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Motivation

Pb-Pb \s,-276TeV N_=350 1 * Explore QCD and QCD

Thermal model i i icti
vy iInspired model prgdlctlons
~~~~~~~~~~ T=156 MeV for (unusual) multi-baryon
= states
AN
= » Search for rarely produced

anti- and hyper-matter

w 3 * Test model predictions, e.g.
K( 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

Motivation

Pb-Pb \s,-276TeV N_=350 1 * Explore QCD and QCD

Thermal model

iInspired model predictions

— T=164 MeV .
~~~~~~~~~ T=156 MeV for (unusual) multi-baryon
— states
AN
o * Search for rarely produced
anti- and hyper-matter
— __ = 7 * Test model predictions, e.g.
AH iy thermal and coalescence
- -> Understand production
2He

mechanisms

—> Basis are light (anti-)nuclei

references therein for the model, figure from A.
Andronic, private communication
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Time =2
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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(to< 1 fm/c)

The fireball evolution: beamm\beam

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 scafttering

Workshop Univ. Tokyo - Benjamin DOnigus
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170 Lattice QCD
- T,(0) [MeV] . tells us where
_ X ™
165 | OX oo - to expect the
| t - .1 phase
. 0 -
160 | : % cy -]  transition
| I ; % : O% o
155 | i (156.5 + 1.5) MeV m | Critical energy density:
- ec =0.34 £ 0.16 GeV/fm?
| 1/N? i
150 4/ 4/ 4/ 4/ 4/ Critical temperature
SREREN N N Tc = (156.5 + 1.5) MeV

A. Bazavov et al. (hotQCD) PLB 795 (2019) 15
Similar results: S. Borsanyi et al. (Budapest-Wuppertal group) PRL 125 (2020) 0562001
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Thermal model

« Statistical (thermal) model with only three parameters able
to describe particle yields (grand chanonical ensemble)
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- chemical freeze-
out temperature T,

- baryo-chemical
potential ug

- Volume V

-> Using particle
yields as input to
extract parameters
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A. Andronic et al., PLB 673 (2009) 142, updated
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o 1801 128 800E =
‘2"160: N g - =
n il - -
— . . 5-97005 :
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120 [ - 500 F =
100 1 400F =
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Thermal model fits show limiting temperature: T, = (159 = 2) MeV
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Predicting yields of bound

states

T e e 4 Key parameter at LHC
energies:

chemical freeze-out

temperature T,

10 ':‘v e - 3He, 3I_I_e

Yield (dN/dy) for 10° events
50)
W

@B | - ‘ Strong sensitivity of
| 1 abundance of nuclei
3: to choice of T, due to:

10°
s 3 1.large mass m
b .3 2. exponential dependence of

\sw@Vv)  the yield ~ exp(-m/Tyg,)

A. Andronic et al., PLB 697 (2011) 203 T :
(2011 -> Binding energies small
compared to T,

Workshop Univ. Tokyo - Benjamin DOnigus
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d Nuclei are formed by protons
and neutrons which are
nearby and have similar
velocities (after kinetic freeze-
out)

. Produced nuclei
’ =>» can break apart

J. I. Kapusta, PRC 21, 1301 (1980) - created again by final-state
coalescence

Workshop Univ. Tokyo - Benjamin DOnigus
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primary and
TRACKING secondary vertex

EMCal
CHAMBERS \ separation
=20 ¥ ITS

TRIGGER CHAMBER
ZDC

116m from L.P.
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ALICE
Central Pb-Pb collision:
- <4~ High multiplicity = large dN/d 7
High number of tracks
(more than 2000 tracks in the detector)
Pb Pb

- Peripheral Pb-Pb collision:
Low multiplicity = small dN/d»
Low number of tracks
(less than 100 tracks in the detector)

Workshop Univ. Tokyo - Benjamin DOnigus
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He ALICE
PERFORMANCE
July 4™, 2012

\  negative particles,
\ Pb-Pb, 2011 run,
\ (S =2.76 TeV
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Low momenta:
Nuclei are identified using
the dE/dx measurement in the

Particle Ildentification

counts

ALICE

gigé_ VOA Multiplicity ALICE preliminary
180 E— Class (Pb-Side) 0-10% 24GeV/e< p <26GeV/c
160F-
140E- ® Data
120 E_ — Signal
100 E— — Background
80FE- — Sig + Bkg
60F-
4 E_deuteron
20 £ p-Pb |5, =5.02 TeV ’.1

Mo - M3 (GeV?/c?)

