Recent results on strangeness
from ALICE at LHC

Benjamin Donigus

GOETHE &3 for the ALICE Collaboration I KF N
UNIVERS ITAT Institut fur Kernphysik ﬂ

FRANKFURT AM MAIN Goethe Universitat Frankfurt MERSSEE I ESaempiyasc icemnius




GOETHE %
[T Content o
* |ntroduction
* Motivation
* ALICE experiment
* Results

* Summary

KAONZ2016, Birmingham - Benjamin Donigus 2



GOETHE
UNIVERSITAT COntent
FRANKFURT AM MAIN n L ICE
* Introduction
 Motivation
* ALICE experiment
e Results

* Summary

KAON2016, Birmingham - Benjamin Ddnigus 3



GOETHE

UNIVERSITAT

FRANKFURT AM MAIN

Time =
Cartoon of an ultra-relativistic heavy-ion collision
Left to right:

- the two Lorentz contracted nuclei approach,
- collide,

- form a Quark-Gluon Plasma (QGP),

- the QGP expands and hadronizes,

- finally hadrons rescatter and freeze

Plot by S. Bass, Duke University; http.//www.phy.duke.edu/research/NPTheory/QGP/transport/evo.jpg
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(to< 1 fm/c)

The fireball evolution:

- Starts with a "pre-equilibrium state™
- Forms a Quark-Gluon Plasma phase (if T is larger than T,)
- At chemical freeze-out, T, hadrons stop being produced
- At kinetic freeze-out, T;,, hadrons stop scattering
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o o Lattice QCD
non-int. limit tells us where

—-lll—“_-! to expect the
phase

71  transition
. i
3P/T4 - | Critical energy density:
/T £c =0.34 £ 0.16 GeV/fm?3
3s/4T3 7
Critical temperature
T [MeV] To = (15429 eV

130 170 210 250 290 330 370

A. Bazavov et al. (hotQCD) Phys. Rev. D90 (2014) 094503
Similar results from Budapest-Wuppertal group: S. Borsanyi et al. JHEP 09 (2010) 073
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* 10°5a Pb-Pb |/s,,=2.76 TeV Analogy:
% ok 0-10% centraliy N_ =356) | Light source = particle source
2 [ e Rka —_ . .
S.° 10F ;* ) » Multiplicity described best with
o L 0, T =1 900 000 000 000 °C
Q : € . .
= ol ,‘ﬁ ’ (1.9 trillion degree centigrade)
= B
10%F '
I e — 100 000 times hotter than in the

Thermal model, T=156 MeV
total (after decays)
==s=eas primordial

PO (TR ST TR S (N SO ST T N NN

(V=5330 fm®) ..“'°‘-3H
% ] interior of the sun!

o

0 0.5 1 1.5

ézlsé 1/40 eV =20 °C
Mass (GeV)

Plot by A. Andronic, GSI-Heidelberg group
arXiv:1407.5003 [nucl-ex]
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Thermal model

« Statistical (thermal) model with only three parameters able
to describe particle yields (grand canonical ensemble)
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e | | ALICE Preliminary | .
;_ R @ Pb-‘Pb @NN,: 2.76 TeV, O-19% _;
e LT e ]
; 5 i
? & Notin fit iy —§
3 ¢ Extrapolated : : : | —_—— =
C Model T (MeV)  »2/NDF E
E  |==THERMUS 2.3 1552 24509 ||
= |==: GSl-Heidelberg 156 =2  18.4/9 | : o
[ |=+'SHARE3 156 = 3 15.1/9 - h
E : = i = ' BR = 25% 3
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chemical freeze-
out temperature T,

baryo-chemical
potential ug

Volume V

-> Using particle
yields as input to
extract parameters
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A. Andronic et al., PLB 673 (2009) 142, updated

B I IIIIIIII | III|III| | IIIIIII| | II_/—\ L I T TTTTIT I T TTTTT I T TTTTTI T 1
> 180 |- - : :
- - 5 0700 - E

140 |- 4 600 =
120 |- - 500 F =
100 - 1 400F =
N fits of yields ] u ]
- 1 300F —
80 [~ O dN/dy . - .
60 :_ O 4r _: 200 E— _E
- —— parametrization 7 100 —
40 — = - .
B |- lllllll | lllllII |- lllllll | Il_ O_ |- lllllll - Illllll lI L1 1
2 3 2 3

