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Time =
Cartoon of a 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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Freeze-Out /T,G Ten /T,_._

soft physics
regime

T,s 1 fm/c/\
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§ hard (high-p;) probes
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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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Motivation

Pb-Pb \s,=276 Tev N_=350 = * EXxplore QCD and QCD

Thermal model i ' Teid
e ey Inspired model prgdlctlons
~~~~~~~~~~ T=156 MeV for (unusual) multi-baryon
— states
AN
. * Search for rarely produced

anti- and hyper-matter

w+ 2 * Test model predictions, e.qg.
iy thermal and coalescence

-> Understand production
mechanisms

A. Andronic et al., PLB 697, 203 (2011) and
references therein for the model, figure from A.
Andronic, private communication
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A. Andronic et al., PLB 697, 203 (2011) and
references therein for the model, figure from A.

Motivation

Pb-Pb \s,=276 Tev N_=350 = * EXxplore QCD and QCD

T Thermal model i " 1t
e Ty inspired model prgdlctlons
. T=156 MeVv for (unusual) multi-baryon
0 === states
AA
— == « Search for rarely produced
3 .
A anti- and hyper-matter
o __ a7 * Test model predictions, e.g.
A RG thermal and coalescence
. -> Understand production
H .
e mechanisms

-> Basis are light (anti-)nuclei

Andronic, private communication
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3 - Pb-Pb \s,-276 TeV N_=350 = * EXxplore Q
Z 102 A Thermal model insps
o 1 — T=164 MeV
;__) e e T=156 MeV
N —
10°

104

' > Understand production
mechanisms

A. Andropges®r., PLE 697, 203 (2071) and - Basis are light (anti-)nuclei
references therein for the model, figure from A.

Andronic, private communication
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3 « Key parameter at LHC
energies:

— chemical freeze-out
temperature T,

60 _

Yield (dN/dy) for 10° events

» Strong sensitivity of
abundance of nuclei to
choice of T, due to:

-
Q
III]mTl IIIIIII]| IIIIIlII| T TIHT

o S 1. large mass m
CEty N 2. exponential dependence
10 o = cew of the yield ~ exp(-m/T))

A. Andronic et al., PLB 697, 203 (2011) - Binding energies small
compared to T,
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d * Nuclei are formed by
protons and neutrons which
are nearby in space and
have similar velocities (after
kinetic freeze-out)

A * Produced nuclei
. =% can break apart

J. I. Kapusta, PRC 21, 1301 (1980) -» created again by final-state
coalescence
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i Central collisions * Production probability of
2t S PRENI hvsad EO7B Anian lei i | tified
< | STAR AutAu ¥ ES77 AutAu nuciel Is usually quantitie
5 2 Nuihe | through a coalescence
% 0 4 O NAS52 Pb+Pb oug
@ 4 !ioq.d parameter B, using
°é 3 3 A
d’N, i d- Np
; Ei—5 =Ba | Ey——
10} Pi Pp
i . *He e B, often connected to the
. el coalescence volume (in
T momentum space p,)

10 02 A—1

sy (GeV) B ( 41 p3> M
A p— —_— O —
T. Anticic et al. (NA49 Collaboration) 3 mA

PRC 94, 044906 (2016)
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- 1 TTT] T T T TTTTT] =
£ 10 :E ® ALICE + E864 é:
i = + E877 4 E878 3
% F W NAd4 NA49 i
P O NAS2 * STAR E
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@10° g L. E
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107 E
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10° = SV 3
BT e L #
3 . i3
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P. Braun-Munzinger, bd, invited review,
NPA 987, 144 (2019), arXiv:1809.04681

* Production probability of

nuclei is usually quantified
through a coalescence
parameter B, using

d>N; d3N. A

l

E; — = B Ep f
dp: dpb

In particular in HICs B,

described by replacing

coalescence volume by
HBT ,volume®

1 (A-1)
BA oC (V)
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Detectors

N

NS VAt
Lol
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ALICE
primary and
TRACKING secondary vertex
EMCal CHAMBERS ITS separation
— R - ,,11'1"\ W = ‘] \ I
TRD : S = L0 TO, VO

ZDC MUON FILTER

TRIGGER CHAMBER
ZDC

116m from I.P.
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Particle Ildentification
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Low momenta: Higher momenta:

Nuclei are identified using Velocity measurement with the

the dE/dx measurement in the  Time-of-Flight (TOF) detector is

Time Projection Chamber (TPC) used to calculate the m?
distribution
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primary vertex

L] L] L] L] I 1 L] 1 1 I 1 1 1
Pb-PbySyy =2.76 TeV
0.45 GeV/c < p_< 0.55 GeV/c | —-DCA, < 1cm
| —-DCA,<20cm
t
f deuteron d
ALICE |

Performance
20.02.2013

1600

primary

1400

—p— =

Fkwsimilommind it
i

-3 -2 -1 0 1 2 3
DCA,, (cm)

=?» Distance-of-Closest-Approach (DCA) distributions can be
used to separate primary particles (produced in the collision)
from secondary particles (from knock-out of the material, e.g.
beam pipe)

-» Knock-out is a significant problem at low p+, but only for
nuclei not for anti-nuclei

ECT* Workshop, Trento - Benjamin Dénigus 16
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nd
) ALICE

ary contamination

(&) - ALICE Pre||m|nary deuteron, 1< P, < 1.2GeV/ic
—
~— [~ . _
g Pb-Pb |5, = 5.02 TeV (0-5%) Total fit
B 105 Secondary deuterons |
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=?» Distance-of-Closest-Approach (DCA) distributions can be
used to separate primary particles (produced in the collision)
from secondary particles (from knock-out of the material, e.g.
beam pipe)

-» Knock-out is a significant problem at low p+, but only for
nuclei not for anti-nuclei
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=?» Distance-of-Closest-Approach (DCA) distributions can be
used to separate primary particles (produced in the collision)
from secondary particles (from knock-out of the material, e.g.
beam pipe)

-» Knock-out is a significant problem at low p+, but only for
nuclei not for anti-nuclei
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Central Pb-Pb collision:
i < High multiplicity = large <dN/dn>
High number of tracks
(more than 2000 tracks in the detector)
Pb Pb

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

(less than 100 tracks in the detector)

ECT* Workshop, Trento - Benjamin Donigus
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STAR Collaboration: PRC 99, 064905 (2019)
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« STAR has measured the (anti-)deuteron production in several centralities
in the Beam Energy Scan program at RHIC
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STAR Collaboration: PRC 99, 064905 (2019)
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« STAR has measured the (anti-)deuteron production in several centralities
in the Beam Energy Scan (BES) program at RHIC

« Trend as a function of centre-of-mass energy for anti-particle to particle
ratios can be nicely described by the thermal model
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« Spectra become harder with P ALICE
increasing multiplicity in p-Pb and E 107 Pb-Ph
Pb-Pb and show clear radial flow — 0

. . Q 102

« The Blast-Wave fits describe the 2E

data well in p-Pb and Pb-Pb S
. ) o 107
*  Ppp spectrum shows no sign of radial ~ = ¢
flow & . [
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« Spectra become harder with

Deuterons

increasing multiplicity in p-Pb and
Pb-Pb and show clear radial flow
 The Blast-Wave fits describe the

data well in p-Pb and Pb-Pb

« MB pp spectrum shows no sign of
radial flow = multiplicity bins show

hardening
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« Spectra become harder with
increasing multiplicity in p-Pb and
Pb-Pb and show clear radial flow

« The Blast-Wave fits describe the
data well in p-Pb and Pb-Pb

« MB pp spectrum shows no sign of
radlal flow 9 developlng nlcely

l T
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Deuterons

ALICE
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° SpeCtra become harder with ALICE Preliminary deuterons, pp, Vs = 13 TeV
. . . .. . T PI};I'[ITIIII L U DL L B
increasing multiplicity in p-Pb and & F ™ emee @N,/dn,)=2622 ]
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ALICE Collaboration: PRC 93, 024917 (2016)
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» Dashed curves represent individual Blast-Wave fits
« Spectrum obtained in 2 centrality classes in Pb-Pb and for NSD collisions
in p-Pb
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» Dashed curves represent individual Blast-Wave fits
« Spectrum obtained in 3 centrality classes in Pb-Pb and for NSD collisions
in p-Pb
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« First ,spectrum“ measured in pp collisions at 7 TeV for 3He and anti-3He

 tand anti-t measurement difficult, (anti-)t/(anti-)*He agrees with unity
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« Anti-nuclei / nuclei ratios are
consistent with unity (similar
to other light particle species)

« Ratios exhibit constant
behavior as a function of p;
and centrality

« Ratios are in agreement with
the coalescence and thermal
model expectations

ALICE Collaboration: PRC 93, 024917 (2016)
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e e e ALICE Preliminary
of + 1 pp,\s=7TeV
VOM Multiplicity Classes
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Also in pp multiplicity intervals, anti-deuterons and deuterons are produced equally
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for anti-matter and matter ALICE
ALICE Preliminary N pp F 13 TeV | VOM Multiplicity Classes
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Also in pp multiplicity intervals, anti-deuterons and deuterons are produced equally
ECT* Workshop, Trento - Benjamin Dénigus 33



GOETHE

ovessiat Gombined Blast-\Wave flt%

ALICE Collaboration: PRC 93, 024917 (201 6)
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For the full statistics

of 2011 ALICE
identified 10 Anti-
Alphas using

TPC and TOF

STAR observed the
Anti-Alpha in 2010:

Nature 473, 353 (2011)
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= 1F - ALICE, 0-80% Pb-Pb, VS =2.76 TeV-

1ALICE

0.95 [
09F
0.85

08F

0.75 f

0.7 - : e Data
0.65 F | - . i =—Theoretical *He line -
- |‘ N " . - . 4 . i
06k i ' : : Theoretical "He line _:
:|||||||||||||||z||||||||1||‘1||||“||||1.'|||§1|||||||||||||||||||||‘
-6 -5 4 -3 22 —1 0 1 2 3 4 5 6
ALICE Collaboration, arXiv:1710.07531, NPA 971 (2018) 1 g(GeV/C)

TOF B vs p/z after pre-selection of 3o in TPC shows clear

separation - Cut on Alpha needed to suppress contamination
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1;3"1 o7 ALICE
S 10 Nuclei production
’ yields follow an
- exponential
102 decrease with mass
103 as predicted by the
o thermal model
107° In Pb-Pb the penalty
107° 0-10% Pb-Pb, |, = 2.76 TeV factobr for ad_d'”%oo
107 one baryon is ~
jo8bL L 111 (for particles and

ALICE Collaboration, arXiv:1710.07531, NPA 971, 1 (2018)

4 3 -2 -1 0 1 2 3

antiparticles)
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ALICE
5 102_E ALICE Preliminary
2 ok * Nuclei production
1E yields follow an
10’% exponential
107 decrease with mass
10_35 as predicted by the
18:5; thermal model
107° g  In Pb-Pb the penalty
10:;' e oPb, {o o 502 TeV, NSD factor for adding
18—9 o Pb-Pb, \f’NsrLN=2.76 TeV, 0-20% central one _baryon I_S ~300
10710l L, Lo, L. L, L L., L and in p-Pb s ~600
05 1 15 2 25 3 35 4 45

m, (GeV/c?)