Higher momenta:
Velocity measurement with the
Time-of-Flight (TOF) detector is

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

distribution

Workshop Univ. Tokyo - Benjamin DOnigus
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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, 3563 (2011)

Anti-Alpha

Pb-Pb, 2011 run,
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ALICE-PUBLIC-2017-006 H I. I C E
‘I_/\ I | T I I I I I T I T | I T T I I T I I I I I T T I | I I ?
O ALICE Preliminary =
> 10 M% =
o ; = ly1<0.5 S
— e T e T
S et e S
Rl = T ‘ \ —
% ? s = —'.mjr“‘gi'—ﬁtﬁitiéri@: g o = o E
E 1072 E_ %ﬁ% ‘ '*"T:x?ti@;ﬁﬂ \ - =
Y LSS e, ., -~  Pb-Pb =
4 10_3 L :‘:E':\:-Qmmm {.*::.:.\ -
P = cos g % deuterons, Pb-Pb \ s, = 5.02 TeV 3
= 104 LS “‘%-;% * e 0-5% (x512) e 5-10% (x256) ]
= 2. 10-20% (x128) 20-30% (x64) E
- ) 30-40% (x32) 40-50% (x16) -
107° E o e 50-60% (x8) e 60-70% (x4) —=
= PP e 70-80% (x2) e 80-90% (x1) 3
6 - --- Individual fit O ppINEL\s=13TeV™]
1 O E INEL normalisation uncertainty: 2.55% a
1 I | 1 | | I | | 1 | | 1 | | 1 I | | | | I | | | 1 I 1 |
1 2 3 4 ) 6

P, (GeV/c)

* prspectra getting harder for more central collisions (from pp to
Pb-Pb) - showing clear radial flow
« Blast-Wave fits describe the data in Pb-Pb very well

« No hint for radial flow in pp
Workshop Univ. Tokyo - Benjamin DOnigus
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ALICE Preliminary

(Anti-)Deuteron ratio
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-ratios consistent with unity, as expected
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ALICE
ALICE Collaboration, arXiv:1910.07678, Phys.Rev.C 101 (2020) 044907
ALICE Preliminary, \/s, =5.02TeV, 0-10% .
A el o R  Simultaneous Blast-
: ~**4; 4:_2 . éombined Blast-Wave fit Wave flt Of T[+, K+’ p’
e, d, t, *He and “He
%%EE++++| spectra for central

e Pb-Pb collisions
leads to values for
== LB and Ty, close to
—_——— those obtained when
oo only m,K,p are used

%

 All particles are described rather well with this simultaneous fit

Workshop Univ. Tokyo - Benjamin DOnigus
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ALICE
‘§102 ‘ @ AUCE . Production of (anti-)
© 10 nuclei is follwing an
1 exponential, and
10~ decreases with
102 mass as expected
1073 from thermal model
104 + |In Pb-Pb the
107 Q ,penalty factor” for
6 each additional
13_7 / 0-10% Pb-Pb, |/s,, = 2.76 TeV baryon ~300 (for
B T S N N Y S N particles and anti-

-4 -3 -2 -1 0 1 2 3 4 particles)
A

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

Workshop Univ. Tokyo - Benjamin DOnigus
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ALICE
5 102@ ‘ ALICE Preliminary * Production of (anti-)
S 10F ~ nuclei is follwing an
1k exponential, and
107'E decreases with
107 mass as expected
18_45 from thermal model
105k * In Pb-Pb the
106 Jpenalty factor” for
107 | each additional
102E ° PPb Vs =502TeV, NSD baryon ~300, in p-
oF a b s =2 20% .
e Pb ~600 and in pp
06 1 15 2 25 3 35 4 45 ~1000

