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Introduction
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Heavy lon collisions

* study of hadronic matter under conditions of high energy density (~18 GeV/fm?)
and temperature (~300 MeV)

* a hot and dense partonic medium is created that undergoes a radial expansion
* rapid expansion described using hydrodynamical models
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Heavy lon collisions

* study of hadronic matter under conditions of high energy density (~18 GeV/fm?)
and temperature (~300 MeV)

* a hot and dense partonic medium is created that undergoes a radial expansion
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f-; /Tfo Toh - Chemical. particle composition is fixed (inel. coll.
?E ceased) — Tch = 150 = 155 MeV

Sl kineti Free” "2 — - Kinetic: momentum spectra are fixed (elas. coll.

ceased) — Ty = 110 + 130 MeV
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Heavy lon collisions

* study of hadronic matter under conditions of high energy density (~18 GeV/fm?)
and temperature (~300 MeV)

 a hot an )ansion
* rapid ex

Pb-Pb @ sqrt(s) = 2.76 ATeV

2011-11-12 06:51:12
Fill : 2290

Run : 167693

Event : 0x3d94315a

ALICE

A JOURNEY OF DISCOVERY
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Heavy lon collisions

* study of hadronic matter under conditions of high energy density (~18 GeV/fm?)
and temperature (~300 MeV)

* a hot and dense partonic medium is created that undergoes a radial expansion
* rapid expansion described using hydrodynamical models

S_ 6 \He Soft Probes

Low p; (pr < 2 GeV/c) light flavoured

objects coming from the interaction
region

They are produced in the late stage of
the collision

Useful to study the freeze-out conditions

Light (anti-)(hyper-)nuclei are soft
probes and it is interesting to

r -1 . ) ) ) .
- U. W. Heinz, “Concepts of heavy ion physics” (2004) |nves’[|ga’[e their produc’uon in HIC
- C.A. ‘ igh- h - |lisi : :
gt t/f]\eSLa|_|I%a”d((;,OOLge)ctures on high-energy heavy-ion collisions since they are |OOS€|y bound ObJeCtS
h d
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https://arxiv.org/abs/hep-ph/0407360v1
https://arxiv.org/abs/0907.1219
https://arxiv.org/abs/0907.1219

What is an hypernucleus?

Hypernucleus

a nucleus that contains at least one hyperon in addition to nucleons
First observation in 1952 by Danysz and Pniewski Phil. Mag. 44 (1953) 348

Hypertriton ( 3H): bound state of p, n and A, is the lightest known hypernucleus
Mass = 2.99116 + 0.00005 GeV/c? 1]

A binding energy = 0.13 + 0.05 MeV [1] @ @

lifetime: world average = 216 /2 ps [2] . E

decay channels: = Mesonic (MWD)
= Non Mesonic (NMWD)

Mesonic channels Study of the production in the

ch | SHe+rx d+p+z- | n+p+p+r accessible decay channels (charged
annels
3H+70 d+n+7°0 | nN+n+p+x° products only)
- 2-body (B.R. = 25%)
Branching 5 . ] o
Ratio s | /3% | 601% | 094% ~ 3-body (B.R. = 41%)

[1] D.H. Davis., Nucl. Phys. A 754 (2005) 3-13
[2] C. Rappold et al., Phys. Lett. B 728, 543 (2014) [3]H. Kamada et al., Phys. Rev. C 57 (1998) 1595-1603
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http://www.hephy.at/user/friedl/misc/folder/nuclear_emulsion/Danysz_Pniewski.pdf
http://www.sciencedirect.com/science/article/pii/S0375947405000047
https://www.sciencedirect.com/science/article/pii/S0370269313010125
http://journals.aps.org/prc/abstract/10.1103/PhysRevC.57.1595

How (hyper-)nuclei can be produced?

|
L 1 IIIIIII| I IIIIIII| L L

10° & %He.%Fe =+ °H,
ol o G Thermal model
’ NG

Hadrons emitted from the interaction region in statistical
equilibrium once the chemical freeze-out temperature is
reached

|_||||||_u| |||||_|_u| Ll -||||||_u| |||||m] |||||u1|_|_[

Yield (dN/dy) for 10° events

= mmafE. . e ==
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L1l ||||u_u] |||||m]

Key parameter is chemical freeze-out temperature Tchem

Abundance of a species xexp(-m/ Tchem)

= [For hypernuclei (large m) strong dependence on Tchem

10 102 10° A. Andronic, P. Braun-Munzinger, J. Stachel, H. Stoecker. Phys. Lett. B 697, 203 (2011)
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https://www.sciencedirect.com/science/article/pii/S0370269311001006?via=ihub

How (hyper-)nuclei can be produced?

g - & Thermal model
u:? 10* a_ _ . _ . . o
2 4 Hadrons emitted from the interaction region in statistical
2 10 = equilibrium once the chemical freeze-out temperature is
s 10 /, > reached
s F Moy o S ==
1 ’ ' . .
. Key parameter is chemical freeze-out temperature Tchem
10° Abundance of a species «<exp(-m/ Tchem)
10°
10° = [For hypernuclei (large m) strong dependence on Tchem
R T A. Andronic. P. Braun-Munzinger. J. Stachel, H. Stoecker. Phys. Lett. B 697, 203 (2011)
s\ (GeV) , .
[ —
Coalescence model
‘ —4

* (Anti-)baryons close in phase space at the kinetic
freeze-out can form a (anti-)(hyper-)nucleus

* (Anti-)(hyper-)nuclei formed at the chemical freeze-out:

- might break up

- regenerate in the time interval between chemical anad

kinetic freeze-out J. | Kapusta, Phys.Rev. C21, 1301 (1980) X

J. Steinheimer et al. Phys. Lett. B 714, 85-91 (2012)
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https://www.sciencedirect.com/science/article/pii/S0370269311001006?via=ihub
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.21.1301
http://www.sciencedirect.com/science/article/pii/S0370269312007204

A Large lon Collider

Experiment
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Large Hadron Collider

* Inthe LHC particle beams (protons and Pb ions) are accelerated up to the energy
of 6.5 TeV per beam per nucleon

CMS, !

I ———

LHC
North Area é

SPS
1976 (7 km) neutrinos
e ATLAS /\\
EXPERIMENT CNDS

/
2006 Gran Sasso

TT10
TT60
&/f/
AD

e

East Area
. O f
\ PSS

1959 (628 m)

LINAC 2 ) I
18UTIN( =
N LINAC =3 Leir
lons
https://cds.cern.ch/record/1997193 CERN acceleration ahain
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https://www.youtube.com/watch?v=RDdPuL-uOQc

A Large lon Collider Experiment

. ITS SPD (Pixel)
. ITS SDD (Drift)
. ITS SSD (Strip)
.VOand TO

. FMD

OO 0T

3\

Y, O\ v “Kusl g
@ , ] \ =1 > °* [
. oy
- A ¥

i®

ITS

FMD, TO, VO
TPC

TRD

TOF

HMPID
EMCal
DCal

. PHOS, CPV
10. L3 Magnet
11. Absorber
12. Muon Tracker
13. Muon Wall
14, Muon Trigger
15. Dipole Magnet
16, PMD

17. AD

18.ZDC

19. ACORDE

CoNOOR~WNE

t

* (General purpose heavy ion apparatus

* Excellent particle identification (PID) capabilities (0 ~ 5-7%) and low material
budget (~ 7.26% X/Xo)

* Most suited detector at the LHC to study the (anti-)(hyper-)nuclei production in
the collisions
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A Large lon Collider Experiment

Inner Tracking System

e 6 Layers of silicon detectors
- Pixel, Drift and Strip detectors
- rin=3.9cm,r.. =43cm

max
- |n < 0.9

e Main purposes:
- Trigger, vertexing and tracking

- PID via dE/dx
— 700

£ - N
=3 B N
S s00- _
» u N
> - ]
_gCJ 500— ALICE Performance ]
\></ _ Pb-Pb \s,,=5.02TeV 7
More details on ITS: 2 ool | =
ALICE Collaboration, JINST 5 (2010) PO3003 % - -
(é) 300— —
200 =
ITS dE/dx -

---------------------------------------------------------- 100—

| Lol C Ll C
107! 1 10 10° R S . o
P, (GeV/c) %07 0.1 02 03 04 05 1 2 3 4 5
p (GeV/c)
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http://iopscience.iop.org/article/10.1088/1748-0221/5/03/P03003/meta

A Large lon Collider Experiment

Time Projection Chamber

e Gas-filled ionization detection volume
- 90 m3 of Ne-CQO» or Ar-CO»
=85cm,r =247 cm