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Thermal model fits

« Different models describe particle yields including light (hyper-)nuclei

well with T, of about 156 MeV
* Including nuclei in the fit causes no significant change in T,
ECT* Workshop, Trento - Benjamin Donigus
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5x107 ALICE
o " [WALICE, pp, | Sy = 7 TeV ALICE Preliminary
+ [ [M]ALICE, p-Pb, | s, = 5.02 TeV
o S VOA Multiplicity Classes (Pb-side)
= - [W]ALICE, Pb-Pb, | s, = 2.76 TeV
o 4 H H
oY - H
3" ****
S 7
1=
O: | | IIlIlIl | | IIIIlIl | | IIIIII|
1 10 102 10°
<chh / dnlab> n <05

d/p ratio increases when going from pp to p-Pb, until it

reaches the grand canonical thermal model value

(d/p=3x10-3 at T, = 156 MeV)
ECT* Workshop, Trento - Benjamin Dénigus 40



soeruz i d/p vs. multiplicity

FRANKFURT AM MAIN
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d/p ratio increases when going from pp to p-PDb, ‘until it

reaches the grand canonical thermal model value

(d/p=3x10-3 at T, = 156 MeV)
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d/p ratio increases when going from pp to p—Pb, until it

reaches the grand canonical thermal model value
(d/p=3x10-3 at T_,= 156 MeV)
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Deuterons from
phase-space coalescence.

Parameters:
4 —Ap =0.28 GeV/c

_=35fm o é/./é———

-
8 Slmulatlons 1
~— 3 |—6—Hydro + UrQMD, Pb+Pb 1 _
x --8--UrQMD v3.4, p+p
|’5_ - ALICE Data:
+ ® Pb+Pb
L 2F m pip -
S 2
N B
1k @ Thermal fit (Florence). T_= 163.8 MeV _
€ \Without Rescattering
{> With Rescattering
O PR T T S R A | 1 PR ST S T T N | 1 PR ST T S T WA |
3 10 100 1000
As shown by R. Stock at QM2018, dN_/dn

meanwhile coalsecence on arXiv:1805.11509

d/p ratio described by applying afterburner on Hybrid

UrQMD simulations — similar results for thermal approach
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QN 0.005— [Kpp, Vs =7 TeV, d/p (PRC 97 (2018) 024615) —]
— [®]pp, Vs =7 TeV (PLB 794 (2019) 50-63) i
— [m]Pb-Pb, {5, = 5.02 TeV ]
0004 15 oo, 5 =13 Tev mom ey S s
0.003— e H =
0.002~ Thermal-FIST CSM (PLB 785 (2018) 171-174)
- - T=155MeV, V, =3 dV/dy ]
0.001— —T=155MeV, V, =dV/dy _:
o . — Coalescence (PLB 792 (2019) 132-137) .
Or‘_. | | IIIIII| | | IIIIIII | | IIIIII| | | I—

1 10 107 N 10°
d ch / dnl b>| /<05

d/p ratio rather well described by using a coalescence
approach, from an analytical coalsecence formula or a

canonical treatment
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(D T T T | I I T 1T I [ I T T |
8" 1 ALICE
Q-
> 107 = E
O - 3
Q — 'O a—
9 B '/' ,,,,,,,, CSM (Thermal-FIST) pLB 785 (2018) 171-174 |
(@®)) R H — T =155 MeV, V. =dV /dy N
9 1076 o --T=155MeV, V,=3dV/dy |
< r Coalescence pPLB 792 (2019) 132-137 —
wa Three-body coal. -
o -.=- Two-body coal. B
= ALICE _|
g . o (*He +°He) / (p + P), p-Pb {5,y = 5.02 TeV, preliminary
10 E_ L 23He / (p + ﬁ), Pb-Pb \, SuN = 5.02 TeV, preliminary _E
C m 2°He/ (p +p), Pb-Pb \fsNN = 2.76 TeV, PRC 93 (2016) 2, 024917 ]
B ¢ 2°He/(p +P), pp Vs = 7 TeV, PRc 97 (2018) 2, 024615 |
| 1 11 | 1 | | | | | | | | | | 11 11 [ |

10 10° 10°

(dN,,/d nlab>ln _1<05

3He/p ratio rather well described by using a coalescence
approach, from an analytical coalsecence formula or a

canonical treatment in the thermal model
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FRANKFURT AM MAIN STAR Collaboration: PRC 99, 064905 (2019)
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« d/p vs. collision energy ratio rather well described by
thermal model approach
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Coalescence parameter B,
decreases with centrality in Pb-Pb
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Coalescence parameter B, %

ALICE Collaboration: PRC 93, 024917 (2016) RALICE

Coalescence parameter B,
decreases with centrality in Pb-Pb

Similar effect seen in p-Pb: decrease
with multiplicity, but less pronounced

B, scales like the HBT radii

=» Decrease with centrality in Pb-Pb is
understood as an increase in the source volume
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Coalescence parameter B,
decreases with centrality in Pb-Pb

ALICE

ALICE Collaboration, PRC 97 (2018) 024615
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Coalescence parameter B,
decreases with centrality in Pb-Pb
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ALICE

FRANKFURT AM MAIN

Coalescence parameter B,
decreases with centrality in Pb-Pb

Similar effect seen in p-Pb: decrease
with multiplicity, but less pronounced

B, scales like the HBT radii

=» Decrease with centrality in Pb-Pb is

understood as an increase in the source volume

] T T T T I T T T T l T T T T l T T T T I T T T T l T
Pb-Pb | 5, = 5.02 TeV
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VOM Multiplicity Classes
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Coalescenceparameter82 N A L L I I I g
. . . o~ - Lo VOM Multiplicity Classes -
decreases with centrality in Pb-Pb S 1ol ot Prelminary. ov @i
Similar effect seen in p-Pb: decrease 5 ¢ 0O, /) =242 SNVt
. . . B ] VI(x16) |
with multiplicity, but less pronounced e VI
- w VIl (x64) -
B, scales like the HBT radii - oo
10 -
=» Decrease with centrality in Pb-Pb is - E
understood as an increase in the source volume - EElsEEE e | e e 5 . .