m, (GeV/c?)
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S
Deuterons from
'  phase-space coalescence.
‘ Parameters:
4 -Ap =0.28 GeV/c o ®
=3.5f /é——"
‘ S Slmulatlons 1
~— 3 |—6—Hydro + UrQMD, Pb+Pb
x --8--UrQMD v3.4, p+p
|’5_ - ALICE Data:
+ ® Pb+Pb
L 2F m pip
S 2
N [a B
1k @ Thermal fit (Florence). T_= 163.8 MeV _
€ \Without Rescattering
{> With Rescattering
O PR T T S R A | 1l raal
3 10 100 1000
As shown by R. Stock at QM2018, dN_/dn

meanwhile coalsecence published: S. Sombun et al., Phys.Rev.C 99 (2019) 014901

d/p ratio described by applying afterburner on Hybrid

d/p vs. multlphClty

Pb+Pb 2 75 TeV

ALICE

UrQMD simulations — similar results for thermal approach

Workshop Univ. Tokyo

- Benjamin DoOnigus
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ALICE
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AN 0.005— [Klpp, Vs =7 TeV, d/p (PRC 97 (2018) 024615)
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d/p ratio rather well described by coalescence and
(canonical) thermal model
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C
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a - | - SR =] Q o
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e | — .
o ; ] X D
- 5 s 2
o i CSM (Thermal-FIST), T = 155 MeV ] G I
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107°¢ Coalescence = - QQJ
- == Three-body =:=: Two-body ] (/3) N -
- __ . .M O N
L [¢] ®He + °He, p-Pb, 5.02 TeV . = - § ~
- [¢] °He + °He, p-Pb, 8.16 TeV . X >2 o
2« ®He, Pb-Pb, 2.76 TeV [¢] 2 « °He, Pb-Pb, 5.02 TeV (Prel.) O S S S
[¢] 2« °He, pp, 7 TeV [6] ®He + °He, pp, 13 TeV (Prel.) ‘:’ NodN
107 E1°H + °H, p-Pb,5.02 TeV [ 2 « °H, Pb-Pb, 5.02 TeV (This work)— R > 0
C o 1 Lol ] ] Lol ] n (\/JC/_)O)>®
2 3 OO~
N o ~
(d O|77|ab>|,7 <05 =OQOQ

3He/p and 3H/p ratios are similarily well described by
coalescence and (canonical) thermal model
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ALICE Collaboration, arXiv:2112.00610

5.0 x10° x10°
Jlrhls ] & RERENERRRN RERRN RLEE] LEEL ELRRE RRARN EREES LLLLY LLERN
o 45F [elp-Pb,\s, =5TeV [elpp,Is=7TeV 19 14E  Thermal-FIST CSM E
4.0 pp, Vs = 13 TeV [elpp, Vs =13TeV,HM 3 & (pF --T,,=155MeV, V;=3dV/dy ALICE
S E - —T,,=155MeV, V,=1dV/dy .
| T el i 3 10  Coalescence, r(°He) = 1.76 fm E
> = 8 —Two-body  ___o-----oT -
= I ;H? E F — Three-body SeemtTTT ]
20 588 = 6 .
15 = ik -
1.0 —Coalescence, r(d) = 1.96 fm 3 :
g5 —; 2 -
00 |||||||| Loaa s ba s b sy by s s by by o byaaalygy s 0-|
0 5 10 15 20 25 30 5 40 45 50 35 0 4
@dN /dn ) @dN _idn )
ch lab Inlabl<0.5 ch lab Inlabl<0.5

 d/p ratio rather well described by coalescence and
(canonical) thermal model

« Some tension for 3He/p at low p+

Coalescence: K.J. Sun, C.M. Ko, BD, PLB 792 (2019) 132
CSM: V.Vovchenko, BD, H. Stécker, PLB 785 (2018) 171

Models:

Workshop Univ. Tokyo - Benjamin DOnigus
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AL|CE
- pp, Pb-Pb: |y| < 0.5
[ p-Pb:-1<y<0

N

2d/(p+D)