1 10 10 10 1 10 10 10

Vs, (GeV) Vs, (GeV)

Thermal model fits show limiting temperature: T, = (159 £ 2) MeV
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Motivation
ALICE

><10_3
: T T TTT II T T TTT I| T T I T TTT I| T _ _ . .
— GSI-Heidelberg model THERMUS V3.0 model Pb-Pb 2.76 TeV_ Hyperc.)n to pion ratio as a
- T Pb-Pb-T,~156MeV ~~~ Pb-Pb-T =156 MeV = function of the average
— H H H = charged multiplicity
s H— density (AN h/dl]) at
o H H - midrapidity ( |77|<05
- pp 7 TeV - Strangeness production:
- ] historically related to the
- = formation of a QGP
C [=|Pb-Pb sy = 2.76 TeV ]
- [4]pp (INEL>0) 15 =7 Tev B
: | | I I | I | | L1 1111 | | | I I | l | :
1 10 10 10°

<chh/dn>|n|< 0.5
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Motivation
ALICE

Hyperon-to-pion ratio as a
function of the average
charged multiplicity

density (d h/dl]) at
midrapidity (| 77] <0.5)

Strangeness production:
historically related to the
formation of a QGP

= p-Pb results:

x1 0_3

: T T T TTT I T T T TTT | T T T T TTT | T
— GSl-Heidelberg model THERMUS V3.0 model PD-Pb 2.76 TeV N
-~ PbPb-T,=156MeV ~~~ Pb-Pb-T,=156 MeV H .
- H | p-Pb 5.02 Tev .
- pp 7 TeV —
- o p-Pb |5, = 5.02 TeV —
C VOA Mult. Evt. Classes (Pb-side) |
C [=|Pb-Pb sy = 2.76 TeV ]
- [+ ]pp (INEL>0) {5 =7 Tev .
C 1 Lol | Lol | Lol L]
1

10

102 10 Phys. Lett. B 758 (2016) 389-401

@dN_/dn) - Consistent with pp at low
<05 multiplicities and with
central Pb-Pb at high
multiplicities
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Motivation
ALICE

Hyperon-to-pion ratio as a
function of the average
charged multiplicity

density (d h/dl]) at
midrapidity (| 77] <0.5)

Strangeness production:
historically related to the
formation of a QGP

= p-Pb results:

x1 0_3

: T | I TTTT | T | T T TTT | T | T ' TTTT | |
— GSI-Heidelberg model THERMUS V3.0 model Pb-Pb 2.76 TeV
C " Pb-Pb- Tch=156 MeV ~~ ~ Pb-Pb- T,=156 MeV H :
B ° H H H H ]
- H p-Pb 5.02 TeV .
- pp 7 TeV —
- o p-Pb |s, = 5.02 TeV —
C VOA Mult. Evt. Classes (Pb-side) |
C (= |Pb-Pb |5 = 2.76 TeV ]
- [4]pp (INEL>0) {5 =7 Tev .
C 1 Lol | Lol | Lol L]
1

10

102 10 Phys. Lett. B 758 (2016) 389-401

(@dN_/dn) - Consistent with pp at low
<05 multiplicities and with
central Pb-Pb at high
multiplicities
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Motivation

x107
: T T T T T TTT | T T T T T TTT | T T T T T TTT | T
— GSlI-Heidelberg model THERMUS V3.0 model Pb=-Pb 2.76 TeV—
-~ Pb-Pb-T,=156MeV ~~~ Pb-Pb-T, =156 MeV H 1
: H “p-Pb 5.02 TeV -
ll -1 \Upp 7 TeV —
- T p-Pb |5, = 5.02 TeV —
- MC p&ﬂ#ﬁtll;\)giﬂ - pp EI\T-,E: [+ 1Voa Mult Evt. Classes (Pb-side) ]
- —_— onas [o] -
= T PYTHIAS Monash With CR | JPb-PD {5,y =276 Tev B
- ---- DIPSY Color Ropes = _ —
c DIPSY Co [4]pp (INEL>0) Y5 =7 Tev -
B 1 1 1 | 1111 | | | | L 111 ll | L | L1 11 ll 1 ]
1 10 10? 10°
dN /d
< ch 77>|17|< 0.5