10°E ClEem ] o oo = |5 {3 g
T Thmeeesode T3 F @, o )-262 PP 3
<\’> * 0-5% * 5-10% 10-20% 20-30% N I T I B I B B B
8 107 30-40% 40-50%  * 50-60%  * 60-70% E 1002 04 06 08 1 12 14 16 1.8 2
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[aa) - pp ﬂ“ INEL normalisation uncertainty: 2.55% —
Eﬂﬂﬂﬂﬂﬂﬂ ¥ i
102 Syl —
E CeeTel®[e -
- oEoonion: f
10° : . 1 37[3/2<Cd>
i L : ALICE Preliminar : B, = 2
i g Pb Pb deuterons, |y| < O.E\: _ zmTR—L (mT )R” (mT)
10 | S T -

05 1 15 2 25 3
pT/A (GeV/c)

ALICE-PUBLIC-2017-006 ECT* Workshop, Trento - Benjamin Dénigus 52



(SSIFVTE}QE Coalescence parameter B,
FRANKFURT AM MAIN HLICE

Coalescence parameter B, N T _
decreases with centrality in Pb-Pb % 5, ALICE Preliminary
o . & 10 2| 5905._ . p/A=0.75 GeVic =
Similar effect seen in p-Pb: decrease . | Ulh 'rgH ]
with multiplicity, but less pronounced [ [d.pp. s =13TeV B ]
i g | [*]d+d, pp, Vs =7 Tev Bﬂ |
B, scales like the HBT radii | VoM Mutipiciy Classes B
= Decrease with centrality in Pb-Pb is "0°F (o3 pPo, 5y, =502Tev Y, N
understood as an increase in the source volume p_ YOAMURplicly Classes (Pb-side) LI
| [s]d, Pb-Pb, |5, = 5.02 TeV Bﬂ -
a’,(; I IF’bI-PIbI I '_'S‘Oé_ll_ {/' LRI I L L I ‘/ - E]d, Pb-Pb,VS_NN=2.76TeV(PRC 93 (2015) 024917) .
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0°E g ° E
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COaIeSCenCe parameter B2 0”)()\ i T T T IIIIII T T T IIIII| T T T IlIII| ]
decreases with centrality in Pb-Pb %5 woee—taubiaag,,  LIETICY -
S E ' o .
Similar effect seen in p-Pb: decrease 5 | ]
L [€d,pp, s=13TeV G _
with multiplicity, but less pronounced ool B9 PoPb Eg=50eTev N8 o )
: H E  [0]d+d, pp, Vs =7 TeV (PLB 794 (2019) 50-63) =
B 2 scales like the HBT radii [ [+]d+d, p-Pb, s,y = 5.02 TeV (arXiv:1906.03136) N
=» Decrease with centrality in Pb-Pb is [ [#d, Pb-Pb, {5, = 2.76 TeV (PRC 93 (2015) 024917) i
understood as an increase in the source volume | Becoalesc. r(d) =3.2fm (PRC 99 (2019) 054905)
- --Param. A (fit to HBT radii) E
6\5 S Pb\s _SjOé'Il'e{/I A B B ; - =—Param. B (constrained to ALICE B,) .
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i ]
102 =
- ey :
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STAR Collaboration: PRC 99, 064905 (2019) %1 AutAu (0-10%) |

™ P, /A =065 GeVic N
= - - o
LI L N N B | T T LI B N B | T T "O B '-—. . ttA=3 N
i v EB64(d) Au+Pb i 1 & . - % dA=2 |
1 E866(d) AusAU Central Collision > o
¢ E877(d) Au+Au p,/A=0.65GeVic G = & =
) Dmg&(z)b;"b‘« % STAR 0-10%(d) Au+Au = =
SN & u+Au 10m 0 . ]
o 03l ITDD <STAR@ AusAu % STARO-10%@ Auau_| [ _
S o ! +PHENIX(3) Au+Au ] = m oA
e L i i - 0 9 Yo -
) * [ i M
;N : ¢ I'.E-' : STAR Preliminary
- B R R * - e
i B B 7] N . — M m 7]
1 1 1 1 11 I L 1 1 L 1 1 L1 I 1 1 zg. l:‘_ l '. ) ~ ' . . A . ——:
4567810 20 40 100 200 300 [;a N @ - L - B ]
'S, (GeV) 0,8k T
| Sy ¥ o)
(.6 e a1 e et e e e e ST —
567 8‘)I‘() 20 30 40 50 IE)I) 200 300

VS (GeV)
« B,(anti-d) smaller than B,(d) indicates different freeze-out volumes for baryons
and anti-baryons

* B,(d) and sqrt(B4(d)) agree well except for 200 GeV
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FRANKFDRT At AT Elliptic flow e e
a

Py p,

@ = arc tan
Px

W

Px

™
a2 —

e I

Initial coordinate-space anisotropy Final momentum-space anisotropy

E=

d—N o 1+ 2v, cos[2(¢p—Y;)]+2v, cos[4(p— ;)] +...

d¢
T Anisotropy self-quenches, so
Elliptic term v, is sensitive to early times
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Deuterons show a

ALICE

A naive coalescence
prediction is not able to 0.2
reproduce the deuteron v,

significant v, g 0'6: D+ata B+Iast—Wave
A pem T
Also the v, of deuterons g 0'5:_ i§+ﬁ :§+ﬁ
follows the mass ordering 2~ .f edid —d+d
expected from 2} 0-4:_
hydrodynamics > [
0.3

o 0.1 ALICE Preliminary
A Blast-Wave prediction is i " PbPb (5 < .76 TeV 30.40%
able to deSCrlbe the V2 O_ " '|v [ IR R N B R A |S|NN|_| |. L |e Lo |o

reasonably well 1 2 3 4 )
ALICE Collaboration: Eur. Phys. J. C 77 (2017) 658 P, (GeV/c)
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0.9
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0.3
0.2
0.1

v, {EP, |An| > 0.9}

SHe flow Niog

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIlll

ALICE Preliminary

Pb-Pb, \syy = 5.02 TeV
*He + *He
0-20% | ©
B 20-40%
® 40-60% I +

I

II]I|IIII|II I|IIII|II I|IIII|IIII|IIII|IIII|1[II
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2.5 3 3.5 4 4.5 5 55 6
P, (GeV/c)

 3He also shows a significant v,
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O.Q_IIIIIIIIIIlllllllllllllllllllli__llIlllllllll]l]lllllll]lll]l]ll llllllllllIIIII]IIIIIIIIIIIIIII

0.8t ALICE Preliminary T T .
0.7 Pb-Pb, ys,,,=5.02 TeV, 0-20% I 20-40% + 40-60% —
0'65_ Data Blast-Wave E3 a1 K = E
0.5F e °He+ °Ae [ + T 4 .

N

>04F ® p+P [l I

0‘35_ (v2)p X 3, (pT)p )

L e

ool b bbb by B bvv o oo bovwa oo b bvna B bovv o bovva bavv o by Pvvn g byaad

1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6
P, (GeV/c) p, (GeV/c) P, (GeV/c)
 Also the v, of *He follows the mass ordering expected from
hydrodynamics

« A naive coalescence prediction is not able to reproduce the *He v,

« ABlast-Wave prediction has difficulties to describe the v, reasonably well
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. STAR Collaboratlon PRC 94, 034908 (201 6)
\sNN -39 GeV -_ \sNN =27 GeV

Vs, =624 GeV 1§

1

1
T

1

02F Vs, =200GevV

é?#'m vyt

v, /-A
v, (fit)
N O o N o

0. -115c5ev' -} \=7.7GeV -}
~ 0.1
N -
> [ [ ] Centrality: 0-80 % )
0.0 T | [ Au+Au ]
<.7-':21- i* - | %{ 4,' q}M . | e 'A+Bx+'Cx2+'Dx3 |
NS BRI TE & & sh i D PRt LI
S5 1.0 15 20 05 10 15 20 05 1.0 15 2.0 05 10 15 20

pT/A (GeV/c)
« Scaling the v, and p of particles works rather well for all nuclei at RHIC
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Hypernuclel
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Bound state of A, p, n
m = 2.991 GeV/c2 (B, =130 keV)

A

[ ¥

n
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Bound state of A, p, n

m = 2.991 GeV/c2 (B, =130 keV)

@ 0.2f 730 >

= = 41 =

= 0.15 1S
a0 —20 £

) . (]

~ 0.1 ] ©

= R ©

% —10 =

= 0.05 1 &

o - °

~ ~ [«

g 0_ e —————— 0

S - _

4] = -

= -0.05H i

3 - ~—-10

® - i

S —0.1_— -

& - .20
-0.15[- 1
"'0-2_; PR S S N T SR ST NN Y N SR TN SN AN SN NN SN SN NN SN SN SN R N | —:._30

0 10 20 30 40 50 60
r/ fm

P. Braun-Munzinger, bd, topical review,

NPA 987, 144 (2019), arXiv:1809.04681
ECT* Workshop, Trento - Benjamin Donigus
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Bound state of A, p, n
m = 2.991 GeV/c? (B, =130 keV)

@ 0.2 130 >
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P. Braun-Munzinger, bd, topical review, r/fm

NPA 987, 144 (2019), arXiv:1809.04681
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Bound state of A, p, n
m = 2.991 GeV/c? (B, =130 keV)

. - rms radius (<r?,,>): 10.6 fm
*He Decay modes:

“H —° He+ 7~
?\H—>3H+7T0

*Hod+p+7

! *H—d+n+n
+ anti-particles
- Anti-hypertriton was first observed
prim_‘vtx‘ by the STAR Collaboration:

Science 328,58 (2010)
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ALICE Collaboration: PLB 754, 360 (2016), arXiv:1506.08453
% 90 E_ -+-Data % 905_ -»-Data
2 805 ALICE 10-50% = Background 2 805 ALICE 10-50% = Background
o _ FPb-Pb s, =276 TeV _Gombined Fit o _ _FPb-Pb Sy =2.76 TeV —Combined Fit
o 70 o 70E
3 60;— *Ho e+ 3 60;- °H— He+n*
& G °%
40
30F
C 20: +
10; 2<p <1OGeV/c 10;_ p<10 GeV/c
C | L 1 i L1 L 1 C | i i I il
0298299 3 301302303304 0298299 3 301302303304
Invariant mass (*He,t)(GeV/c?) Invariant mass (°*He,t*)(GeV/c?)