[®] Po-Pb, {50y = 5.02 TeV ]
llllll 1 llllllll 11 11111

[®]pp, (s=5Tev
[0]pp, (5=7Tev
[©]pp, f5=13Tev
[%]pp, (5= 13 TeV, HM
[+]p-Pb, Y5y =502 TeV ]
[O] Po-Pb, {5y = 2.76 TeV ]

 d/p ratio rather well described by coalescence and

(dN,,/d “|ab>m J<05

2°He/(p+P)

6 -6
14?10 ﬁ 14?19 T ||||||| IIII IIII
L Thermal FIST CSM T = 155 MeV + L Coalescence
[ =1.6dV/dy o oL
12: UrQMD Hybrid Coalescence = 12: Two-body
L Pb-Pb 5.02 TeV (aY] |l — Three-body
10 10
; | I
61 6l
4+ 4
2r | 2F
+¢
O- llllll 1 1 lllllll 11 lllllll 1 L1111l C- lllllll llllll 1 1 lllllll 1 L1111l
1 10 10 0 1 10 ? 10°
(dN ./ dnlab>ln,abl<0-5 (dN,/ dnlab>|nlab|<0.5

(canonical) thermal model

« Some tension for 3He/p and 3H/p over p+

Workshop Univ. Tokyo - Benjamin DOnigus

Models:

Coalescence: K.J. Sun, C.M. Ko, BD, PLB 792 (2019) 132
CSM: V.Vovchenko, BD, H. Stécker, PLB 785 (2018) 171

D
—
—

UrQMD Hybrid: T. Reichert, J. Steinheimer, V.Vovchenko, BD,O

M. Bleicher, Phys. Rev. C 107 (2023) 1

ratios vs. multiplicity %

ALICE Collaboration, arXiv:2211.14015, accepted by PRC
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« Different model implementations describe the production probability,
including light nuclei and hyper-nuclei, rather well at a temperture of
about T, =156 MeV

Workshop Univ. Tokyo - Benjamin DOnigus

ALICE Collaboration, arXiv:1710.07531,

NPA 971, 1 (2018)
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Thermal model

 For the thermal model

description of é 12
production yields, feed- &
down is an important 3 |
ingredient § .
 All light hadron 102k
production yields are 107
populated strongly by 107
resonances 107
« Seems to not be the 126

case for (hyper-)nuclei

F T T T T I T T T T I T T T T I T T T T I T T T T
F ) j
Con . Pb-Pb \/s,,=2.76 TeV :
L .}E central collisions 4
: .. PA -
E ~"~',"..' - =
- & E E
E ¢ el - E
- ., Q E
- b“ .
E J/ E
: = -i}p ;
3 ) E
- Data (lyl<0.5), ALICE . 1
E . .3 E
F e particles 2He 3H E
E = antiparticles uf\ E
é— Statistical Hadronization (T=156.5 MeV) A —E.
- total (+decays; +initial charm) He :
E E
= e primordial (thermal) T!
1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
0.5 1 1.5 2 2.5 3 3.5 4

Mass (GeV)

A. Andronic et al., Phys.Lett.B 797 (2019) 134836

Workshop Univ. Tokyo - Benjamin DOnigus
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Thermal model

 For th.e ’Fhermal model s T ey j
deSC”pthn Of E central collisions ?
production yields, feed- & ;
down is an important § ;
iIngredient 2 n ]

 All light hadron : 1
production yields are 102 O e S0 1, 1
pOpu|ated Strong|y by 10‘4? = antiparticles uA 3
resonances 10‘5;5 Statistical Hadronization (T=156.5 MeV) A —E.

10°® i— total (+decays; +initial charm) He;

« Seems to not be the s primordial (thermal) £ 3

. 10_7 oo by by by by by by
Mass (GeV)

A. Andronic et al., Phys.Lett.B 797 (2019) 134836
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(D
GOETHE

Thermal model

 For the thermal model

description of é 12
production yields, feed- &
down is an important 3 |
ingredient § .
 All light hadron 102k
production yields are 107
populated strongly by 107
resonances 107
« Seems to not be the 126

case for (hyper-)nuclei

F T T T T I T T T T I T T T T I T T T T I T T T T
F ) j
Con . Pb-Pb \/s,,=2.76 TeV :
L .}E central collisions 4
g A E
3 " = E
s brem .
- ., Q E
- .“ .
E J/ E
: = -i}p ;
3 ) E
- Data (lyl<0.5), ALICE . 1
E . .. 3 3
F e particles 2He 3H E
E = antiparticles uf\ E
é— Statistical Hadronization (T=156.5 MeV) A —E.
- total (+decays; +initial charm) He :
E E
= e primordial (thermal) T!
1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
0.5 1 1.5 2 2.5 3 3.5 4