ALICE

Hyperon-to-pion ratio as a
function of the average
charged multiplicity

density (dNCh/dﬁ) at
midrapidity (| 77] <0.5)

Strangeness production:
historically related to the
formation of a QGP

= p-Pb results:
Phys. Lett. B 758 (2016) 389-401
- Consistent with pp at low
multiplicities and with

central Pb-Pb at high
multiplicities
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ALICE

Specificity: low-momentum
tracking and particle
identification in a high-
multiplicity environment
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ITS (Inl<0.9)

- 6 Layers of silicon detectors
- Trigger, tracking, vertex, PID (dE/dx)

ALICE

~
o
(=}

—
ITS standalone tracks

[e2]
o
o
T

ALICE 3
pp, (s =7 TeV 13

[6)]
o
o
T

A
o
o
IIIII

W
o
o
TTTT

dE/dx in ITS (keV/300 pum)
N
o
o

-

o

o
TTTTT

p (GeV/c)
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ITS (Inl<0.9)

- 6 Layers of silicon detectors
- Trigger, tracking, vertex, PID (dE/dx)

TPC (1nl<0.9)
- Gas-filled ionization detection volume
- Tracking, vertex, PID (dE/dx)

ALICE

& 200 T

5 180 ALICE E
g 160 pp, \s=7TeV
O 140 _ T
a0 4+ relativistic 3
c g ; -
£ rise =
x 100 o :
g 80 :
©

o2}
o

N
o

P (GeV/c)
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ITS (Inl<0.9)

- 6 Layers of silicon detectors
- Trigger, tracking, vertex, PID (dE/dx)

TPC (Inl<0.9)

- Gas-filled ionization detection volume

- Tracking, vertex, PID (dE/dx)

- Weak decay reconstruction (topological)

ALICE

—_—

= > A+

- / ‘:l
[ (GeV/c) Py // y /DCA, ITS, ITS,

> prim
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ITS (In1<0.9)

- 6 Layers of silicon detectors
- Trigger, tracking, vertex, PID (dE/dx)

TPC (Inl<0.9)

- Gas-filled ionization detection volume

- Tracking, vertex, PID (dE/dx)

- Weak decay reconstruction (topological)

TOF (Inl<0.9)
- Multi-gap resistive plate chambers
- PID via velocity determination

ALICE

TOF

:  ALICE
& pp,\s=7TeV

107 ] 10 102 02843 2 4 0 1 2 3 4 5
p. (GeV/c) p/z (GeV/c)
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ITS (In1<0.9)

- 6 Layers of silicon detectors
- Trigger, tracking, vertex, PID (dE/dx)

TPC (Inl<0.9)

- Gas-filled ionization detection volume

- Tracking, vertex, PID (dE/dx)

- Weak decay reconstruction (topological)

TOF (1n1<0.9)
- Multi-gap resistive plate chambers
- PID via velocity determination

ALICE

VO [VOA (2.8<n<5.1) & VOC (-3.7<n<-1.7)]
- Forward arrays of scintillators

- Trigger, beam gas rejection

- Multiplicity estimator:

» Event selection based on total charge deposited
in the VOA and VOC detectors ("VOM")

= (dN_,/d#) estimated as the average number of
primary charged tracks in |17|<0.5

KAON2016, Birmingham - Benjamin Ddnigus 23
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.-P 4—.
Pb Pb

<

ALICE

Central Pb-Pb collision:

High multiplicity = large <dN/dn>

High number of tracks

(more than 2000 tracks in the detector)

Peripheral Pb-Pb collision:
Low multiplicity = small <dN/dn>
Low number of tracks

(less than 100 tracks in the detector)

KAON2016, Birmingham - Benjamin Ddnigus 24
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= VOM Multiplicity Classes:
[ (dNp,/dn)™N>0 ~ 6.0 ] X > (AN, /dn) ~ 0.4x(dN ,/dn)NEL>0