« Peaks are clearly visible for particle and anti-particle
—> Extracted yields in 3 p; bins and 2 centrality classes
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ALICE

m _I T 1T I T T T I T T 1T I T TTT | T TT I T T TT I T T 71T | T I_ ’,:\
S .
S 140 ALICE Performance, 28/11/2016 ] = ALICE Preliminary
[} 1 Q@ 5]
~ 120 ISy = 5-02 TeV - 9 107F | Pb—Pb \s, = 5.02 TeV
g ] C &
é, Pb-Pb, 0-80% . og - ) . 10-40% centrality
o 0.9 41 =
§ o 2 15 [ ==
4 QU
N 18 I ==
- | el . % + *H— *He+n p
n i '},‘IO-6 —
o % z FE  —Fit
- - Ly [ ]
40 —_ — ‘,: + STH - 3% + Tt I \\\ }
- + ] . ———-Fit
20 — |
- . 107 = Uncertainties: stat. (bars), sys. (boxes) .
O_IIlllllI|IIllllllllllllllllllllllllll_ —IIIllllII|III]IlllllIIIIIIIIIIIIIIlI]\‘IlIlllll
297 298 299 3 301 3.02 303 3.04 3.05 0 1 2 3 4 5 6 7 8 9
M(*He, = &°He, ©*) (GeV/c?) p, (GeVic)

* Peaks are also clearly visible for particle and anti-particle
—> Extracted yields in 4 p; bins and 3 centrality classes
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Hypertriton spectra

ALICE

T 2rC S
T 18 ALICE Preliminary 2 nE
- g10 C
;6. Pb-Pb S, =5.02TeV = F
- o B
C 10-40% centrality X B
1.4— =
- 3. BRaE
1.2— | | l'% o
1:— ------------- ———— A % ] ! + iH—) *He + -
— — 1 0_ —t
L ’ y 3 C/
0.8 — 3 . -- Fit
0.6/— j‘: + *H— °He +n*
- 3 3 _ H
0.4 - A,\H — "He+n il ———-Fit
0.2 . *H- *He + n*
[ Uncertainties: stat. (bars), sys. (boxes) A 2| Uncertainties: stat. (bars), sys. (boxes)
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ALICE Preliminary
Pb-Pb VSN =5.02 TeV

10-40% centrality

\
_IIlllll[llllll|llllllllIIlIl]lIllIIII‘IllIl]ll

P, (GeV/c)

5

6 7 8 9
pT (GeV/c)

» Anti-hypertriton/Hypertriton ratio consistent with unity vs. p-
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Thermal model fits

« Different models describe particle yields including light (hyper-)nuclei

well with T, of about 156 MeV
* Including nuclei in the fit causes no significant change in T,
ECT* Workshop, Trento - Benjamin Donigus
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ALICE Collaboration, arXiv:1710.07531,

NPA 971, 1 (2018)
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« Different models describe partlcle ylelds mcludlng Ilght (hyper-)nuclel
slightly worse at higher collision energy with a T, of about 153 MeV
* Including nuclei in the fit causes no significant change in T,
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| | | | I

+

T T [ rrrr

gj 103 X . Pb-Pb \[s,,=2.76 TeV
c 102 ,'.( central collisions
g - D A
— 10 ..'?.'.- —
o 2 '-'Q-' =
.g' 1F ¢ N -
> g Y.
< 107 =.d J/
> ] o= =iy
102 '
[ Data (lyl<0.5), ALICE
10°F . . .3
3 particles : ﬂe 3y
10*F = antiparticles aq".\
105 F Statistical Hadronization (T=156.5 MeV) ' .
joo[ —— lotal (+decays; +initial charm) .. He
----==- primordial (thermal) T!
10-7 PO SN TN N NN TR WY TR TN NN TN ST TN N (NN TN TN TN NN NN TN THNY SN SN (NN WO SN SO SN NN TN TN NN SN [N SN SO N 1
0 05 1 15 2 25 3 35 4
Mass (GeV)

Fits: different view

A. Andronic et al., arXiv:1901.09200

Excellent agreement over
9 orders of magnitude

Fit of nuclei (d, 3He, “He):
T,=159 £ 5 MeV

No feed-down for (anti-)
(hyper-)nuclei

charm quarks, out of
chemical equilibrium,
undergo statistical
hadronization

—> only input: number of
ccbar pairs

ECT* Workshop, Trento - Benjamin Dénigus 71



GOETHE

universiTAT Hypertriton - J/iy comparison

FRANKFURT AM MAIN

—~ ALICE
'> 1 Statistical Hadronisation Model
o 100 ¢ do?® / dy x shad. = (0.532 = 0.096) mb3
Q) : ® ALICE data ]
Q i N Jly —e'e, lyl<0.9 ]
vl_ - . (preliminary) ]
Q = ALICE data
210 3 @ o *H — 3He+n~, Iy 1<0.5 E
O B VS = 2.76 TeV, Centrality 0-10% ]
S~ - _
= | i _
“o
1 0_3 E_ _E
L Pb-Pb, |5y = 5.02 TeV . :
- Centrality 0-20 % .
107 | ' ' ' ' ' ' ' | '
o) 5 10

P. Braun-Munzinger, bd, Invited review NPA, arXiv:1809.04681 P (GeV/c)

« Shape of the p; spectra of JAp and hypertriton agree very well, despite
the binding energy of the hypertriton is 2.35 MeV and of the Jhp 600 MeV
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* Recently extracted lifetimes significantly below the

free A lifetime
- Not expected from

theory! o
- Data before 2010 g " E o
from visualization o £ T s
techniques 5 CE L e T
- Currently most 300 = ‘ | o
. — I I PDG value - free A lifetime
precise data 250 - T sbieliulntiebiulielieatie el
coming from 200 £~ |
heavy-ion A5
COIIiSionS 100 g_ } Science328(201(:1)':.5/-;913 e 1F7’(L)B 754 (2016) 360
- Better precision ) 3 ?
eXpeCted from g PR 136 (1964) B1803
0

larger data . Vs bd. Invited revi
> Braun-Munzinger, bd, Invited review,
samples to be NPA 987, 144 (2019), arXiv:1809.04681
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ALICE
* Recently extracted lifetimes significantly below the free A

lifetime - new ALICE result agrees with world average
and free A lifetime

Tg_ 500F
b R. E. Phillips and J. Schneps = 1= Free A (PDG)
E | PR 180 (1969) 1307 3 W "
= 400 G. Keyes et al. AR yvorid Average
= i PRD 1 (1970) 66
c STAR Collaboration  ALICE Collaboration ALICE Preliminary
.§ 300[ Science PLB 754 (2016)360 Pb-Pb |/5,,,=5.02 TeV
% I [} 328 (2010)58 Pb-Pb 5,=2.76 TeV
Q_ r AN N IR _NER N L_ BRE _BEN BNER BENR BN . lllllllllllllllllllllllllllllllllllllllllllllllllllllll
£ "
200 1
i G. Keyes et al.
! NPB 67(1973)269 |
: HypHI Collaboration I _
1o G, Bonm ol al. NPASISROIIITO ol 7 o et
i I NPB 16 (1970) 46
+R. J. Prem and P. H. Steinberg

- PR 136 (1964) B1803
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* Recently extracted lifetimes significantly below the free A
lifetime - new ALICE result agrees with world average
and free A lifetime

* Most recent calculation agrees with the observed trend

8 500 __ A lifetime - PDG value Theoretical prediction (Qo
~ - = == H.Kamada et al, PRC 57 (1998) 1595 (o)
GE‘) B AH average lifetime R.H. Dalitz, M. Rayet, Nuo. Gim. 46 (1966) 786 8
‘-oq_-s 400 — == 1 J. G. Congleton, J. Phys G Nucl. Part. Phys. 18 (1992) 339 g
= : = = = A Gal, H. Garcilazo, PLB 791 (2019) 48-53 (o))
-l ~
B >
300 (— o X
| ] i
| - 1 | O CU
F lllll M I I I I oy O oo + ---------------------------- 1 ----- Q -
- ® @

o
N N N N N BN B N N N B B O B B B e awiam Em . + - - - . N NN ETTEE BN N N O O . t - . . O q
200 F= SaQ
- PRL 20 (1968) 819 PRD 1 (1970) 66 ALICE S >
= PR 180 (1969) 1307 NPB 67 (1973) 269 Pb-Pb 5.02 TeV = O
— NPA 913 (2013) 170 + 8 Ko
— Science 328 (2010) 58 PLB 754 (2016) 360 ‘9
100 — ® —— PRC 97 (2018) 054909 EJ) Q.
u = 3
— PR 136 (1964) B1803 ;(l 8

0
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R , 5 40—~ R A I r e
705— STAR Preliminary '/\“. ;&) —E 35:_ ST, U\ Preliminary "'"'Il (B) E
— m:_ I.. _:1 —_— E ' ' —
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-~ - [ \ - -~ - =
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w
3
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o
N
g
N
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&
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g
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8
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*He + = Invariant mass (GeV/c?) d + p + @ Invariant mass (GeV/c?)