- rmin ) T max

- |n < 0.9

e Main purposes:
- Tracking and vertexing
- Weak decay reconstruction (e.g. \)
- PID via dE/dx

More details on TPC:

J. Alme et al., Nucl. Instrum. Methods A 622 (2010) 316-367

TPC dE/dx

I 1 1 1 1 L1 11 | 1 1 1 1 L1 11 I 1 1 1 1 L1 11 I
107" 1 10 102
P, (GeV/c)
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https://www.sciencedirect.com/science/article/pii/S0168900210008910?via=ihub

A Large lon Collider Experiment

Time Projection Chamber

e Gas-filled ionization detection volume
- 90 m3 of Ne-CQO2 or Ar-CO»
- r,,=85¢cm,r . =247 cm

- |n < 0.9

max

* Main purposes:
- Tracking and vertexing

- Weak decay reconstruction (e.g. \)
E d \t 3He ALICE performance
S Pb-Pb |5, = 5.02 TeV
£
&
: >
More details on TPC: S,
J. Alme et al., Nucl. Instrum. Methods A 622 (2010) 316-367 %
O 10°
o
|—
TPC dE/dx
__________ »---..--------------
Sdcfdx
[ L Lol L Lol ! Ll
10°" 1 10 102 | |
p. (GeV/c) 1 10
p/z (GeV/c)
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https://www.sciencedirect.com/science/article/pii/S0168900210008910?via=ihub

A Large lon Collider Experiment

Time-0f-Flight

e Multi-gap resistive plate chambers
- I =37/0cm, r_, =399 cm

max
- |n| < 0.9

e P|D in the intermediate momentum
range:
- via velocity determination

- time resolution oror ~ 80 p

T I T T T T

0.9 il

More details on TOF: 0813 =
ALICE Collaboration, JINST 3 (2008) S08002 g
0.7 —
TOF ]
------------------ - - - osssssssssssosssssssssssssoos 0.6 —
__________ TPC dE/dx B e ALICE Performance
ITS dE/dx 050 Pb-PDb | sy =5.02TeV 1

107" 1 10 102 04 1 0
p. (GeV/c) p (GeV/c)
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http://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08002/meta

Nuclei identification

at Low momentum

[y
o
w

e Nuclei production studies performed via:
- Particle IDentification (TPC, TOF)
- Topological selection

ALICE Performance.

pp 1s=13TeV 10°

I T T 17T

10*

e Distance-of-Closest-Approach (DCA)
distributions used to separate primary
particles from secondary particles (e.qg. 10° kg
knock-out from material) "

10°

TPC dE/dx signal (arbitrary units)
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A Large lon Collider Experiment

V-ZERO

e Two arrays of scintillator detectors

- VOA (2.8< n<5.1) and VOC (-3.7<
n<-1.7)

e Main purposes:
o - trigger, beam-gas rejection
LT _ - centrality and multiplicity estimator

/ e Event selection based on total charge
: deposited in the VOA and VOC
detectors (“VOM”)

AW
AR

il

)

2 | ALICE Po-Pb sy =5.02 TeV
= (O o Data 10
; —— NBD-Glauber fit
o
a Pllvk X [f Npart + (1 _f)NcoH:I 1074

(

f=0.801,p=45k=1.75

Events
o

107°

. I%I 1 1 1 1 1 1 1 1 1 1 1 1 1 I.I II 1 1 .I 1 II 1 1 L L
More details on VO: 0 200070000 1500020000 25000 | 30000 35000
ALICE Collaboration, JINST 8 (2013) P10016 VOM amplitude (arb. units)
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http://iopscience.iop.org/article/10.1088/1748-0221/8/10/P10016/meta

Centrality of a collision

Theory
The centrality of the collision is defined by the absolute value of the impact parameter
vector b

Most central collision <= Smallest b

Experimentally
It is possible to correlate the charged particle multiplicity to an impact parameter value
by fitting data with predictions from Glauber model

- centrality class defined as percentile of the total cross-section

ALICE Collaboration, ALICE-PUBLIC-2015-008 (2015)

)

2 | ALICEPob-Pb s, =5.02TeV

€10 . Data 10
: NBD-Glauber fit

2

©

(

Events
Q

107° b

1 1 | 1 I. | | II 1 | I | 1 1 1 I| | |
20000 25000 30000 35000
VOM amplitude (arb. units)
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https://cds.cern.ch/record/2118084

Centrality of a collision

Theory

The centrality of the collision is defined by the absolute value of the impact parameter
vector b

Most central collision < Smallest b

Experimentally

It is possible to correlate the charged particle multiplicity to an impact parameter value
by fitting data with predictions from Glauber model
- centrality class defined as percentile of the total cross-section

ALICE Collaboration, ALICE-PUBLIC-2015-008 (2015) LICE Collaboratlon Ph S. Rev C 91 (2015) 064905
—~ T T 1 T T 1 T T 1 T T 1 T “n [Ty T T
@ ALICE Pb-Pb |5 =5.02 TeV - £ E ALICE p-Pb |5, = 5.02 TeV
c107® « Data 10 S [ - Daa o ;L\‘ i
> NBD-Glauber fit i NBD-Glauber fit 1074 1
o Q10° # Npar XNBD (1 = 11.0,k = 0.44) | e estoetsssssssasesns ]
© L = : 2 e ]
@ [ R ‘ .
qcﬂ 04 qc_)'| 0%l | L e Lo b
> - > - =
LU . L o -
] 10 E
10° E R IR :
1 wb8l3] 85 .
_ E O | O o o -
C|© [ < (Q\] — .
I 1 1 1 1 | 1 1 1 1 | 1 1 1 || 1 B N 1 1 l 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I ]
0 5000 1 0000 1 5000 20000 25000 30000 35000 0 100 200 300 400 500
VOM amplitude (arb. units) VOA (Pb-side) amplitude (arb. units)

Stefano Trogolo Frankfurt University, Nuclear Physics Colloguium - December 13th, 2018 16



https://cds.cern.ch/record/2118084
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.91.064905

Collision systems at the LHC

2 < Ve

2.76 TeV
&R —GD »» 2=
<A J 4

Xe-Xe 544TeV

Study of these three collision systems is fundamental to improve our knowledge of
hadronisation and strong interaction at extreme regimes of energy density
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Collision systems at the LHC

< T Vewy |
& - e o (-
| : e
< vV T Xe-Xe  544TeV
.\ o
A p-Pb 50;Tev """ Study of nuclear
O —p = Pb-p ' matter effects
< 8.16 TeV

Study of these three collision systems is fundamental to improve our knowledge of
hadronisation and strong interaction at extreme regimes of energy density
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Collision systems at the LHC

<Y T Vew
&~ g% -
. e
a4 vV @\ Xe-Xe 544 TeV
b\ Vsnn
o p-Pb 50;Tev """ Study of nuclear
Q - Pb-p ' matter effects
< 8.16 TeV
__________ Vo
0.9 TeV

Reference for

2.76 TeV
() = () p-p measurements in

5TeV
other systems
7 TeV

13 TeV

Study of these three collision systems is fundamental to improve our knowledge of
hadronisation and strong interaction at extreme regimes of energy density
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Production in Pb-Pb

Nuclei
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Deuteron and 3He spectra

ALICE-PUBLIC-2017-006

o ALICE Preliminary j
S 10 M ]
8 -7 N, - i Em Rl o et N . =~ |y| < 0-5 E
N = oy =
o -
Q. E-- =
T E :
= 107 E
o - -
4 . ?_‘ | :qz'q:q:-:% . _g
P = = ST “*tec e deuterons, Pb-Pb \s,, = 5.02 TeV =
~~ - ~. —]
4 e e 0-5% (x512) e 5-10% (x256)

— 107 Riae X o 10-20% (x128) 20-30% (x64) =
- ) 30-40% (x32) o 40-50% (x16) -
10° o o 50-60% (x8) e 60-70% (x4) —
= e 70-80% (x2) e 80-90% (x1) E
6 - -- Individual fit O ppINEL \s=13TeV™]
1 O 55 INEL normalisation uncertainty: 2.55% é

1 | | | | | | | | | | | | | | | | | | | | | | | | | | | |

1 2 3 4 5 6

P, (GeV/c)