Mass (GeV)

A. Andronic et al., Phys.Lett.B 797 (2019) 134836
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BD, G. Ropke, D. Blaschke,
Phys. Rev. C 106 (2022) 044908

 For the thermal model

description of s 407 — =
production yields, feed- §35

down is an important ol | — % -
ingredient :

« All light hadron :
production yields are
populated strongly by

20f

15[

10f

reSO N a N CeS | ———e—— ALICE data, Pb-Pb |5, = 2.76 TeV, 0-10% central
55 Primordial yield, according to quantum state properties
* Seems to not be the S —————
] 0 | -
case for (hyper-)nuclei Protons Antiprotons

A. Andronic et al., Phys.Lett.B 797 (2019) 134836;
Nature 561 (2018) 7723, 321; Phys.Lett.B 697 (2011) 203;
Phys.Lett.B 792 (2019) 304

Workshop Univ. Tokyo - Benjamin DOnigus
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Thermal model

BD, G. Roépke, D. Blaschke,
Phys. Rev. C 106 (2022) 044908

 For the thermal model

description of P —
production yields, feed- 3*F "
down is an important . e
ingredient 10°?
- All light hadron " ~— .

production yields are 10°

HRG fit: T, = 156.6 MeV, ug= 0.7 MeV, V=4175 fm’ (Phys.Lett.B 792 (2019) 304)
—e— ALICE data, Pb-Pb \s,, = 2.76 TeV, 0-10% central

populated strongly by = r0*E - prmedaryes ecoring o untmsmoprmrics 4 & =
resonances 3 0 + 1
« Seems to not be the 554 ...... R e + + ..... % .......... ;
case for (hyper-)nuclei 5% % = = W =

A. Andronic et al., Phys.Lett.B 797 (2019) 134836;
Nature 561 (2018) 7723, 321; Phys.Lett.B 697 (2011) 203;
Phys.Lett.B 792 (2019) 304

Workshop Univ. Tokyo - Benjamin DOnigus
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Thermal model

* For the thermal model
description of
production yields, feed-
down is an important
iIngredient

 All light hadron
production yields are
populated strongly by
resonances

« Seems to not be the
case for (hyper-)nuclei
at LHC

V. Vovchenko, BD, B. Kardan, M. Lorenz,
H. Stoecker, Phys.Lett.B 809 (2020) 135746

100

(@)
o

Feeddown fraction (%)

N
o

D
o
—

s [GeV]
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BD, G. Ropke, D. Blaschke,
Phys. Rev. C 106 (2022) 044908

 For the thermal model
description of

production yields, feed- g‘w

down is an important "’m‘—— —

ingredient 0-1‘ - -
 All light hadron 008~

production yields are o6

populated strongly by R

resonances o e
« Seems to not be the e yeastor comton o e i

case for (hyper-)nuclei " Deuterons _ Antideuterons

A. Andronic et al., Phys.Lett.B 797 (2019) 134836;
Nature 561 (2018) 7723, 321; Phys.Lett.B 697 (2011) 203;
Phys.Lett.B 792 (2019) 304

Workshop Univ. Tokyo - Benjamin DOnigus
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Anti-nuclel absorption

ALICE Collaboration, arXiv:2202.01549

Fg R B L L A L R =
I N
T 45 ALICE pp s =13 TeV E @
5 4 Inl <0.8 3 o{_
35 (Ay=17.4 [0 |Data — - GEANT4 b.%

35 (A=318 [ |Data GEANT4 3

o5 = (Ay=17.4 ¥ 95% confidence upper limit 3

2 K E

15 N =

= ~_ 3

1;— \‘4———__________:

0.5 F =

0 :l 11 1 l 1 Ivl 11 1 1 l L1 1 1 l 11 1 l L1 1 l 11 1 1 l L1311

0 1 2 3 4 5 6 7 8

p (GeV/c)

p (GeV/c)

« Absorption of Anti-3He measured with two different methods
using the ALICE experiment as absorber
« GEANT4 does a really good job

Workshop Univ. Tokyo - Benjamin DOnigus
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ovesiar - Anti-SHe flux near earth

Distance to the Galactic Centre (kpc)
1072 1071 10° 10!