L IS e e s o o L T B 201 T
C STAR Preliminary (C‘) . 18 = STAR Preliminary
T, 20 . N =
% C Mass: /1N ] u % 1aF- Mass: _
) [ (2990.19 = 0.32) MeV/c? | —®-Signalcanddates 7 E (2991.23 = 0.41) MeV/c? —- Signal candidates
= 15_— 2/NDF = 0.61 | ‘.‘ UnbinnedMLfit — = 12 +2/NDF =1.72 Unbinned ML fit
N L '.' " tosignal (oy RooFit) _| N 10:_ ‘ " to signal (by RooFit)
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: 13 %
o 5* 4 O 4%
e *‘  THEE S
C 1 I 1 1 1 :
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« Solution might be connected to the data from emulsions

-> re-measuring the A separation energy
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Hypertriton ,puzzle”

S B T STAR Preliminary _
) | PRD1,66 (1970) STAR (2018)
X NPB1,105 (1967) 2-body (2+3)- body H + FI
~ 600 p— 3-body \v/
m - —
T - —
@ < | TIFR Report, ]
B A i _
B T o NP825%1d(1973) STAR 2018 N
— NPB4,511 (1968 -dody —
200 2-body( ) Iy (2+3)- body 3
B N L I - B
[ NPB4,511 (1968 NPB52,1 (1973) —
— } 3-body (1969 + 3-body H —
0 -
[ NPB1,105 (1967) 1 l —
2-body

— O Mean + stat. uncertainty only (NPB 52,1 (1973)) —
— 0.13 = 0.05 (stat. only) MeV =
200 — —*— STAR (2018): 0.44 = 0.10(stat.) = 0.15(syst) MeV ~ —]

« Solution might be connected to the data from emulsions

-> re-measuring the A separation energy
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ALICE@LHC and STAR@RHIC are well suited to study
light (anti-)(hyper-)nuclei and perform searches for exotic
bound states (A<5)

Copious production of loosely bound objects measured
by ALICE as predicted by the thermal model

Models describe the Swte oALCEdta | wlH R

-+
T 10& og,da_ -3,
= "He, "He -

(anti-)(hyper-)nuclei data = - v
rather well oy T

Ratios vs. multiplicity trend -
described by both models

New and more precise data "

10 10% 10°

can be expected in the next o« =
VSrm (GeV)

years P. Braun-Munzinger, bd, Invited review, NPA

987, 144 (2019), arXiv:1809.04681
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UNIVERSITAT Conclusion

ALICE@LHC and STAR@RHIC are well suited to study
light (anti-)(hyper-)nuclei and perform searches for exotic
bound states (A<5)

Copious production of loosely bound objects measured
by ALICE as predicted by the thermal model

Models describe the gy emcewe e WH
(anti-)(hyper-)nuclei data S T
rather well o
Ratios vs. multiplicity trend

described by both models

New and more precise data
can be expected in the next
years

10 102 10°
\/sNN (GeV)
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ovversiat - | nterlude: Centrality

Central Pb-Pb collision:
i < High multiplicity = large <dN/dn>
High number of tracks
(more than 2000 tracks in the detector)
Pb Pb

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

(less than 100 tracks in the detector)
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’m\ -
« As shown by g ] :
Silvia Masciocchi i B
in the second = i Tl
heavy-ion lecture ~~ } ‘R
O "'."i";
o &
-
b=
>
O
S
L
©
1 1 1 l 1 1 1 l L1 1 1 l | = R RN | l b l L1 1 1
-2 -1 0 1 2
ALICE Collaboration: PRC 93, 024917 (2016), arXiv:1506.08951 p/z (GeV/c)
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As shown by
Silvia Masciocchi
in the second
heavy-ion lecture ~

arb. units)

C

Pure production
visible on the

X

=
anti-matter side x 102 _
© L=
s " A . . l .
11 1 | l 11 1 1 l | I S l | S I l ) I I — | I 11 1 1
-2 -1 0 1 2
ALICE Collaboration: PRC 93, 024917 (2016), arXiv:1506.08951 p/z (GeV/c)
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* As shown by
Silvia Masciocchi
in the second
heavy-ion lecture =

arb. units)

C

X

* Pure production
visible on the
anti-matter side

102

« Large
background on
the matter side
due to spallation

dE/dx in

P Al
p X

effects (knock- IR PR : R
out)
1 L1 1 l 1 L1 1 l 1 1 1 1 l 1 L1 L l 1 L1 | l 1 L1 1
-2 -1 0 1 2
ALICE Collaboration: PRC 93, 024917 (2016), arXiv:1506.08951 p/z (GeV/c)
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)
As shown by =
Silvia Masciocchi =
in the second L
heavy-ion lecture &

O
Pure production &
visible on the -
anti-matter side "~

>

O
Large T
backgroundon ©
the matter side
due to spallation
effects (knock-
out)

1 L1 1 l 1 L1 1 l L1 1 1 l L1 1 L l 1 L1 1 I L1 1 1
We try to explain this in great - -1 0 1 2
detail in: P Braun-Munzinger, bd, arXiv:1809.04681, p/z (GeV/c)
accepted by NPA
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« AMS measures anti-nuclei in
space, since it was proposed woo->oban. 20%  Blom et al.
as a possible sign of dark PRD 96 (2017) no.10, 103021
matter (annihilation) @, (0.2:0.8) GV

« ALICE anti-nuclei
measurments can be used to
predict the anti-nuclei
production in the universe by
usual production mechanism

« Simple assumption lead
currently to the conclusion that

107

102 10°

. 10
matter matches expectations RIGVI

using a coalescence approach
to describe the production sees
in the AMS data

K. Blum et al. PRD 96, 103021 (2017)
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« AMS measures anti-nuclei in 102
space, since it was proposed —
as a possible sign of dark —3
matter (annihilation)

« ALICE anti-nuclei
measurments can be used to
predict the anti-nuclei
production in the universe by
usual production mechanism

« Simple assumption lead
currently to the conclusion that ,
matter matches expectations By [GeV]

using a coalescence approaCh FIG. 5: Poisson probability for detecting N > 1,2,3,4 3He

to describe the prOdUCtion SeesS events in a 5-yr analysis of AMS02, assuming the same expo-
in the AMS data sure as in the p analysis [28]. Eq. (14) shown as green band.

K. Blum et al. PRD 96, 103021 (2017)

N events) [%]

—
o

prob(>

—
o
o
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Run 3 & Run 4 (2021 — 2029) of the
LHC will deliver much more statistics
(50 kHz Pb-Pb collision rate)
Upgraded ALICE detector will be able
to cope with the high luminosity

TPC Upgrade: GEMs for continous
readout

ITS Upgrade: less material budget and
more precise tracking for the
identification of hyper-nuclei

Physics which is now done for A =2
and A= 3 (hyper-)nuclei
will be done forA=4

Counts / 4 MeV/c?

Expectations %

70000

60000

50000]
40000}
30000}
20000f

10000

ALICE

- ALICE Upgrade

- Pb-Pb, \s,,=5.5TeV
. Centrality 0-10 %

Integrated luminosity : 10 nb '

- 2<p_<10GeV/c

H 5> e+ m

l 1

L. ) L | ) |
D96 298 3 302 304 3.06

Invariant Mass(*He, 1) (GeV/c?)

ITS Upgrade TDR: J. Phys. G 41, 087002 (2014)

State  dN/dy

B.R. (Accx¢€) Yield

TH  1x107°
AH  2x1077
AHe 2x1077

25% 11 % 44000
50% 7% 110
3

2% 8 % 130
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Expected yield (2-10 GeV/c)

—
Q
[2]

—
o
a

—
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—
<

2

ALICE

_lllll 1 1 ||||||I I 1 ||||||I I 1 1 e T I T T TTTT T I |
N - - 1o BAAN ! ! -
L ALICE Upgrade projection ! 4 - ALICE Upgrade projection .
e PO-PD, {5y = 5.5TeV (0-10%) i ) L Pb-Pb, {5, = 5.5 TeV (0-10%) -
E —AH-o"He+w : :(D _iH—)SHe+n'
BR. = 25% (') ! 12 10°F B.R. = 25% (*)
E ___AH- He+:t : PN : _iH—)dHe+n'
F BR.=50%() ; 1 : B.R. = 50% (*)
- ‘He 5 He+p+ 1 ! 16 - ‘He 5 °He +p + 7
E BR=32%( : ek - B.R. =32% (")
- (*) theoretical ! 3 .f—_) (*) theoretical
_ ! = 10F
E : -=~|_C_D .