0 . _
> T K*+K*
O
Q:-
T
>
E i
Z ==
T PR
£10° =
5 e S )
- —
—_——
——
s + + + _:
102 |' p+p
107} ~ ALICE Preliminary
101 e pp at \s=7 TeV
1t & VOM Mult. Evt. Classes
107" [ ) R g S *y
1072 [ % e "o
10°° |, \e" by
-
1074 r .e:’-x- .. s
10°°} i R
10—6 |' == ==
1077 [
10_8 2 2 2 '] '] '] '] '] '] '] '] '] '] '] '] '] ']
0 5 10 15 20 10 15 20 0 2 4 6 8 1012 0

Transverse momentum spectra

I- (dNp/dn) ~ 3.5%(dN,/dn)NEL>0 ALICE

4 6 8 10
pT(GeV/c)

KAON2016, Birmingham - Benjamin Ddnigus

nt+1, K'+K', p+p
Kg, A+A, E4E
X (x2%)
OIX (x 2Y
> VI (x 2°)
VIl (x 2%)
VI (x 2%
V(x2%)
IV (x 2°)
1l (x 27)
*¥ 1 (x 2°)
+1(x2%)

K*+K*:
X (x 2°?
OIX (x 2
X VI (x 2%)
VIl (x 2%)
VI (x 2%
IV +V (x 2%
* 1l (x 2°)
¥ Il (x 2°)
* 1 (x 2%
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> VI + VI (x 2')
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ALICE
o .
é 10 ALICE Preliminary, pp at (s=7 TeV
% 9 \Al(j)tlillﬂl\tl-lultiplizi:f::sses ,
= Spectra become harder at 2 j 5 x '}
higher multiplicities S
5
= The hardening is more 4
pronounced for :
than for mesons -
0.9
0.8
0.7
0.5
0.4
0.3
0.2 . .
0.1 1 10
pT(GeV/c)
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!  ppamibe 2 Relative Strangeness
Q107" ) E Production
8 [ e e : ALICE
ot -
> i 1| + Quantified via strange to non-strange
8 - . integrated particle ratios vs. (dN_ /dz)
T ”gﬂﬂ b = ) ||+ Significant enhancement of strange
l and multi-strange particle production

* ' ALICE

B ® pp, \s=7TeV .

3 ALICE, arXiv:1606.07424
10 _IIIIIII| | IIIIIII| | IIIIIII| ]

10 10? 10°
(dN_/dn)
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Ratio of yields to (m++)

—
<

1072

107°

0
o
0
o
K
ot
.
|

. 0
2K2

- A+A (x2)

l =42 (x6) -
a
i * Q+Q" (x16) ]
I ** 7 ALICE ]
- i ® pp, Vs=7TeV .
L —— PYTHIAS [1] -
------ DIPSY [2]
S EPOS LHC [3]

" ALICE, arXiv:1606.07424
; | [ 1111 || | | [ 11111 | | | | | || ]

10 102 10°
(dN h/d 77>|n| 0.5

Relative Strangeness
Production

ALICE

Quantified via strange to non-strange
integrated particle ratios vs. (dN_ /dz)

Significant enhancement of strange
and multi-strange particle production

MC predictions do not describe this
observation satisfactorily

[1] Comput. Phys. Commun. 178 (2008) 852-867
[2] JHEP 08 (2011) 103
[3] Phys. Rev. C 92, 034906 (2015)

gjham - Benjamin Donigus 29




Ratio of yields to (m++)

—
<

1072

107°

2K
. ”WQ;@M A+A (x2)
ir \\\\\\\\\\\\\\\ |
_ <ﬂ><ﬂ> <§> E+Z (x6)
l*’n-irﬂ‘!’!jfijz
”Iﬁ Q+Q" (x16)
:_ <H><H><H> o
: i'#
i <ﬂ> * i ALICE
B ® pp,Vs=7TeV

O p-Pb, \sy =5.02 TeV

—— PYTHIAS [1]
DIPSY [2]
EPOS LHC [3]

ALICE, arXiv:1606.07424

10

10? 10°
(dN_/dn)

Inl< 0.5

Relative Strangeness
Production

ALICE

Quantified via strange to non-strange
integrated particle ratios vs. (dN_ /dz)