;

Sun

ppm (GeV cm™)
'—l
A

\f\pip ~ X
/_\Q/‘» Mtpo Y AMS-02
p+*He —» 3H_CM )

r+x—>WW - 3He+X

ALICE Collaboration, arXiv:2202.01549

GAPS ——
. Voyager He, p
®» . A . . |l@e=DMm
0.100 100 10 1
Distance to the Galactic Centre (kpc) Distance to the Sun (AU)

 Measured absorption used to calculate the flux near earth,
before and after solar modulation
« Large reduction of uncertainties due to ALICE measurement

Workshop Univ. Tokyo - Benjamin DOnigus
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GOETHE E .
ovesiar - Anti-SHe flux near earth

ALICE Collaboration, arXiv:2202.01549

T T T T T T T

- ALICE .

— | =
(%) - . %)
i\ o .=0DM — 5GEANT4 T DM: Phys. Rev. D 89 (2014) 076005
s 10° inel Tinei DM 3 &5 10° Bkg: Phys. Rev. D 102 (2020) 063004 ]
c\'lE | ~ Ojpq = 0 bkg — oCGEANTA pkg (\IIE | GAPS GALPROP propagation N
x 10° = " OperDM = 10° AMS-02 N
5 N 5 ]
— —_— P —
> | m, =100 GeV/c? Oinel " PKG > [ 'm, =100 GeV/c? 1
!,:F x+x—>WW — °He + X 7 LI " w4y — WW - e + X H
107"° — 107 |— —
= 7 B =~ .
= = Background _ — B
—
1072 | oPUICE DM R 1072 g — n
inel
[ ofic= bk B — B
inel
107 I Range of ALICE - 107 = =
, Ranse o ALICE mozsyrement NG . Ranse o ALCE mozsyromert . ]
> 1 — e — ———rrr > 1 N — —
2 o8l - 2 o8l -
© o6 - S o6l ]
I o
% 0.4 - % 0.4 -]
c 02F - c 02F -
© | Ll Ll © N Ll Ll
= 107 1 2 = 107" 1 2

10 10 1
E,./A (GeV/A) E,./A (GeV/A)

 Measured absorption used to calculate the flux near earth,
before and after solar modulation
« Large reduction of uncertainties due to ALICE measurement

Workshop Univ. Tokyo - Benjamin DOnigus
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Bound state of A, p, n
m = 2.991 GeV/c? (B, =130 keV)

A

[ ¥

n
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ONIVERSITAT Hypertriton

Bound state of A, p, n
m = 2.991 GeV/c? (B, =130 keV)

@ 0.2f 130 3
£ - 4 =
= 0.5 Ao £
g > —20 §

8 1 @

~ 0.1 - b

= 1 =

1 —10 =

c 0.05 1 &

S 1 B

i ~ [«

g 0— e — 0

2 F .

o [ -

x-0.051- -

- = i

S —0.1_— -

T - 120
~0.15} 1
02 . o0 3

0 10 20 30 40 50 60
r/fm

P. Braun-Munzinger, BD, Nucl. Phys. A 987 (2019) 144
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UNIERSITAT Hypertriton

Bound state of A, p, n
m = 2.991 GeV/c? (B, =130 keV)

@ 0.2 130 3
= 4 =
= 0.15 1. =
g > —20 §
) : o
~ 01 - 9
= 4w
1 —10 =
= 0.05 1 &
= 4 B
~ - [«
e oF 0

5 E a

o - _

= -0.05H u

- = i

S —0.1_—' -

& - 20
~0.15} 1
"‘0-2_; 11 ll 1111 ln ln l —:._30

0 10 20 30 40 50 60
r/fm

P. Braun-Munzinger, BD, Nucl. Phys. A 987 (2019) 144
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Bound state of A, p, n
m = 2.991 GeV/c? (B, =130 keV)
- Radius of about 10.6 fm