= ! 4w
C . 1O
n 1 - 9
L : - O i i
5 1 3 O
- : 1<
- . X 1E =
L 1 <L 2 .
IIIII 1 1 'IIIII 1 1 1 llllll 1 1 1 -|||| 1 1 L1 ||.| 1 1 1 |||||I 1 1 I-

107 1 10 107 1 10
Min. bias integrated luminosity (nb™ Min. bias integrated luminosity (nb™

Expected significance >5c¢ for the full data set to be collected in Run 3 & 4
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ALICE
ALICE@LHC is well suited to study light

(anti-)(hyper-)nuclei, resonances and perform searches
for exotic bound states (A<5)

Copious production of loosely bound objects measured
by ALICE as predicted by the thermal model

Thermal and coalescence models describe the
(anti-)(hyper-)nuclei data rather well

d/p ratio shows increasing trend for pp and p-Pb
collisions and seems to saturate for Pb-Pb multiplicities

Resonances give clear indication of a hadronic phase
which is slightly contradicting the findings for light nuclei

New and more precise data can be expected from the

LHC on the presented topics in the next years
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* Recently extracted lifetimes significantly below the
free A lifetime - new ALICE result agrees with world
average and free A lifetime

- Two methods used o —
. . % N e Data ALICE Preliminary
which agree nicely: 2 oo —Fit PhPb fo = .02 ToV
> u == Background
1.) ct spectra (default) ¢ 0-90%, Iyl < 0.8

;_ 15<ct 28cm

297 298 299 3 3.01 3.02 3.03 3.04 305297 298 299 I 3 I 301 302 303 304 305
Moo + Mo (GeV/c?) Moo * Moz (GeV/c?)

He+r
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* Recently extracted lifetimes significantly below the
free A lifetime - new ALICE result agrees with world
average and free A lifetime

- Two methods used

cm™)

which agree nicely: g1
1.) ct spectra (default T G Prefiminary
) P ( ) 2 [ X Pb-Pb |s,, = 5.02 TeV
- 0-90%, |y| < 0.8
10

T IIIIII]

ct="7.10" 77 (stat.) + 0.50 (syst.) (cm) \

1= 23773 (stat.) + 17 (syst.) (ps)

l 1 1 1 | I | 1 1 1 l 1 1 | 1 I 1 1 1 ] l 1 |
5 10 15 20 25

ct (cm)
ECT* Workshop, Trento - Benjamin Dénigus 94




GOETHE

onversitat - Hypertriton lifetime

* Recently extracted lifetimes significantly below the
free A lifetime - new ALICE result agrees with world
average and free A lifetime

- Two methods used
which agree nicely:

1.) ct spectra (default)

2.) ,unbinned” method
using sideband
region for fitting the
background and
the signal region
for extracting the
lifetime of the
hypertriton

W H H
an o a
o o o

Events/ (1.25 MeV/¢c?
w
o
o

250 [FK

0
2.97 2.975 2.98 2.985 299 2995 3 3.005 3.01 3.015 3.02

e Data

— Fit

N\ Sidebands

200 |
150
100 |-

50 |-

ALICE Preliminary
Pb-Pb |5, = 5.02 TeV
0-90%, ly| < 0.8
iH - *He+m
;ﬁ = *He+

Significance (3c) = 8.42

o, + Mo . (GeV/c?)
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onversitar - Hypertriton lifetime .

* Recently extracted lifetimes significantly below the
free A lifetime - new ALICE result agrees with world

average and free A lifetime

= TWO methOdS Used Z 09: ALICE Preliminary
which agree nicely: 8 °F
: 5 Pb-Pb |5, = 5.02 TeV
1.) ct spectra (default) 08 Vo
2.) ,unbinned* method 0.7;- 0-90%. Iyl <08
using sideband 06k T=223% (stat.) + 20 (syst.) ps
region for fitting the "
background and oul
the signal region 03§
for extracting the T
lifetime of the 02F
hypertriton 0.1F
:lllllllllll IIIIIIIIIlIIll
0 60 180 200 220 240 260 280 300

Lifetime t (ps)
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* Recently extracted lifetimes significantly below the
free A lifetime - new ALICE result agrees with world

average and free A lifetime

- Two methods used & °%}
which agree nicely: £ ALICE Preliminary
1.) ct spectra (default) £ 400} Pb-Pb 5= 5.02 Tev -+~ Free A (PDG)
2-) ,,upbinn_ed“ method .::2 | 0-90%, |y| < 0.8 —— 3H World Average
using S|deb_a_nd S ool
region for fittingthe #
background and _3 @ H]
the signal region 200; 1 T
for extracting the [ ct spectra unbinned fit
lifetime of the :
hypertriton 1o

0
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Run 3 & Run 4 (2021 — 2029) of LHC
will deliver much more statistics (50
kHz Pb-Pb collision rate)

Upgraded ALICE detector will be able
to cope with the high luminosity

TPC Upgrade: GEMs for continous
readout

ITS Upgrade: less material budget and
more precise tracking for the
identification of hyper-nuclei

Physics which is now done for A =2
and A= 3 (hyper-)nuclei
will be done forA=4

Counts / 4 MeV/c?

Expectations %
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- ALICE Upgrade

- Pb-Pb, \s,,=5.5TeV
. Centrality 0-10 %

Integrated luminosity : 10 nb '

- 2<p_<10GeV/c

H 5> e+ m

l 1

L. ) L | ) |
D96 298 3 302 304 3.06

Invariant Mass(*He, 1) (GeV/c?)

ITS Upgrade TDR: J. Phys. G 41, 087002 (2014)

State  dN/dy

B.R. (Accx¢€) Yield

TH  1x107°
AH  2x1077
AHe 2x1077

25% 11 % 44000
50% 7% 110
3

2% 8 % 130
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Expected yield (2-10 GeV/c)
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Expected significance >5s for the full data set to be collected in Run 3 & 4
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Deuterons

« Spectra become harder with
increasing multiplicity in p-Pb and

Pb-Pb and show clear radial flow

 The Blast-Wave fits describe the
data well in p-Pb and Pb-Pb

« MB pp spectrum shows no sign of

—

hardening

) (GeV/e

\D;I—

"I_ [T TTT | T T | T T | T TTT | T T I TTTT I T TT]
§ i ALICE Preliminary
3 1072 =, E
= b e My pp -
~ - . o] .
O_qoB T T Ty ]
= -~ ek k . E
. . . . . Q ;": . “ | L -9 | "*._\ -
radial flow = multiplicity bins show ) o e, =
- i:-" = n) "‘-.__\ ]
| Illlllllllllllllllllllllllllllllllll C\IZ —4:':"' - % ~.~~
2.4F TN o 107 e ey = E
22;_ \QM Multiplicity Classes ALICE Preliminary = 25 ‘_:.' mmm [j:]~ %
2 [ Blast-Wave p+p — = ~ - ]
E ast-Wave d+d \\\\\ A 5
1.8 mgLalteg:enc::idﬁ i \\\\\\ B 1 0 5 = mE._‘T‘]~ _‘T:_
o e = VOM Multiplicity Classes > =
1.6 C . ]
- - [e]1+11 (x16) - .
1.4 - s
- 5| [elme®)
128 i e 107« vav ) ‘ E
1= My p-Pb, {5y = 5.02 TeV . E [ VIsVII (x2) deuterons .