1077

[ I I T T T I I I T T T T T I | I T T T | I | I T | T T
B ALICE Preliminary |
- “He, ly] <0.5 =
- o - -
B n“““ -
- e e b
= e ':’:' \ \ =
N % T ]
| o ] ~._ ) -
i .
— Pb-Pb s =5.02 TeV =
= ¢ 0-10%  * 10-40% -
~ * 40-90% ----Individual fit 7
;_l | | | | | | I | 1 | | | | | | | I 1 | | | | | 1 | | | | I—:
2 3 4 5 6 7
[N (GeV/c)

* deuteron and 3He spectra measured as a function of centrality classes

* Pronounced hardening of deuteron and 3He pr spectra with increasing centrality

— radial flow

* pr spectra are fitted with the Blast-Wave [4] function — yield extrapolation to

unmeasured regions

[4] E. Schnedermann et al. Phys. Rev. C 48, 2462 (1993)
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https://cds.cern.ch/record/2272148?ln=en
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.48.2462

Anti-nuclei/nuclei ratio

ALICE Preliminary

Pb Pb \/ 5 02 TeV

{5 0-5% F 5- 10% :
o | 121

* Atthe LHC energies the antiproton/ S 1;m EEM b, 5
proton ratio [5] is compatible with the o8
unity: 1_5} 10-20% 1 20 30%—

- regime of nuclear transparency is D R+ S e E
reached — evanescent baryo- 0.5 T :
chemical (ug~0) potential in the e 30-:40%_i=::::“::::::“::l{d:s:b?}o:_:

mid-rapidity region

* Thermal and coalescence models

predict for a nucleus X with mass

I IR S T NI N SN T AU S S T AN TN S S T A T SO S S MW

number A:
X - (E)A 050 &
X p A 70-80% -
+ Results of d/d and 3He/*He in Pb-Pb 2 (Rl ;
collisions confirm the prediction: 0.5 ’ ;
- prand centrality independent 120‘2’%{‘,/0)56

[5] ALICE Collaboration, Phys. Rev. C 88 (2013) 044910

ALICE-PUBLIC-2017-006
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https://cds.cern.ch/record/2272148?ln=en
http://prc.aps.org/abstract/PRC/v88/i4/e044910

Anti-nuclei/nuclei ratio

ALICE Preliminary Pb-Pb \'s,, = 5.02 TeV

0-10% -

* Atthe LHC energies the antiproton/
proton ratio [5] is compatible with the -
unity: - T4

0.5~ | -

*He/°He
|
I
—o—
o
o

regime of nuclear transparency is

reached — evanescent baryo- 152_ E
chemical (ug~0) potential in the . F ]
mid-rapidity region A Tolt]e] TRAE A - -

T [ ¢ ¢ | -

* Thermal and coalescence models 05:_ E

predict for a nucleus X with mass e
number A: - 40-90% -

A 1.5_— o
X (p) o +

PN O o i
X AP T ++ ----------------------------- -
* Results of d/d and 3He/3He in Pb-Pb K g ! E
collisions confirm the prediction: LT
. . 1 2 3 4 5 6 7 8
- prand centrality independent p. (GeV/c)

[5] ALICE Collaboration, Phys. Rev. C 88 (2013) 044910
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http://prc.aps.org/abstract/PRC/v88/i4/e044910

Coalescence parameter Ba

ALICE-PUBLIC-2017-006
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The probability to form a nucleus via coalescence can be quantified by the
coalescence parameter Ba:
d3N d3N,\ " A
By = E4 3A/ (Ep Bp) A 1s the mass number
dp:y dp; Po = PAlA

According to simple coalescence predictions Ba is pr flat:
- simple coalescence does not describe the trend observed in Pb-Pb collisions

The rise in pt becomes milder moving from central to peripheral collisions
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Deuteron elliptic flow

g ' Data Combined . .
A 05 ALICE | 7 BlastWave Fit ~ Elliptic flow measured
= ) : K* nt .
6 o  POPOISw=276TeV | "D _KE ~with scalar product
> 0-10% | 10-20% sdedl =pip " - method
0.3 . } Predicted ‘
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=) ’:.:.- . Q:,
Qct::o' -. S <’Uz'n,,’l,(pT7 T]) ) M >
; ,.-' e 20-40% v {SP} = - -

R o® n,A n,B
= I | | - \/< M 4 Mg >
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ALICE Collaboration, Eur. Phys. J. C 77 (2017) 658

* The w2 of the deuteron is compatible with the prediction of the Blast-Wave model:

- scale the BW fits to #/K/p spectra to the deuteron mass — hint of a common
thermal production
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Deuteron elliptic flow

Data Coalescence
° 0_1 Oo/o 0_1 Oo /o | |
« 10-20% 10-20% E|.|Ip’[IC flow measured
+ 20-40% with scalar product
method
ALICE

Pb-Pb | 5 = 2.76 TeV. . —#=

IIIIIIIIIIIIIIIIIIIlIIIIIIII

| Q:
0.2 ’Un{SP} _ <un,z(1:T777) : M>
V(Gea . G
0.1
O_I l
0

ALICE Collaboration, Eur. Phys. J. C 77 (2017) 658

* The w2 of the deuteron is compatible with the prediction of the Blast-Wave model:

- scale the BW fits to #/K/p spectra to the deuteron mass — hint of a common
thermal production
* The simple coalescence model does not describe the v2 of the deuterons:

- v3(p}) =2-v5(2ph) — at lower energies able to describe deuteron vs
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3He elliptic flow

O_9_| L | L LI | 1T 1T 1 | | L I | L I | L T T T _] The V2 Of SHe iS measured
0.85- ALICE Preliminary E using the Event-Plane method:
- Pb-Pb, | 5, = 5.02 TeV - - Reconstruction of the Event
. 0'7;_ °He + °He E Plane (estimator of the
S 065 4 0-20% o Reaction Plane)
A 05F 20-40% = - Vo computed as:
ﬁ: 042— ¢ 40-60% | + —f vy = 1 z Nin—plane — Nout—of—pla,ne
&h 032_ + : | _; R2 1 Nin—plane + Nout—of—plane
o~ 025 | ' o R2 is the event plane resolution
- . o =
— : s 1 | =
0'1: t , | = Out-of-plane
OF E
_O :l 1 1 I 1 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I L1 1 1 I | 1 1 I: "‘ Pb
' 2.5 3 3.5 4 4.5 ) 5.5 6
Pr (GeVic) In-plane

* v 0f 3He measured in three centrality classes:
- Increase while going to peripheral collisions Pb
- smooth rise with pr |
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3He elliptic flow
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* V2 of 3He shows a different behavior with respect to vo of deuteron

- overall agreement of the prediction from Blast-Wave fit to lighter
species is better in the most central collisions

- simple coalescence expectation (green points) is closer for the results
iIn 40-60% centrality
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4He production yields

ALICE Collaboration, Nucl. Phys, A 971 (2018) 1-20

Q. =
- ALICE
0.95 ==~ Es 3
09 F I+ e
E : L
0.85 - =
E : e
0.8 | = =
F 2 ; E
0.75 | : =+ =
R - Positive tracks ] | E
5 [ - - Negativetracks | % [ : ’ =
0.7F ES /i e Data ] 107°F
L E B L - —
ol T i J— ical 3He i J —6 [
0.65 E ] ; L Theoretical "He line 10 3 0-10% Pb-Pb, \ Snn = 276 TeV

- i 11 - - ool A I . -
06[ Fireiidere Ed ',' _ Theoretical "He line k 1077 L

:|||||||||||||||z|||||||| |||||||| :'|||||.'|||i||||||||||||||||||||||: 10—8_1 l | | | | | | |
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£ GeV/o) A

* the production of the heaviest anti-nucleus ever has been measured in
Pb-Pb at 2.76 TeV and “rediscovered” also in Pb-Pb at 5.02 TeV

* the prediction by the thermal model of exponential decrease in nuclei
production rate is confirmed

- in Pb-Pb the penalty factor for adding one baryon is ~ 300
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Production in Pb-Pb

Hypertriton
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Hypertriton identification

S (rrrryprrTr T TTT | | | | | ]

S 140 - ALICE Performance, 28/11/2016

q) — —

E - (s = 502 TeV .

