima

pr-integrated ratios in min. bias pp:
- No significant evolution with energy for
p/tt, K/p, K*/K, ¢/t

- hint for increase of hyperon-to-pion
ratio

0.09

7,°0.08
=

0.006

HTT

- @ ALICE, pp

— « CMS, pp

- o PHENIX, pp

- ¢ E735, pp, 2p/(n + m¥)

H
i

T IIIIIII| T IIIIIIII T T TTTTIT
— @ ALICE Preliminary, pp

10 107

10°

10*

\'s (GeV)

to-pion ratio

0.004 |-

Hyperon

0.002 -

L ——— pp 1s=0.9 TeV
| —— ppis=7TeV
—— pp \s =13 TeV (Preliminary)

| E/m $

L Q/T (x5)

ALICE

103
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*M. Floris, QM 2014, arXiv:1408.6403

Statistical models

* Implementations of statistical models
— Oiriginal ideas go back to Pomeranchuk (1950s) and Hagedorn (1970s).

Several different implementations (and interpretations):

« K. Redlich, P. Braun-Munzinger, J. Stachel, A. Andronic (GSI)
— Eigen-volume correction: ideal gas — Van-der-Waals gas
— emphasis on complete hadron list

F. Becattini
— non-equilibrium parameter y¢N

J. Rafelski (SHARE)
— non-equilibrium parameter ygN and y N

J. Cleymans (THERMUS)
— Allows also canonical suppression in sub-volumes of the fireball

W. Broniowski, W. Florkowski (THERMINATOR)
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Resonances as probes

Resonances contribute to the study of particle production mechanisms
—> compare particles that differ by mass, baryon number, strangeness content

Short-lived resonances decay due to strong interaction (ct ~ few fm) during
the hadronic phase:

- Collective behaviour (flow), decoupling

from medium Kinetic

freeze-out

- Rescattering vs. regeneration:
(pseudo-)elastic processes modify the

. [ i s | o Chemical
yield established at chemical freeze-out 17 O e,
" . R R % Re- -
> Compare resonances with different Ty e e
lifetimes

p(770)° K(892)° 3(1385)t  A(1520) =(1530)°  ®(1020)
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Light-nuclei spectra vs. Blast Wave model

S E. ALICE, Pb-Pb, |5, =2.76 TeV
§ T e, IS ° The p;-spectra of deuteron and
51073 SHe are well described by the
G107 y
~ " Blast-Wave model fit which
§ 1074 "‘ describes 11, K, p
T
p= 10_5;_ ‘[®]d0-20% -> Unique behaviour in Pb-Pb
S S ) [=1°He 0-20% collisions!
- B [&F-R] .
Q. e, T Comb. fit
5 107 EEE':
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2107 *
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o
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