C & ' | VOA Multiplicity Classes (Pb-side) 7 - _ 7 T V ™~
0.8/-/%F % e = - [@]VII+IX+X (x1) Pp, \s=71Te :
06:—* EOEBIast-Wave p+p —: 1 0_7 =Ei Levy-TsaIIis fit Iy' <05 —
C S BlastWave did_ J SN NN W R A A N
0.4 — [Z7] Coalescence d+d -]
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GeV/c
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» Coalescence parameter B, ALICE Collaboration, arXiv:1709.08522

decreases with centrality in Pb-Pb

:I III|III|I
0.04F ALICEppVE 09TeV |y]<05

% 3
.. . & od 3
« Similar effect seen in p-Pb: decrease g oo 03 7
with multiplicity, but less pronounced = °°f == E
p_ y p D oo1f Ti 3
* B, scales like the HBT radii S N S I S I
-» Decrease with centrality in Pb-Pb is 004E  ALICEpp Vs=276TeV, [y|< 0.5 op
understood as an increase in the source volume gzz_ —t— E
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Ng i I%I\f l:/llultiplicity Classes ALICE Preliminary B | | | 1 1 1 l E
= 0.03 =" 3 _ — e e
g F d+d,pp \s=7TeV | 004 ALICEpp {5=7TeV, [y| <05 l E
o [ Evew ] 0.03E mf E
L =] VIIX+X i 0.02F ' =
0.021- — 0.01F- E
- — 0.—2I I I0.|4I I I0.|6I I I0.|8I - 1[ - I1.|2I | I1.|4I | |1.|6|—
I + ] p./A (GeV/c)
0.01- -
. i 3/2
: PP 3% (Ca)
[ 1 By = R
C N BTN B B mTR_l_(mT)R”(mT)
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Coalescence parameter B,
decreases with centrality in Pb-Pb

Coalescence parameter B, %
ALICE

ALICE Co/laboratlon arXiv:1709.08522

o _ D 004E ALICEpp 15-09TeV.ly|<05 oq -
Similar effect seen in p-Pb: decrease 3 oot 03
. . e O - % E
with multiplicity, but less pronounced = °%¢ E
p_ y p QD go0ib TT E
82 Scales |Ike the HBT rad” f e e e by b by gy R I f
=» Decrease with centrality in Pb-Pb is @94 ALICE pp Vs=2.76 TeV, ly| < 0.5 op E
. : 0.03F o =
understood as an increase in the source volume I s E
- o | | I - 0.01F- - Ea, =
_ ALICE Preliminary i 3
004__ pp INEL, Vs =7 TeV e —_~ 004;_ e e b by ey by | —;
[« d,PRC 97 (2018) 024615 ] 0'03:_ ALICE pp Vs=7TeV, ly| < 0.5 o $ E
0.03_— ! Coalescence —: 0.02F- _ - Sefeiee .!¢ : _i
- | 0.01F =
002_ - E| e e e b b by e b by | |E
- ] 0.2 0.8 1 12 14 16
: i p./ A (GeV/c)
0.01— - 3/ 1/
: pp ] 3717‘/ <Cd>
AP PR R RPN SPERPRRP PR BRI B B2: 5
04 06 08 1 12 14 16 2mTRi(mT)R||(mT)
pT/A (GeV/e)
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UNIVERSITAT Thermal model fits o

o KK
I

&0 0
> F ! E ! E ! ! ! ! ! ! j
T 10° Futn | \ ALICE Preliminary
3 TN S U R . Pb-Pb VS, =2.76 TeV, 0-10%
1 ;_ % Not i fit : : : : wrlrn :
e U A SN S S S e o
102 i Model T(MeV)  2NDF| |
, | |—THERMUS 23 1552 24509 |
107 E |- GSI-Heidelberg 1562  18.4/9 | ; : : : e
j0¢ L [=++SHARES3 156 = 3 15.1/9) | Y W

| BR=25%!
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|
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GSlI-Heidelberg: A. Andronic, et al., PLB 697, 203 (2011); PLB 673, 142 (2009) 142
SHARES: G. Torrieri, et al., CPC 167, 229 (2005); CPC 175, 635 (2006); CPC 185, 2056 (2014)

THERMUS: S. Wheaton, et al., CPC 180, 84 (2009)

T—
lp B _B | Iimmmm
H
- KT rba
— mm—————— B R o R A R
-2 ' ""-""mmn. ;

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

I|III|III|IIIIIII|I II|II[||IIII[]I

b

« Different models descrlbe partlcle ylelds mcludlng Ilght (hyper-)nuclel
well with T, of about 156 MeV

* Including nuclei in the fit causes no significant change in T,
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s 314, 3

g i KK K2 Ki+R™ 0 A ZiE o4 H+ H He

< 2 T2 s 2 2 T2 ==

" >, s s 5 5 5 5 s s NN

3 D 10 P i é ; ; é § i ALICE Preliminary

2 3 | | - | . Pb-Pb V5, =5.02 TeV, 0-10%

= E i R P e f i 5 :

S 10 s a e MO ' i ; :

S ' ' i i i Doy :

3 1 ’ | gy | .

© ' ' Il ' ' ' : : Im - :

2 107! E ®Notinfi é § i § é § § el

2 102 Model T(MeV) V(im) Y, 1, X?/NDF ;

o = SHARE 3 154+3 5211703 1 (fixed) 1 (fixed) 6.4 |!

§ 1072 =+ SHARE 3 154+3 4797 +673 1.14+0.05 1 (fixed) 4.9 | P
S -= SHARE 3 139+1 3343+763 208+0.10 163005 26 || Mo 1o
Q 107 w SHARE 3 withnucie) 160 10 5022 1036 0.95+0.22 0.89+0.14 4.8 || refos |
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e F 0tg ]
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« Observations S|m|Iar to QM2014 results
* Including nuclei drives a non-equilibrium fit towards the equilibrium values
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(SSEVTHES SHe/p vs. multiplicity

ALICE

wn '
O B |
Q B
> -5

107 E —
© — -
2 m H : -
© N ]
S B |
g I { |
= ot
“— -6 |
5 10°F .
O - ]
© B i
o _ ALICE i

e 2°He/ (p + P), p-Pb sy = 5.02 TeV, Preiiminary
107 E" o 2°He/ (p + P), Pb-Pb {5,y = 5.02 TeV, preiiminary E
~ = 2°He/ (p + p), Pb-Pb \/SN = 2.76 TeV, Phys.Rev. C93 (2016) 2, 024917 ]
~ = 2°He/ (p + ), pp Vs = 7 TeV, Phys.Rev. Co7 (2018) 2, 024615 ]
| | L1 11 | | | | | | | | | | | | L 111 | |

10 102 10°
(chh/d n)

In]<0.5
3He/p ratio increases also when going from pp to p-Pb,

until it reaches the grand canonical thermal model value

(*He/p=8x10*% at T_= 156 MeV)
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ALICE

primary and
TRACKING secondary vertex

EMCal
CHAMBERS \ separation
=20 A ITS

TRIGGER CHAMBER
ZDC

116m from I.P.
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awisiat - Multiplicity classes: pp

= VOM Multiplicity Classes: I - (dNp/dn) ~ 3.5%(dNp /dn)NEL>0

ALICE
[ (AN gy /dn)N*>0 = 6.0 ] X (dN,/dn) ~ 0.4x(dN,/dn)INEL>0

Table A.1: Event multiplicity classes, their corresponding fraction of the INEL>0 cross-section (6 /ONgL>0) and their corresponding (dNg, /dn) at midrapidity (|n] < 0.5).
The value of (dNeh/dn) in the inclusive (INEL>0) class is 5.96 £ 0.23. The uncertainties are the quadratic sum of statistical and systematic contributions and represent
standard deviations.

Class name I II II 1A% \Y VI VII VIII IX X

o/oimeLso  0-095%  0954.7%  4.7-9.5% 9.5-14% 14-19% 19-28% 28-38% 38-48% 48-68% 68-100%
(dNen/dnm) 21.3+0.6 16.5£0.5 13.5+0.4 11.5+£0.3 10.1+£0.3  8.45+0.25 6.724+0.21 5.40+0.17 3.90+0.14 2.26+0.12

ALICE Collaboration: J. Adam et al., Nature Physics 13 (2017) 5635
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TRD nuclel trigger

A trigger on light (anti-)nuclei 005,
using the dependence Of the ‘Z’,\é " Simulation with flat p, distribution, 0 < p. /g < 10 GeV/c :%ﬁn_

i 0.05— e

lonisation on the charge : —um
number of the particle a3

crossing the gas was :
studied intensively 0.02- ALICE

A first run in the p-Pb 0ot 06/08/2012
taking 2016 O 0 100 150 200 250

Currently running in the () (arb. unis)
standard trigger mix of ALICE in the pp data taking

Expected enhancement mainly on Z=2 (anti-)nuclei, but
possible reach up to (anti-)alpha even in pp is anticipated in
2017/2018 data taking campaign

0.03F
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universitat RQtI0S between Species

ALICE

ALICE Collaboration: J. Adam et al., PRC 93, 024917 (2016)

Extracted ratios agree with the

thermal model values

Q
% 101 ALICE, Pb-Pb 0-10%, VSN =2.76 TeV
o

@) _
= 0.008 (=] PHENIX Vd@/\pp. Au-Au {5y = 0.2 TeV
as . [®] ALICE dip, Pb-Pb (S, = 2.76 TeV
: [®] ALICE *He/p x150, Pb-Pb S, = 2.76 TeV
0.006
0.005

0.002

0.001

-

0lllIlllllllllllllllllllIIllIlllIl

200 400 600 800 1000 1200 1400 1600
(dN_fdn),

1 0—2 __________ —
10 Held == -
10
107° é— =T -
10 v — THERMUS
- -= GSl-Heidelberg
107”7 = [e]Data
10—8:llllIIIIIIIIIIIIIIIIIIIIIIlllllllllllllllllllll
110 120 130 140 150 160 170 180 190
T chem (MeV)

d/p ratio agrees well with the
,averaged® measurement at
RHIC
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ALICE
917 (2016)
x107°
E 14 IIIIII | | | L | | L | | | I |
+ - ’
L 12_— ] —
() B _
S 10— 0 ; —
o [t 1
8_— + + ]
6f_ N ¢ _f ;ﬁggjberg
4 ALICE Pb-Pb 380 10
— o 7 T chem (MeV)
e \/SNN=5.02 TeV, Preliminary N
20— -
L = s =2.76 TeV, PRC 93 (2016) 2, 024917 1 fgttgte
B llllllIlllllllllIlllllllllllllllllllll: ’
% 200 400 600 800 1000 1200 1400 1600 1800 2000

(dN_/dn)

In|<0.5 110
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avariat Combined Blast-Wave fit oo/

ALICE Collaboration: J. Adam et al., PRC 93, 024917 (2016)

Simultaneous Blast-Wave fit of i+, g °F com i
K*, p, d and 3He spectra for 8 10T o
A > \ p(10°%) +d (10 x)
central Pb-Pb collisions leads to L ¢ He (109
values for <> and T, close to "o 10'E w
: Q -
those obtained when only =,K,p S S
are used 2t 1 g
- :_ALIC[)E, Pbl-Pb O-IZO%, IH:IQYG :FeV |
o
All particles are described rather F
well with this simultaneous fit s
2
0.5F

o
-
N
w
B
8]
(o)}
~
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Run 3 & Run 4 of LHC will deliver much ¢
more statistics (50 kHz Pb-Pb collision g
rate) -
Upgraded ALICE detector will be able %
to cope with the high luminosity 3

TPC Upgrade: GEMs for continous
readout

ITS Upgrade: less material budget and
more precise tracking for the
identification of hyper-nuclei

Physics which is now done for A =2
and A= 3 (hyper-)nuclei
will be done forA=4

Expectations

70000

60000

50000]
40000}
30000}
20000f

10000

ALICE

- ALICE Upgrade

- Pb-Pb, \s,,=5.5TeV
. Centrality 0-10 %

Integrated luminosity : 10 nb '

- 2<p_<10GeV/c

H 5> e+ m
" l 1

L. ) L | ) |
D96 298 3 302 304 3.06

Invariant Mass(*He, 1) (GeV/c?)