Secondar 120 .

y £ B Pb—Pb, 0-80% ]

vertex § 100 ly| < 0.9 ]

3He T o 80 :_ ~~~~~~ _:
DCA M _:
Primary i {
40 [~ =

Vertex i + )
20 - ]

[ ] 0 _l L1l | | | 1 | L1 11 | L1 11 | L1 11 | L1 11 | L1 |_

297 298 299 3 301 302 303 3.04 3.05
M(°He, = & He, ©*) (GeV/c?)

e (Anti-)hypertriton production studies performed via two charged body decay channel
*H —° He + 7~
e °He and 7 tracks identified via specific energy loss in TPC
e Secondary vertex reconstructed exploiting the algorithm used for the VO topology
e Signal raw yields extracted with a fit to the invariant mass distribution:
f(m) = Ngig - fsig(m) + Nigg - forng(m)
e Method used both for production and lifetime analysis
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Hypertriton identification

Secondary

¢ (Anti-)hypertriton production studies “, DCAp Vertex
performed via three charged body
decay channel DCAd [/ veee et

3 B to PV *
AH —d -+ P —+ 7T Primary  __ ——— &
: : . Vertex
- higher Branching Ratio compared Pointing angle *
to the two body, but also larger o
combinatorial background ?OCSV”

* d, p and 7« tracks identified via specific T 200
energy loss in TPC %’200;— - ous Pbxﬁpzf?;mm

e Topological and kinematical selections g '®°F Backarounc 0-10%, y| < 05
on the daughter tracks £ EZ‘

e Secondary vertex reconstructed as the oo F- + *
point at minimum distance to the 100 | i
selected tracks 80

e Signal raw yields extracted with a fit to 50 AH-d+p+m
the invariant mass distribution, as F

20 —

previously shown

of
296 297 298 299 3 3.01 3.02 3.03 3.04 3.05
M, .. (GeV/c?)

Stefano Trogolo Frankfurt University, Nuclear Physics Colloguium - December 13th, 2018 28



>H production

e pr Spectra were measured in most
central collisions at 2.76 TeV:

ALICE, Phys. Lett. B 754 (2016) 360-372

ol e [ S
CO Il Pb-Pb |5, =276 TeV 9
< « Similarly pr spectra have been
o _ measured in semi-central collisions at
S | $$ 5.02 TeV
g | AHolHesr + In Pb-Pb collisions at 5.02 TeV yields
< 107 %H: He+m measured as a function of the

-+ 3\H ) charged particle multiplicity:

B %ﬁ i - dN/dyin three centrality classes

'||||||||||||1|1|||||||||||||||||||||1| _ " : '
I T N N R S-S increasing trend can be interpreted

p.(GeV/c) INn the thermal model as related to

the volume of the created medium
Antimatter-to-matter ratio in agreement

with unity within the uncertainties
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>H production

g ALICE Preliminary
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Antimatter-to-matter ratio in agreement
with unity within the uncertainties

e pr Spectra were measured in most
central collisions at 2.76 TeV:

- Blast-Wave fit to extrapolate yield
In the unmeasured regions

* Similarly pr spectra have been
measured In semi-central collisions at
5.02 TeV

 |In Pb-Pb collisions at 5.02 TeV yields
measured as a function of the
charged particle multiplicity:

- dN/dy in three centrality classes
- Increasing trend can be interpreted

In the thermal model as related to
the volume of the created medium
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>H production

e pr Spectra were measured in most
central collisions at 2.76 TeV:

-3
D::O.06>_<10 | |
S F AucE preliminary : BIast-Wave fit to extrapolate yield
§0.05:— Pb_Ph {3 = 5.02 TeV In the unmeasured regions
0.04 b oMo Horm e Similarly pr spectra have been
. L measured in semi-central collisions at
0-03—_ + KH—> He + w* 5 02 T
- . eV
0.02~ e In Pb-Pb collisions at 5.02 TeV yields
- $ [#E measured as a function of the
0'01__ Uncertainties: stat. (bars), sys. (boxes) T ' 1A .
B $ Points shifted for visibility Charged partICIe mUItIpIICIty
O™ Bov™ 00600”80000 1200 140 160 1800 2000 B0 dN/dy in three centrality classes
en’ Map’ln_|<05

- Increasing trend can be interpreted
In the thermal model as related to

the volume of the created medium
Antimatter-to-matter ratio in agreement

with unity within the uncertainties
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>H coalescence parameter

e (Anti-)hypertriton Bs measured in
central collisions at 2.76 TeV:

ALICE, Phys. Lett. B 754 (2016) 360-372

& [ - rescaled for a comparison with
© [ ALCE deuteron B>
o " Pb-Pb | = 2.76 TeV " | | |
= _ - rise with pr not expected by simple
- | ;ﬂ coalescence
10°F b isi
: ﬂz * [n Pb-Pb collisions at 5.02 TeV Bs
: e’ measured in semi-central collisions:
r ~e® ® d0-10% - separately for matter and anti-
i ¢ °He 0-20%, | k"B, matter
i B 2H0-10%, |k,*B." . .
- almost flat behavior as a function of
°H - (°*He + ) assuming B.R.=25% .
10—4 L1 11 I | - I 1L 11 | I | - I 111 I 1 11 | I 111 1 I | pT aS Supposed In Coalescence
O 05 1 15 2 25 3 3.5 cture
pT/A (GeV/c) P

e Despite the different energies B3 is
Proton and A spectra used the P 9 3

calculations are measured at the same higher in semi-central than in central
energies collisions
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>H coalescence parameter

e (Anti-)hypertriton Bs measured in
central collisions at 2.76 TeV:

- rescaled for a comparison with

N S L R A B = deuteron Bo
‘% 10_4__ ALICE Preliminary __
e " Pb-Pb Sy =5.02 TeV - - rise with pr not expected by simple
« [0 Ho He 10-40% centrality : coalescence
107 =
- 1+ In Pb-Pb collisions at 5.02 TeV Bs
10 - - measured in semi-central collisions:
E ——— ——— s = :
- e - - separately for matter and anti-
107 assuming decay B.R.=25% 3 matter
B e e - almost flat behavior as a function of
10 O 02 04 06 08 1 12 14 16 18 2 22 .
p /A (GeVic) o7 as supposed in coalescence
picture

e Despite the different energies Bs i
Proton and A spectra used the espite the ditferent energies Bs Is

calculations are measured at the same higher in semi-central than in central
energies collisions
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dN/dy vs B.R.

" F Thermal models o
af)] . Data "3 B ALICE Preliminary "= SHARE
; - ==== GSI - Heidelberg 5 - Pb-Pb (5 = 5.02 TeV ---+ GSl-Heidelberg
S, | Hybrid UrQMD Model SHARE 3 0-10% centrality — Hybrid UrQMD
2 ......
S| e e
............ ALICE
. I I T
1070 - Pb-Pb | 5, = 2.76 TeV 104 3. R
£ S 2
I 0-10% centrality ]
“““““““““““““““““““ ! e
---‘-._ L I --‘__,,-.--::‘;::-M
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ALICE, Phys. Lett. B 754 (2016) 360-372 B.R.

* (Anti-)hypertriton Branching Ratio is not precisely known
- only constrained by the ratio between all charged channels containing a pion

* Thermal model predictions done for different B.R. values = agreement in the
range 0.24 - 0.35 with equilibrium thermal models
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>H ratios to light hadron yields

Vsyy = 5.02 TeV ‘

Ratio
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107°

107°
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ALICE Preliminary

0-10% centrality
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S. Wheaton, et al..CPC180,

84 (2009)
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e Ratio to light hadron yields more sensitive to the chemical freeze-out temperature

. f’\H/p and f\H/d compared with THERMUS predictions as a function of T,
= 153-165 MeV in agreement with T,

« Range T,
TeV

hem

hem

hem

= 156 MeV obtained at 2.76
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>H-to-He ratio

* Ratios for most central collisions (v/snn = 2.76 TeV and +/san = 5.02 TeV) are in
agreement with predictions from Hagedorn resonance gas (HRG) and thermal

models
* The new result at 5.02 TeV might give a hint for an evolution with charged particle
multiplicity
* Predictions from coalescence and for lower multiplicities are needed
Q -
& 1.8 | STARAu-Au s, =200 GeV -+ Hagedorn resonance gas

- Science 328 (2010) 58 -.-THERMUS

16 { ALIGE Po-Po V5o = 2.76 TeV — GSl-Heidelberg

14— ! B 724 (2010) 500 - - SHARE THERMUS: S. Wheaton, et al.,
: ALICE Preliminary CPC180. 84 (2009)

12— + Pb-Pb \/S_NN =5.02 TeV
— (°H + %ﬁ) GSl-Heidelberg: A. Andronic, et al.,

1:— (Slliie + °He) PLB 697, 203 (2011); PLB 673, 142

- | (2009) 142

0.8 $ assuming B.R. = 25%
- SHARES: G. Tarrieri, et al., CPC

0.6— + 167, 229 (2005); CPC 175, 635

04:_ T R - (2006); CPC185, 2056 (2014)

E “ .