3He Decay modes:

H —° He + 7
?\H—>3H+7TO

*H—od+p+7-

3
“H
7 *H—-d+n+7"
+ anti-particles
- Anti-Hypertriton first observed by
@ STAR Collaboration:
prim. vtx. Science 328,58 (2010)

Workshop Univ. Tokyo - Benjamin DOnigus
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ot Hypertriton signal

& IIIIIIIIlIIIIIIlllllllllllllllllllll

ALICE

% 140 — ALICE Performance, 28/11/2016 % ALICE Preliminary
;120 - V53 = 5.02 TeV %10_5 = | Pb-Pb |5, = 5.02 TeV
g Pb-Pb, 0-80% @ - ] 10-40% centrality
8 100 ly| < 0.9 3 i ] %
g | ==
80— ITe [¥T-... g $ 3H- He+n

~10°

III|III|'I_._I-|III|II]|II[|III|I

60 — é’ =) - Fit
- ~— Ly [ ]
40 —_ “,: + STH - 3% + Tt I \\\ )
- + i -~ Fit
20 |
- 107 = Uncertainties: stat. (bars), sys. (boxes) .
0 _l Ll | Ll | | 1 1 | I L Ll | Ll | Ll Ll I Ll Ll | Ll 1l L1111 I | | | | I | I L1 11 | | | I L1 11 I I | | | ]\‘I 1 I | | |
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)

« Clear signal reconstructed by decay products

« Spectra can also be described by Blast-Wave model
—> Hypertriton flows as all other particles

Workshop Univ. Tokyo - Benjamin DOnigus



Hypertriton spectra o

T 2 T
™ < N Q s s
T ,gF  ALICE Preliminary > ALICE Preliminary
el T E ©10°
= = - Pb-Pb VS =5.02 TeV
i ef. Pb-Pb |5, =5.02TeV c L N
C ) B .
14— 10-40% centrality x L % 10-40% centrality
: s R
- Q
121 } ’ s %%
| e % / + *H> *He + N
- b ’ 31 0L
081 z F - Fi
C - :." [ ]
0.6— - + %ﬁ — °He + o+ : ‘\\ :
0.4 ;_ :iH - 3He + T il ———-Fit
0.2 . *H- *He + n*
[ Uncertainties: stat. (bars), sys. (boxes) A 107 — Uncertainties: stat. (bars), sys. (boxes) .
0_|||||||||||||||||||||||||||||||[||||||||||||| SRR EEETE TR IR N T I Y T |
0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9
P, (GeV/ce) pT (GeV/c)

 Anti-hypertriton/Hypertriton ratio consistent with unity vs. p;

Workshop Univ. Tokyo - Benjamin DOnigus
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| | | | I

T LI LB

gj 103 X . Pb-Pb \[s,,,=2.76 TeV
c 102k ™ L( central collisions
g . pa E
« 10 nem .
A -
1 o i
s 3
< 107 =.d J/
> ] o= =iy
102 )
[ Data (lyl<0.5), ALICE
10°F . . .3
2 particles : ,ue 34
10*F = antiparticles aq".\
105 F Statistical Hadronization (T=156.5 MeV) ' .
jo0[ —— lotal (+decays; +initial charm) .. He
----==- primordial (thermal) F
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, He, “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

Workshop Univ. Tokyo - Benjamin DOnigus
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P. Braun-Munzinger, BD, Nucl. Phys. A 987 (2019) 144

Hypertriton - J/\y comparison
- o ALICE
Statistical Hadronisation Model
3 dof? / dy x shad. = (0.532 = 0.096) mid]
- ® ALICE data ]
- N Jy —ee, ly1<0.9
_ e (preliminary)
m  ALICE data
3 @ = °H — 3He+n~, |y 1<0.5 E
VSuy = 2:76 TeV, Centrality 0-10%
. Pb-Pb, |5 = 5.02 TeV .
- Centrality 0-20 %
5 10
P, (GeV/c)