Significant enhancement of strange
and multi-strange particle production

MC predictions do not describe this
observation satisfactorily

Follows the trend observed in p-Pb,
despite differences in initial state

[1] Comput. Phys. Commun. 178 (2008) 852-867
[2] JHEP 08 (2011) 103
[3] Phys. Rev. C 92, 034906 (2015)
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Ratio of yields to (m++)

p 1 i} Relative Strangeness

2K .
107 . Production
D 0 gy ALICE
AAGR) 1. Quantified via strange to non-strange
g i i . integrated particle ratios vs. (dN_ /dz)
' (6 P Significant enhancement of strange

and multi-strange particle production

[HJ [H] [H][HJ « MC predictions do not describe this
observation satisfactorily

2
10 Q+Q" (x16)

« [ollows the trend observed in p-Pb,
despite differences in initial state

ALICE

1| e+ Particle ratios reach values that are
® pp, \s=7TeV

%, |:+:| .
$ e, ‘,
. g, “,
. ey, ‘e,
. .,
3 %ﬁ: “a,
. N,
. ‘, ‘!
. :’: , .
- . 3
- “, .
- ‘e,
- “,
- , .
- U
- e
S
- .

i O p-Pb, (syy=5.02TeV | similar to those observed in central Pb-
00 Pb-Pb, {5 =2.76 TeV Pb collisions
S —— PYTHIAS [1] §

S e DIPSY [2]

----------- EPOS LHC [3
3] [1] Comput. Phys. Commun. 178 (2008) 852-867

10 i ALICE, arXiv:1606.07424 | [2] JHEP 08 (2011) 103
; 1 Illll_ilo ] ] ||||||| ] ] |||||||03 [3] PhyS ReV092,034906(2015)

(dN /dn)
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Ratio of yields to (m++)

s 04| Relative Strangeness

ALICE 10
® pp,V\s=7TeV | <chh/d 77>|n|< 0.5
O p-Pb, sy =5.02TeV |
[0 Pb-Pb, {sy, =2.76 TeV

2K ]
10” T Production
LI I ALICE
_ = o 0.45¢ — T ‘ w ]
A+A (x2) | ﬁ - ALICE —— PYTHIAS .
~ 04 @ ppVs=7TeV e DIPSY —
i c - -Pb, \[s =5.02 TeV e EPOS LHC ’
no P ol 3 oas) -
—_— =t E i ]
: E+E (x6) 0.3 .
- i ™ 49 E i i i i @ i i@.“i@ <H> <i> ﬁ;
[HJ S 0'251 """"" i’ """""""" A ]
102 Q40" (x16) ] m 0.15 ;. —i
I i *<? ] 01; IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII p/n (xz)é
| <ﬂ>*~: ""o’ i 005 C L l L]

« No increase for protons (non-strange),

= ]
-~
’#
‘. -
‘e, LN
,
e
B
R

— PYTHIAS [1] 1 contrary to models such as DIPSY
S e DIPSY [2]
----------- EPOS LHC [3
. 3] [1] Comput. Phys. Commun. 178 (2008) 852-867
10_3 ALICE, arXiv:1606.07424 B [2] JHEP 08 (2011) 103
; 1 111 Il-ilo 1 1 L 11 I-Illl 1 1 11111 Ilo3 [3] PhyS ReV C 92’ 034906 (2015)

(dN_/dn)
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Ratio of yields to (m++)
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ey, .
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p b b

2K

T O gy

A+A (x2)

Q+Q" (x16)

ALICE
® pp,Vs=7TeV N

O p-Pb,\syy=5.02TevV
[0 Pb-Pb, \sy=2.76 TeV

—— PYTHIAS [1]
DIPSY [2]
EPOS LHC [3]

ALICE, arXiv:1606.07424

10

10°
Inl< 0.5

10°
(dN_/dn)

Relative Strangeness

Production
ALICE
Qu—"j I AILIC?EL - 1q
Q’QZ ngg?ﬁ’g?\;ﬁie;oz TeV EH” Eﬁf(SSS)
s L
E\ - ‘Gi(dis)
< i i
i @(uﬁs)
a
:(uru)d)
In|< 0.5