0.21—
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Strangeness population factor

» 3.5
Strangeness population factor S, [6,7] R A= ALl -+ GSI-Heideloerg
IS defined as: 3 STAR Au-Au 0-80% = Fybrid UraMD
3H - X Science 328 (2010) 58 ~— Default AMPT + Coal.
5’3 _ A >< B B HypHI °Li-"2C - _
3 He A 55— PLB 747 (2015) 129 String Melting AMPT + Coal.

« independent on the chemical [ PB 754 (2016) 360 PoNmece
potential of the particles and 2" o ALICE Preliminary 0-10% SH+ 2H
additional canonical correction - assuming BR. = 25% 2
factor for strangeness is cancelled 1.5~

* ALICE results at 5.02 TeV is: £

- compatible with the published §
results at 2.76 TeV and with those 0.5
at |Ower energles : Uncertainties: stat. (bars), sys. (boxes)
_IIIIIIII IIIIIII| | IIIIIII| | I I B
. - T 0
- in agreement with the prediction of 10 102 10° 10°
the equilibrium thermal model ISy (GeV)

« Coalescence predictions available
only up to top RHIC energies

[6] E864 Collaboration, T. A. Armstrong et al. Phys. Rev. C 70, 024902 (2004)
[7] S. Zhang et al. Phys. Lett. B 684, 224-227 (2010)
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The standard model for A-A collisions?
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* Thermal model successful in reproducing the particle yields measured in Pb-Pb
collisions at v/snn = 2.76 TeV — (anti-)(hyper-)nuclei included in the fit

* This result suggests that (hyper-)nuclei production happens at the hadronisation

 The present formulation of thermal model seems to be the standard model
of particle production in A-A collisions
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The standard model for A-A collisions?
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e Larger data sample collected in LHC Run2 and improved reconstruction and
analysis techniques reduced the uncertainties.

e Although describing qualitatively well the particle yields, there is less agreement
between the thermal model prediction and the particle yields
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Production in

small systems

() b g O —=p =L 3
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Deuteron production

I

| p-Pb, Vs, = 5.02 TeV
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e pr spectra becomes harder with increasing multiplicity
flow

- the Blast-Wave (BW) function describe the data wel
yield extrapolation to the unmeasured regions

in p-Pb — hint of radial

| in p-Pb and is used for the

« deuteron B2 is almost flat as a function of pr while it increase while going to lower
multiplicity in p-Pb = compatible with simple coalescence picture
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Deuteron production

ALICE Preliminary antideuterons, pp, Vs = 13 TeV
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LI-PREL s o]l (x8) i
1077~ vav xa) E
E EIVI"'V“ (x2) deuterons 5
C . . i ,\s=7TeV i

« The fit is performed with a Levy-Tsallis [ [V () T’y“|’<05
: . . 107/ & ---Levy-Tsallis fit : —
function [8] used for the yield extrapolation SRR N S FEE T BT

to the unmeasured regions 005 1 15 2 25 3 35

p_(GeV/c)

e Also the pr spectra as a function of charged
particle multiplicity do not show a

pronounced hardening |
[8] C. Tsallis, J. Stat. Phys. 52 (1988) 479
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Anti-deuteron/deuteron ratio

[ 1 1 ALICE Preliminary
of + 1 pp,\s=7TeV
1 5} 1 ] I%I)M Multiplicity Classes
5 T . I+l
© L 1 i
s F |t { 1 t { 1 [elm
T ;;H+++ AREES Il']I TRt B
; 1 ? 1 [e]Vi+Vil
f.op T 1 [S]VIl+IX+X
Co ] T.1 | || | A
LRI L B B L T T RN 1 T T T T T T
2F + T .
1.5f x 1 I
% i 1 1 l ]
N + S
o5t H b 5

R R R N R R R
(GeV/c)

* |In the regime of nuclear transparency thermal and coalescence models
predict for a nucleus X with mass number A:

* Results of d/d in p-p collisions confirm the prediction:
- prand multiplicity independent
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Coalescence parameter B.
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3He production

| p-Pb, Vs = 5.02 TeV |
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e pr spectra measured in 4 multiplicity bins in p-Pb
- show a hardening with increasing multiplicity

e 3He/3He ratio in agreement with unity as a function of pr and multiplicity

 Bszmeasured in p-Pb collisions as a function of charged particle multiplicity:
- almost flat as a function of pr, except for the lowest multiplicity class
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3He production

| p-Pb, Vs = 5.02 TeV |
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e pr spectra measured in 4 multiplicity bins in p-Pb
- show a hardening with increasing multiplicity

e 3He/3He ratio in agreement with unity as a function of pr and multiplicity

 Bszmeasured in p-Pb collisions as a function of charged particle multiplicity:
- almost flat as a function of pr, except for the lowest multiplicity class

Stefano Trogolo Frankfurt University, Nuclear Physics Colloquium - December 13th, 2018 42



Unified description

of nucleosynthesis?
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Nucleus over proton ratio

deuteron-over-proton « d/p ratio does not show

IQ_ 0006 I I LI IIII| I I LI IIIII ! I LI IIIII I ] I discontiHUity between different
+ [ [#]p-Pb, Vo, =502 Tev ALICE Preliminary colliding systems

o B VOA Multiplicity Classes (Pb-side)

= 0.005— . .

3 ~ [W]Pb-Pb, |5, = 5.02 TeV e * Two different regimes:

N - [®]pp, Is=7Tev

, 1S =

1. Increasing: rise at low multiplicity
compatible with the description of
the coalescence models

VOM Multiplicity Classes

E ##@ *ﬁﬁ Ele Pb, s, = 2.76 TeV (PRC 93 (2015) 024917)

0.003

o
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2. Flat: at high multiplicity there is

0.002
- no dependence of the ratio on the
|pp, Vs = 900 GeV, d/p (PRC 97 (2018) 024615) - multiolicity. in agreement with
0.001 MHpp, Vs = 2.76 TeV, d/p (PRC 97 (2018) 024615) _ P Y 9 o
PKlpp, ¥s = 7 TeV, dip (PRC 97 (2018) 024615) ] thermal model predictions
01 1 L1 |||‘|I|O | L1 |||1||O2 1 L1 |||1||03 | L 3 Suppression(?) Stl” not
significant with these
<chh/anab>ln <05 J

uncertainties

On the other hand 3He/p ratio
shows factor 5 step between
small systems and Pb-Pb

Is there a unique production
mechanism depending only on the
system size?
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Nucleus over proton ratio

» d/p ratio does not show

e —— —— . discontinuity between different

St -
2 ; colliding systems
10° £ " E . .
2 F ; R 1« Two different regimes:
© - 5x . . : e
= - H - 1. Increasing: rise at low multiplicity
€ i H H H | compatible with the description of
5 107 w E the coalescence models
O u ]
e - i 2. Flat: at high multiplicity there is
_ ALICE _ -
. L 23He/(p + p), p-Pb \SNN =5.02 TeV, Preliminary no dependence Of the ratloon the
10" o 2°He/ (p + p), Pb-Pb | 5 = 5.02 TeV, prelminary E multiplicity, in agreement with
~ = 2°He/ (P + p), Pb-Pb \ s, = 2.76 TeV, Phys.Rev. C93 (2016) 2, 024917 ] thermal mode] predictions
= 2°He/ , PP \s =7 TeV, PhysRev. , i ] ,
10 102 10° '~ Aifi :
(@dN_Jdn) S|gn|f|ce.mtIW|th these
ch — 7nl<0.5 uncertainties

e On the other hand 3He/p ratio
shows factor 5 step between
small systems and Pb-Pb

If the factor 5 is confirmed by studies on
larger data samples, then a unified
description will be more challenging
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Multiplicity dependence of Ba

 The measurement of B> does
not show discontinuity between
different colliding systems

« Two different regimes:
1. Flat: the system size is smaller
than deuteron size
2. Decreasing: the system size gets
larger than the deuteron size

* This behavior has been
gualitatively described by
parametrizing the coalscence
parameter using the system
HBT radius R:

By R(pr)\” by \°
~ 0. 2.
GeV? 0-068 [( 1fm 20 3.2fm

K. Blum et al., Phys. Rev. D 96 (2017) 103021

~3/2
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Is there a unique production
mechanism depending only on the
system size?
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(Anti-)hypertriton
lifetime

g ©
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[ ] *
Mesonic channels
—