ITS Upgrade TDR: J. Phys. G 41, 087002 (2014)

State  dN/dy

B.R. (Accx¢€) Yield

TH  1x107°
AH  2x1077
AHe 2x1077

25% 11 % 44000
50% 7% 110
3

2% 8 % 130
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Precision mass measurement %

The precise measurement of (anti-)nuclei

mass difference allows probing any -
difference in the interaction between

nucleons and anti-nucleons
Performed test of the CPT invariance of

Counts

d +20 TPC dE/dx cut
1.9 GeV/ec < pllzl <2.0 GeV/e

residual QCD “nuclear force” by looking at the L AU

mass difference between nuclei and anti-nuclei

ALICE

ALICE Collaboration: Nature Phys. 11, 811 (2015)

102 *He 15cevie< phizl < 2.0 GeVic

+20 TPC dE/dx cut

- *He

0]

ALICE
Pb-Pb, {5,,=2.76 TeV

: -@- ALICE 10k
o :l 3He-3He == CPT prediction E —10 ;
44 H . C
» d-d : i I
Ly | 1 | 1 i 1 l L | 1 *He-*He i—.— 1 15.. [ B LM L s 1?** - ..|....'
-0.002 -0.001 0.00 0.001 0.002 ! 25 3 35 4 45 5 1 15 2 25 3
R A/ |2)/(m/\z]) : (m/zﬁOF (GeV?/c?) (m/zﬁOF (GeV?/c?)
% ’) 3He-3He ‘I ° é\ . . . H
= = ¢ =» Mass and binding energies of nuclei
-+ and anti-nuclei are compatible within
[ ea oo . B uncertainties
e —et—owese f <) Measurement confirms the CPT
| : o invariance for light nuclei.
L -0.10 J -0.05 ] O.E)O 0.05 0.10 l—1.0 -0.5 OTO 05 1.00
A/ |zD px/(m/12]) 5 Aepx/€p
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2.20 < p_<2.40 GeV/c 2.20 < p <240 GeV/c
¥ 20001 . | @ 0.5¢ ALICE Prafim
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31800° ISy =270 TV 0.45- ’
- 30-40% S 04
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4008 e 0.1F
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V,{SP, |An| > 0.9}

Elliptic flow
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dN/2np_dp._ [(GeV/c) ]
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FRANKFURT AM MAIN I p IC OW HLICE
2
10 i
JE ALCE Pb-Pb N-like
o' b A-like -
1o ¢ p 20-30% *H-like |
i B d 20-40% *H-like
107¢ 3H-like
oF *
107°¢
_3f 04 1
1045 — " Neike DT e
10 A-like -7 f/
10 0.3
10°°F
10”7 (b) melting
-8 ] | ] | 1 1 | 1 1 1 N 02
Yo 1 23 4567 01 23435 °
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01
vf'. — 1
0 2 (a) default (b) melting
1 | 1 1 1 1 1 1 1 1 1 1 | |

0051152253 350051152 253354

, p; (GeVic)
L. Zhu, C.M. Ko, X. Yin: PRC 92, 064911 (2015)
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L. Zhu, C.M. Ko, X. Yin: PRC 92, 064911 (2015)
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T.A. Armstrong et al. (E864 Collaboration), A

Phys. Rev. C 61 (2000) 064908
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M — . N
A O - ALICE, Pb-Pb, {sy=276Tev| -F
% 3 5 EInKp05% [#d0-10% [=]°He 0-20%
0) - [e]nKp40-50% [+d10-20% [=]*He 20-80%
~_  3F tenKp70-80% (+{d20-40%
o T +]d 40-60%
~ 25K F+]d 60-80%
oF D
150 - *
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1 % o
0.5
-+ + 3
O B | TF | | KI | | Iq | | | | | | | | Id | | | | | I | | H? |
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m, (GeV/c?)

ALICE Collaboration: PRC 93, 024917 (2016)
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dE/dx in TPC (arb. units)
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p/z (GeV/c)

ALICE Collaboration: PRC 93, 024917 (2016)
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dE/dx in TPC (arb. units)

lllllllllllllllllllllllllllll

-2 -1 0 1 2
ALICE Collaboration: PRC 93, 024917 (2016) p/z (GeV/c)
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N - o
kS 4 ALICE, Pb-Pb 0-80%, {5 = 276 TeV
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ALICE
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DERED Hypertriton identification N/
Bound state of A, p, n

m = 2.991 GeV/c? (B, =130 keV)
- rms radius: 10.3 fm
3He Decay modes:

*H =% He+ 7
AH =2 H 4+ 7'
?\E:—>d+p+7r_

! *H—>d+n+x°

+ anti-particles

- Anti-hypertriton was first observed

® by the STAR Collaboration:

prim. vtx. Science 328,58 (201 OK
ECT* Workshop, Trento - Benjamin Dénigus 24
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Entries/(2.5 MeV/c?)

ALICE Collaboration: PLB 754, 360 (2016)

905_ - Data

805 ALICE 10'500/0 - BaCkground

70§_Pb'Pb {Sw =276 TeV. —Combined Fit
602‘ *Ho®He+

10: 2<p <1O GeV/c

F) A FEET RN SEETE RN N
0 298 299 3 301 302 303 304

Invariant mass (*He,t)(GeV/c?)

Entries/(2.5 MeV/c?)

Hypertriton signal

90
80
70
60
50
40
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10

ALICE

-»-Data
ALICE 10-50% - Background

Pb-Pb \syy=2.76 TeV — Combined Fit

3_
KH —3%He + n*

|lIIIlIIIIIlllllIIIIIIIII|IIII|IIII

;_ <P 10 GeV/c
C L1 L1 L L1 Ll

298 299 3 301 302 303 304
Invariant mass (°*He,t*)(GeV/c?)

« Peaks are clearly visible for particle and anti-particle
—> Extracted yields in 3 p; bins and 2 centrality classes
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ALICE
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O — -
> 140 ALICE Performance, 28/11/2016 | 7 ALICE Preliminary
= 1 3
sy = 5-02 TeV 4 0107
g/ 120 NN N E . Pb-Pb VSN =5.02 TeV
‘g Pb-Pb, 0-80% 7 'f B % 10-40% centrality
S _ X L L
3 100 Iyl <09 4 35 | ==
] |l ~
i s t ==
80 — ' [¥}-... = % - + *H—- *He +
- 1z H
60 — — - = _ I - 5
- { o + %H - °He + o+ : BN ‘
40 L — T:’ --- Fit
B + N . Uncertainties: stat. (bars), sys. (boxes)
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* Peaks are also clearly visible for particle and anti-particle
—> Extracted yields in 4 p; bins and 3 centrality classes
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Hypertriton spectra
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» Anti-hypertriton/Hypertriton ratio consistent with unity vs. p-
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Hypertriton yield
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Hypertriton yield vs. B.R.

ALICE

The hypertriton
branching ratio is not
well known, only
constrained by the
ratio between all
charged channels
containing a pion

Theory which prefers a
value of around 25%
gives a lifetime of the
hypertriton close to the
one of the free A
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