No increase for protons (non-strange),

contrary to models such as DIPSY

Observed increase is more pronounced
for baryons with higher strangeness

content
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= Small systems:
- Strangeness enhancement
- Relative decrease of K*

- No multiplicity dependence of
baryon/meson ratio

= Towards central Pb-Pb:

- Strangeness abundance
constant

- K0 abundance decreases
further

- Baryon/meson decreases

KAON2016,

Ratio to pions

1072

Birmingham - Benjamin DoOnigus

Ratios in different systems

ALICE

/‘

ALICE Preliminary

pp \s=7TeV
p-Pb sy =5.02 TeV 1
Pb-Pb \sy, = 2.76 TeV i

10

102 10°

(dN ch/ CI77>|n| <0.5
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—

(p+P)/ (" + )

Baryon-to-meson ratio

ALICE

o
=)

o
o))

T LI II T T T LI II
- ALICE Preliminary pp Vs =7 TeV
|'_ F=—] VoM Class I, (dN_ /) = 21.3
- [==—] VOM Class X, (dN_/d) = 2.3

(VOM Multiplicity Classes)

PP T o

T ALICE p-Pb s, =5.02 TeV
[ =5 0-5%, (dN_/dn) = 45.1
- [==—] 60-80%, (dN_/dn)=9.8

(VOA Mult. Classes - Pb side)

p-Pb O—x_é

" ALICE Pb-Pb |5, = 2.76 TeV

| E== 0-5%, (dN_/dn) = 1601.0
t == 60-80%, (dN_/dn) = 55.5

10

10
P (GeV/c)

|
1 10

Dependence with the event multiplicity in pp
qualitatively similar to p-Pb and Pb-Pb
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ALICE

f\ L I I N N B | | T T L I I N N B | | T
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Dependence with the event multiplicity in pp
qualitatively similar to p-Pb and Pb-Pb

KAON2016, Birmingham - Benjamin Ddnigus 36



2
GOETHE \;%
UNIVERSITAT

FRANKFURT AM MAIN

o
©

(p+ P)/(n* + m)

Baryon-to-meson ratio

ALICE

T

| = ALICE p-Pb ys,, = 5.02 TeV

T T T T T T T T T T
- [-#-] ALICE Preliminary pp Ys =7 Tev 1

LRRRL | LR | LR |

2.40 < p_<2.60 GeV/c i

10.00 <

T T lllllll T LI
p, <15.00 GeV/c ]

0.8 [0 ALICE Pb-Pb |, = 2.76 TeV
o 7'_ 050 < p_<0.55GeV/c | ﬁ
o ! b H

TN W
0.4f : : § I
st } M“ﬂ |

z ¢ :
0.2} (x10) 8% ﬁ [ (x3)

(0l el el - | Lol Ll L [ 4l Ll Lol L1

10 102 10° 10 102 10° 10 10? 10°
> <dNch/dn>|n|<0.5

increasing multiplicity

Remarkable consistency across systems as a function of multiplicity
Radial flow? Color reconnection?...
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* An enhanced production of strange and multi-strange particles has
been observed in high-multiplicity pp collisions (arXiv:1606.07424)

« The multiplicity dependence of strangeness production is strikingly
similar in pp and p-Pb, and approaches values similar to those in
central Pb-Pb

« None of the current MC models are successful at fully describing
these observations.

« Open questions (stay tuned!):
« Will the relative strangeness production in smaller systems
eventually saturate?
« Higher energy pp (13 TeV): how do charged-particle
multiplicities and collision energy relate?
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* An enhanced production of strange and multi-strange particles has
been observed in high-multiplicity pp collisions (arXiv:1606.07424)

« The multiplicity dependence of strangeness production is strikingly
similar in pp and p-Pb, and approaches values similar to those in
central Pb-Pb

« None of the current MC models are successful at fully describing
these observations.

« Open questions (stay tuned!):
« Will the relative strangeness production in smaller systems
eventually saturate?
« Higher energy pp (13 TeV): how do charged-particle
multiplicities and collision energy relate?

Thank you!
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 Similar trend observed for the =/n and Q/n ratios

—> Saturation reached at the grand canonical limit in Pb-Pb

collisions
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