Hypertriton ( ?H): bound state of p, n and A, | —
IS the lightest known hypernucleus Channels Branching Ratio [3]
Mass = 2.99116 + 0.00005 GeV/c2 (1]
SHe+r .
A binding energy = 0.13 + 0.05 MeV [1) 3410 37,3%
lifetime: world average = 216 *{J ps [2] d+p+r 50 19
decay channels: = Mesonic (MWD) d+n+z0 |
= Non Mesonic (NMWD) N+p+p+7
0,94%
N+N+p+79

* Very small A separation energy led to the hypothesis that the ;H lifetime is
slightly below the free A hyperon lifetime (263.2 = 2 ps [3])

consequence of the fact that the A spends most of the time far from the
deuteron core due to very small value of Ba

many theoretical calculations support this hypothesis

[1]1D.H. Davis., Nucl. Phys. A 754 (2005) 3-13
[2] C. Rappold et al., Phys. Lett. B 728, 543 (2014) [3]H. Kamada et al., Phys. Rev. C 57 (1998) 1595-1603
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300
N e [35] M. Rayet, R.H. Dalitz, Il Nuovo Cim. A 46 (1966)

free A lifetime [40] 786

N - - values for T in the range from 239.3 - 255.5 ps

250 —
o [38] - phase space factor, Pauli principle effect, corrections for

+ final-state pion scattering and for NMWD included
13¢] [39]  [36] M. Ram, W.Williams, Nucl. Phys. B 28 (1971) 566

200 — - calculated a value of 235 ps

H lifetime (ps)
|

3
A
+

+

- - investigation whether hard core corrections in AN and
- NN potentials used to calculate the wave functions could

150 — 137] affect the values of 1
- * [37] H. Manosur, K. Higgins, Il Nuovo Cim. A 51

N (1979) 180
- M. Agnello et al., Nucl. Phys. 954 (2016) 176 - lower value of 173 ps

1960 1965 1970 1975 1980 1985 1990 1995 2000 - calculation based on explicit inclusion of the nucleon

year induced pionic emission

* [38] N. Kolesnikov, V. Kopylov, Sov. Phys. J 31 (1988) 210
values for T of 226.3 ps

Using wave functions found by multi-parameter variation calculations employing 5 different AN potential
* [39] J.G. Congleton, J. Phys. G., Nul. Part. Phys. 18 (1992) 339

obtained a value of 232 ps
using updated values for the NN and YN potentials to determine the wave functions

e [37] H. Kamada et al., Phys. Rev. C 57 (1998) 1595

prediction of a value of 256 ps

calculation based on rigorous solution of three-body Faddeev equations for the hypernucleus wave function and for the 3N
scattering states, where realistic NN and YN interactions were used.
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Hypernuclel discovered1953 in photographic emulsion, through the MWD
« At the beginning light hypernuclei/hyperfragments identitied via their z- MWD with
visualizing techniques
emulsion/bubble chambers exposed to energetic K beams

observation of charged decay modes
e |n the first experiments:

assignment of spin/parity to light hypernuclei ground state (3AH, 4AH, 4AHe, 8aLi, 11AB
and 2AB) through properties of m- MWD (7aALi)

study of the A-N spin dependent interaction (Jnyp g.s. = Jeore - 1/2)

He \ 5AH€
fooum p in-flight decay
> He — “He +p+ m-
i First experiments:
T % . ¥ Lifetime obtained from the spatial |
s A distribution of the m-MWD vertices , o
ol in-flight decay ) ) ol
g around the formation point of the

; 3,H—3He + n-
; hypernucleus | ’77_/_”_
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Hypernuclei discovered1953 in photographic emulsion, through the MWD
« At the beginning light hypernuclei/hyperfragments identitied via their - MWD with
visualizing techniques

- emulsion/bubble chambers exposed to energetic K beams
- Observation of charged decay modes
e |n the first experiments:

assignment of spin/parity to light hypernuclei ground state (3AH, 4AH, 4AHe, 8aLi, 11AB
and 12AB) through properties of m- MWD (“aLi)

study of the A-N spin dependent interaction (Jnyp g.s. = Jeore - 1/2)

* Limitations of visualizing techniques:
X no timing information

X no neutron, y detection — only charged WD channels

X number of formed hypernuclei not counted = no Branching Ratio determination
X spatial distribution of the m- MWD vertices around the formation point

Stefano Trogolo Frankfurt University, Nuclear Physics Colloguium - December 13th, 2018

49



Studies with counter experiments at accelerators (BNL AGS, KEK PS) from '80 on

« high intensity K-/z+ beams for hypernuclei production via:

K +N—-A+n7

Strangeness exchange

« Coincidence measurements with large solid angle spectrometer and direct timing

measurement techniques

 Veto

n |
! 4~ I Range
I / | Counter.
/ |

plastic scintillator, 9.6 cm

e v 1
o v\ﬁﬁ;é&g\ H K Yo sKs
| ; ift Chamber
Tl ‘ AN
,H R\
s j | \]\‘I, 10cm
I
to= T+ T Ty =1~ Tgq

-t
o
o

counts/.025ns
w :

100

10.0 |

1.0 |

T 4+n—o>A+KT

Associated production

Medium Mass Number hypernuclei

12 ¢
A

t=231+15 ps

llAB

T = 211+13 ps

12
A G

28 S;
t=206+12 ps

27 Al
t = 20310 ps

AFe
1= 215+14 ps
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Studies with counter experiments at accelerators (BNL AGS, KEK PS) from '80 on
« high intensity K-/z+ beams for hypernuclei production via:

K +N—>A+n7 ™ +n A+ KT

Strangeness exchange Associated production

« Coincidence measurements with large solid angle spectrometer and direct timing
measurement techniques

 Veto

1 5 ]
I - 1~ I Range H H
| / ] 7 E ter\ plastic scintillator, 9.6 cm

X This experimental technique could
not be applied to the hydrogen
hyperisotopes

X The two-body reactions require
targets
- 3H — radioactive, hard to deal with

- 4H — does not exist
R — —tsttmmmeSeRTT
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Heavy ion collisions: production of light (anti-)hypernuclei measured via
iInvariant mass of decay products in mesonic decay channels

Au-Au collisions (GeV regime)

Pb-Pb collisions (TeV regime)
P e . w vicmm m s YA ! 3

v il
o LhTil

e ALICE at the LHC

ALADIN TOF wall

X TFW

| ALADIN
4 _ dipole magnet

HypHI at GSI

projectile fragmentation reactions
of 6Li at 2 AGeV delivered on a
carbon target.

TRT [
TRO | TR2| ||

SLi Beam .\

TOF-start [ _ | §
BDC ||| —
L[] [ +
IZC Target ~ - —7>‘7J'\ SDC TOF Wa"
Olm 1'm 2'm 3Im 4lm 5|m 6'm
b .“
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M. Agnello et al., Nucl. Phys. 954 (2016) 176

% 350 ;— L emulsion technique: 203+403, ps

g 300 3_ He Bubble Chamber: 195+5.;; ps

,;; 54:'.['{}'{?1] ------------------------------ o o Electronic techniques: 185+28 ;5 pPs without [21]
20 = | T T Electronic techniques: 163+, ps with [21]
" 2. N e
150 £ *m | 1| cavear
100 i—ﬁlﬁlu The citations close to each marker are

L related to the review where the plot is shown

5(1)96 1970 1980 1990 2000 2010 2020

year

* Visualizing technigues (emulsion and 3He Bubble chamber):
- values closer and in agreement with the free A lifetime
- large uncertainties due to the limited data sample

* Electronic techniques (heavy-ion experiments):
- larger data sample led to a reduction of the uncertainties
- measured values are below the expectations
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* |nvariant mass spectra from 2- and 3-body decay:

- analysis of the Au-Au collisions data sample from beam energy scan (BES)

- large uncertainties due to the limited data sample

* Lifetime determination with both decay modes

(D GOOJ T 1T | T N. I | T 1T | T T IJ T T | T 1T ‘ T 17T l_
© o e signal candidates -
3500 —— dackground . -
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* |nvariant mass spectra from 2- and 3-body decay:
- analysis of the Au-Au collisions data sample from beam energy scan (BES)
- large uncertainties due to the limited data sample

* Lifetime determination with both decay modes

2-body 7T =123135(stat.)ps Final value
—|—24

3-body 7= 193+ 2 (stat.)ps T = 14275 (stat.) £ 29(syst.)ps
_'(21025 L L B E C\lx 6:| ]
S - o °H 5 %He+ - 55" 0.7 e
O - 3 ) - "~r C’C—426i0620m 7
O 105— & H-od+p+m E 5:_ E
L y 1% 42
4" E
10_1§— 3 3'55_ X° = 3.2 —E
G : °F (b) NDF =4 -
—2 [ R A T R TN RN TR N S TR SO M N S Clo o b b e e by By B

10 5 10 15 20 25 30 2.9 35 4 45 5 55
I/(By) (cm) CT (Ccm)

STAR Collaboration, Phys. Rev. C 97 (2018) 054909
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The lifetime estimate is performed:

e using the full data sample of Pb-Pb collisions at /s, = 5.02 TeV collected
in 2015

e selecting both hypertriton and anti-hypertriton candidates

e using two methods: “ct spectra” (default) and unbinned fit (crosscheck)
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« Signal extraction in four different ct

bins e
= 10° P~
4-7, 7-10, 10-15, 15-28 cm § N
o o \
e Exponential fit to the corrected dNJct - N
spectrum for the lifetime estimate i
T = 237132 (stat.) & 17(syst.)ps ol
* Result with the highest precision at
the moment | cT=7.10% 7 (stat.) = 0.50 (syst.) (cm)
iImproved resolutions with respect L L

ct spectra (default)

ALICE Preliminary
Pb-Pb \s,, = 5.02 TeV

0-90%, lyl < 0.8

| ™~

Uncertainties: stat. (bars), sys. (boxes)

N

to the previous result at 2.76 TeV

|ifetime estimate with an alternative
method as a crosscheck

15 20 25

ct (cm)

ALICE results (Pb-Pb at 2.76 TeV)
T = 181+38(8tat ) + 33(syst.)ps
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e Fit to the invariant mass distribution

N — to define the signal range and the
§450 - ALICE Preliminary idebands
Lt ° bae Pb-Pb |, = 5.02 TeV S
Q400 ;— — Fit 0-90%, Iyl < 0.8
Z - Sidebands | 5 3
;350__ “H— “He +a~
T - °H — °He + =
e l A
LI 300 B Significance (30) = 8.42
250

200 | Rk
150
100 [
50

||||||||||||||$ N NENEEN

97 2.975 2.98 2.985 2.99 2995 3 3.005 3.01 3.015 3.02
Msye -+ Moy . (GeV/c?)
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2
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e Fit to the invariant mass distribution

N — to define the signal range and the
§450 - ALICE Preliminary sidebands

2 ) 2"’“6‘ Pb-Pb |5, = 5.02 TeV

w400 — T 0-90%, Iyl < 0.8 L . .

= f —— a » Fit in the sidebands with two

5350 sH= He o exponential is performed

g, oF w1 Herw (background)

LI B Significance (30) = 8.42

« Fit in the signal range for the lifetime
SRS estimate

250 =

200

- signal. exponential function
multiplied for the efficiency

150

100

- background: from the sidebands
fit

50
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0.7

0.6

ALICE Preliminary
Pb-Pb \'s,, = 5.02 TeV

0-90%, lyl < 0.8

T =223%] (stat.) = 20 (syst.) ps
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O1 60
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280 300
Lifetime T (ps)

e Fit to the Invariant mass distribution
to define the signal range and the
sidebands

* Fitin the sidebands with two
exponential is performed
(background)

« Fit in the signal range for the lifetime
estimate

- signal. exponential function
multiplied for the efficiency

- background: from the sidebands
fit

Lifetime value estimate
T = 223731 (stat.) & 20(syst.)ps
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cC STAR Collaboration ALICE Collaboration ALICE Preliminary
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2005. 6 keyeserar || m m 0 [ﬂ

HypHI Collaboration
100 G. Bohm et al. NPA 913(2013)170
! I NPB 16 (1970) 46
-R. J. Prem and P. H. Steinberg
- PR 136 (1964) B1803

STAR Collaboration
PRC 97 (2018) 054909

 ALICE result, obtained from the analysis Pb-Pb at /s, = 5.02 TeV data sample,
show an improved precision with respect to previous heavy ion experiment
- It Is compatible with the world average and, in particular, with the free A
hyperon lifetime

* Further improvements will come from:

- from lifetime measured in the 3-body decay channel
- upgrade of the ALICE experiment for LHC Run3 and Run4
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Conclusion and

perspective
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Conclusion and perspective

ol

- Both thermal and coalescence models can describe particular aspects of
(hyper-)nuclei measurements in three different collision systems

« Huge experimental effort is going on to provide more precise results to
investigate a possible unified description of nucleosynthesis

- Theoretical predictions are needed especially for comparison with small
systems
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Conclusion and perspective

- Both thermal and coalescence models can describe particular aspects of
(hyper-)nuclei measurements in three different collision systems

« Huge experimental effort is going on to provide more precise results to
investigate a possible unified description of nucleosynthesis

- Theoretical predictions are needed especially for comparison with small
systems

- Latest ALICE result at 5.02 TeV is the most precise and is closer to the
theoretical expectation — this raise the question “can we still talk about a
puzzle?”

- Challenge faced by other experiments to measure the lifetime and also the
A binding energy with higher precision

- In the next LHC Run3 and Run4 ALICE is expected to collect a larger data
sample to reduce the uncertainties below 5%
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Conclusion and perspective

o

- ALICE has started a huge upgrade of the main detectors in preparation of
LHC Run3 and Run4 — expected Pb-Pb Lpr = 13 nb-' at 50 kHz collision rate

- Improvements on the results for A=3 and possibility to investigate A=4
(hyper-)nuclei production

3 - ALICE Upgrade projection ‘O 70000-
(@) C ' - N
S [ PbPb,|Sy=55TeV (0-10%),B=0.5T ! = - ALICE Upgrade
O B iH —3He + 1+ g 60000__
T [ BR=25%( < - Pb-Pb, |s,,=5.5TeV
2 2l __ H o fHerm ~ 50000 Centrality 0-10 %
g : B.R. =50% () 40!:3 § Integrated luminosity : 10 nb™”
o) . “He - °He + p + m* 5 i
S [ BR=32%( 3 40000y,
o " (*) theoretical E
W 1o 30000
B0 .. 20000}
1 10000f 2 < p, < 10 GeV/c
E - %H S %He+
N .|l|||||||||||||||||||| Qﬁ_';'l"'l"'l"'l"'l
10? - 1 = 96 298 3 302 3.04 306

Invariant Mass(°He, ) (GeV/c?)
ALICE Collaboration. J. Phys. G 41, 087002 (2014)

Min. bias integrated luminosity (nb™)
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Everyday matter comes in various form and we distinguish between solid, liquid and
gas phases...

T. Boeckel and J. Schaffner-Bielich, Phys. Rev. D 85, 103506 (2012)

200 1 | 1 1 1 1 1 | 1 | 1 | 1 |
LHC N
’ RHIC Critical
17544 Crosso ver Endpoint (?) B
150 - Quark Gluon Plasma |
S5 5 2
i GR: -
S Az
21004 5~ Hadron Gas -
b= S =
5 2 g
g- 154y 2 © —
D)
~
50 H —
Nuclear\ Color Super- [
25 - Matter | conducting [
- / Phases
0 ! | | I | ' I I |
0 200 400 600 800 1000 1200 1400
Baryon chemical potential [MeV]
r

[N

- E. Fermi, Prog. Theor. Phys. 5, 570 (1950)

- R. Stock, “Relativistic Nucleus-Nucleus Collisions and the QCD

‘

Matter Phase Diagram” (2008)
- J. Rafelski and J. Birrell, J. Phys. Conf. 509, 012014 (2014)

: T
QCD phase diagram
| — —

* Consequence of the running of as is
the existence of a phase transition:

- Hadron gas < Quark Gluon Plasma

* In the QGP quarks and gluons are no
longer confined in colour singlets:

- probably existed in the early
universe,10 s after the Big Bang

* The phase transition is expected to be:
- first order transition at high us (FAIR)

- crossover at small ugand high T
(LHC, RHIC)
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e Distribution based on the phenomenological model for hadronic matter
production in heavy collision, described in
E. Schnedermann, J. Sollfrank, and U. Heinz, Phys. Rev. C 48, 2462 (1993)

|t describes particle production spectra both at RHIC and LHC energies
e Description for hadron spectra from HIC in terms of few collective variables

R .
1 dN o(/ rdrml, (stznhp) K, (mTcoshp>
prdpr  Jo

where

* myp=+/p;+m” IS the transverse mass

* |p, Ky are the modified Bessel functions

* risthe radial distance on the transverse plane

¢ Tkin

is the kinetic freeze-out temperature
_ r\"
« pis the velocity profile — p = tanh ' ((ﬁ) ﬁs)

« [, is the transverse expansion velocity at the system surface
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« Centrality of a collision estimated using the particle multiplicities (N,,) and

correlated to the impact parameter using the Glauber model
* |n literature, the centrality is defined as percentage of the total hadronic cross

section O, [ /
0 /
ey = a1 Aoy,

Jy* d5db Canlo b

« Assuming a monotonic dependence of the charged particle multiplicity on the
overlap volume, the centrality can be expressed as:

1 © do /

OUAA J N, AN,
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ALICE Pb-Pb \s,, =2.76 TeV * pr spectra measured for deuteron
deuteron, [y| <0.5 and anti-deuteron in three different

T
2

Q = = :
@ig Eﬁ@‘w % - centrality classes
-3 o : - pronounced hardening of the
Z (@]
10 Mmm T = spectra visible for increased
E L= b centrality — radial flow
[ o . 1 .
0°E . 010% (xd) e - Integrated ylelld land mean pr are.
- 10-20% (x2) Sy - extracted by fitting the spectra with
-+ 20-40% (x1) | ) the Blast-Wave [4] (BW) function
107 E —
GBI S e Ratio d/d in agreement with unity
s I = within the uncertainties
o “;E— _—2 - confirms equal production of
" osg = matter and anti-matter at the LHC

energies

did

l1lllI2ll113IlIl4IIII5Ill16lIll7ll 8
ALICE Collaboration, Eur. Phys. J. C 77 (2017) 658 ,0T (GeV/c) [4] E. Schnedermann et al. Phys. Rev. C 48, 2462 (1993)
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. * The probability to form a nucleus via
ALICE Collaboration, Eur. Phys. J. C 77 (2017) 658

%\ LN O O B B B COa|eSCeﬂCeCaﬂbequantlfledby
T10°0 | Lo ALICE = the coalescence parameter Ba:
% - I Pb-Pb \ s, =2.76 TeV - BN BN A
o N < B A p
= - = 10-20% i Ba=FEa——=—/ (EP 3 )
o + | dp?, dp?
-+ 20-40% = .
g - Als the mass number
I + | Pp = pPalA
¢ . :
1073 - * According to simple coalescence
: ] predictions Ba is pr flat:
i I - simple coalescence does not
_ _ describe the trend observed in
Ll deuterons, lyl < 0.5 i Pb-Pb collisions
I .| | I | | I | | | | | | | | | | | | .| I I .| | | . . '
0 05 1 15 2 25 3 35 4 4.5 °* Therisein prbecomes milder
P, / A (GeV/c) moving from central to peripheral
collisions
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* The probability to form a nucleus via
coalescence can be quantitied by
the coalescence parameter Ba:

d3N 4 ( d3N >A
Bs=FE4y E P
dp3, [\ B dp?

A is the mass number
P = palA

* According to simple coalescence
predictions Ba is pr flat:

- simple coalescence does not
describe the trend observed in
Pb-Pb collisions

* Therise in pr becomes milder
moving from central to peripheral
collisions
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ALICE Collaboration, Phys. Rev. C 97 (2018) 024615
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* Minimum Bias pr spectra in pp collisions show no sign of radial flow

* The fit is performed with a Tsallis function [8] used for the yield extrapolation to
the unmeasured regions

. TIsallis, J. Stat. Phys. 52 (1988) 479

8]
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First (anti-)°He spectrum
measured in pp collisions

- fit performed with the
Levy-Tsallis function

(anti-)3H measurement
extremely difficult

Antimatter-to-matter ratios
agrees with unity

Bs measured in p-p collisions
and compared with:

- predictions of EPOS-LHC
with afterburner

- Bevalac measurements,
shown as vertical bands
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Thermal
(+hydro)

Legend: v = well described;

Nuclei and hypernuclei production

Pb-Pb

prt spectra

particle yields
antinucleus/nucleus
deuteron vo

SHe v2

d/p and 3He/p

B2 and Bs factor
pr spectra
particle yields
SH/3H

SH/p, 3H/d and
SH/3He

Ss factor

Bs factor

X { S S S [xSS SSsKSsSKS

dN/dy mass depend.

p-Pb

v prspectra
v/ antinucleus/nucleus

X d/p and 3He/p

v/ dN/dy mass depend.

X B> and Bs factor

77777
77777

PP

pt spectra
v/ antinucleus/nucleus
X d/p and 3He/p
X B2 and Bs factor

7777/
77777

= described with some tension; X = not described/missing prediction

Stefano Trogolo

Frankfurt University, Nuclear Physics Colloguium - December 13th, 2018

69



' Nuclei and hypernuclei production -

Pb-Pb p-Pb pp
/ Prspectra
./ Particle yields v prspectra
v~ antinucleus/nucleus v antinucleus/nucleus v/ pr spectra
X deuteron vz v/ antinucleus/nucleus
v 3He v2 v d/p andHelp X d/p and SHe/p
X dN/dy mass depend.
X d/pand *He/p v/ B2 and Bs factor v/ Bz and Bs factor
X dN/dy mass depend.
Coalescence v/ B and Bs factor

model / pr spectra
v particle yields
v/ 3H/3H
X 3H/p, 3H/d and '%Ilﬁ %”2

3H/3He 4447 1444

X Ssfactor
v/ Bs factor

Legend: v = well described; " = described with some tension; X = not described/missing prediction
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* The ratio has been measured as a function of pr and of the charged particle
multiplicity

* Anti-hypertriton/hypertriton ratio is in agreement with unity = confirm the
predictions from thermal and coalescence models
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M. Agnello et al., Nucl.

Ph 954 (2016) 176 Year Laboratory Beam Exp. method Lifetime (ps)  Reference
yS.

1963 LBL Bevatron stopped K~ He bubble chamber 1051'%2 [10]
1964  BNL AGS K~.23-2.5GeV/c ph. emulsions 901320 [11]
1965  BNL AGS and K=.23GeVic ph. emulsions 3401320 [12]

LBL Bevatron K~ 790 MeV/c
1968  ANL ZGS stopped K~ He bubble chamber 232+ [13]
1968  LBL Bevatron K~ 1.1 GeV/e ph. emulsions 27471110 [14]
1969  BNL AGS K~ 1.1 GeVlc ph. emulsions 2851131 [15]
1970  CERNPS stopped K~ ph. emulsions 128132 [16]
1970 ANL ZGS stopped K~ He bubble chamber 264153 [17]
1973 ANLZGS stopped K~ He bubble chamber 24617 [18]
1992 Dubna He, Li ions 2.2-5 AGeV rHIc counter experiment 2401’:88 [19]
Synchrophasotron
2010  BNL RHIC Au-Au SNN =200 GeV counter experiment 1827152 [20]
central urHIc
2013 BNL RHIC Au-Au counter experiment l23f%g [21]
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A, p and n close in the phase space at the kinetic freeze-out can form a(n) (anti-)hypertriton

e Bais expected to be independent from p; and centrality
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e B, is computed for f\H according to the above
equation

- 3H measured py spectra from this analysis
- p and A spectra respectively from [9] and [10]

3 d *He
e B;is compared with B, and B, obtained in [11]

- °He B, is scaled to B, through the scaling factor k:

- iH B, is scaled to B, through the scaling factor ko

_ Mg
Ms,_,emp

e 3H coalescence parameter is not flat as function of p;
contrary to the simple coalescence model predictions

m3mp
2

K, ko =

 Model does not take into account characteristics of
the emitting source

e Behaviour similar to the one observed for d and 3He
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Strangeness exchange

* A transfer of the s-quark from the incident

K +N—-A+m
meson to the struck baryon

Associated production

 Proceeds by the creation of ss pair by the

at+n— A+K" o
iIncident meson

Electroproduction

etp— e L ALK » Electroproduction of strangeness on protons in
the very forward direction

* Virtual photon associated can be regarded as
quasi-real
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Heavy ion collision as the superposition of the interactions between the
constituent nucleons of colliding nuclei

Key parameters:

Noart: NUMDber of nucleons participating in the interactions

N.i: humber of binary collisions between nucleons

= correlated with impact parameter of the collision
Assumptions:

- nucleons point like and independent inside the colliding nuclel
- only hadronic interactions are considered
- each interaction does not deflect the trajectories of colliding nucleons

It allows to calculate:

- the interaction probability
) Ncoll and Npart

- Size of the overlap region between the colliding nuclei
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Momentum resolution ﬁ = PT 01 /pr

- TPC standalone tracks 1-6% (1-10 GeV/c)

- resolution improved when constraining the
tracks to the primary vertex and when
requiring the ITS

* Primary vertex resolution

- better resolution with full tracks than using
only SPD

- scale with the charged particle multiplicity
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