Shape of the pt spectra of J/y and hypertriton agree very well, despite

the binding energy of the hypertriton is 2.35 MeV and of the J/y 600 MeV

Workshop Univ. Tokyo - Benjamin DOnigus
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cursir Hypertriton in pp & p-Pb

« Hypertriton signal recently also extracted in pp and ALICE
p-Pb collisions

« Stronger separation between models as for other particle
ratlos mainly due to the S|ze of the hypertrlton

C\J |||||||||||||||||||||||||||w||ww TTTTT1] ] T T T T
— - \ ALICE p-Pb, 0-4 =5.02 TeV
Q 18_ ALICE Performance ] L E CEP- ? 9 0%: Sy ?O °
> - /5= 13 TeV _ ™ <1075 | \ m | ALICE Preliminary pp, HM trigger,(s = 13 TeV |
O 16  ppis=1s1e - - [ ] ALICE Pb-Pb, 0-10%, |5, = 2.76 TeV ]
= High multiplicity trigger N
14 — — — BR.=0.25+0.02 ..
o1 |t e _ " -------------
~— 12 —— Signal + Background —
~~ L _
7 207, SR Background h
QL
L =
T 8r .
W r
6 + = 10°% - .
B ~—3-body coalescence 1
4 = 2-body coalescence |
2 J‘ ‘ ‘ — SHM, Ve = dV/dy
il |||1|||||| || --I-I"ll’—r‘ IllTlllTlT I L Lol by == SHM, Ve = 3dV/dy i
297298299 3 3013023033043.053.06 LiL BT | Lol
2 3
M(He + 1) (GeV/c?) 10 10 10

dN /d
ALICE Collaboration, arXiv:2107.10627, PRL 128 (2022) 252003 < oh 77>|77|<0-5
Workshop Univ. Tokyo - Benjamin Donigus
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(5

ALICE

Hypertriton in pp & p-Pb
* Hypertriton signal recently also extracted in pp and
p-Pb collisions

« Stronger separation between models as for other particle
ratlos mainly due to the S|ze of the hypertrlton

N IIIIIIIIIIIII|IIII|IIII|IIII‘IIII] IIII 1 (0 [||| T T |||l||| T B
— ] C ALICE p-Pb, 0-40%, =5.02 TeV ]
8 18_ ALICE Performance ] 09— E b . (S . ° ]
> L S= 13 TeV ] . ALICE Preliminary pp, HM trigger,is = 13 TeV .
© 16~ . PP S_'. - = 8k [ ¢ ] ALICE Pb-Pb, 0-10%, |5 = 2.76 TeV /
= b High multlpllgty trigger E - BR = 025+ 0.02 /é
LO. 0 + iH +%H pa= . E
u e =(°H/°He )/ (A .
S 12— 1 —— Signal + Background — Tt = e)/(Alp) .
~— = e T —
i I Background = - 3
G_) - 1
= B ]
€ 8- . -
L — | -
- ~ 3-body coalescence_;
a 0.2 — = 2-body coalescence _f
° J. ‘ ‘ ‘ T 01 / —SHM, Ve=dv/dy
if |I1||||| |||| .Illl’—H IIITIIITIT H L clon g ‘ . ; -"SHM, Ve = 3dV/dy E
2.97298299 3 3013023033043.053.06 0 i Lol Ll ]

3 > 10 10? 10°

M(°He + n) (GeV/c9) N /dn)
ch n |7]<0.5

ALICE Collaboration, arXiv:2107.10627, PRL 128 (2022) 252003
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Hypertriton ,Puzzie”

« Recently measured lifetimes are significantly below the
lifetime of the free A =2 new ALICE results agree with the

world average of
all known
measurements
and with the free
A lifetime

Most recent
calculations
include ,final-state”
Interaction and
agree well with

the data

N
(é)]
o

Lifetime (ps)

300

250

200

—

50

100

50

IIII|IIII|IIII|IlII1;HII|IIIl|lIII|IIII|IIII

PR 136 (1964) B1803

PRD 1

PRL 20 (1968) 819

PR 180 (1969) 1307 +

NPB 16 (1970) 46

Statistical uncertainties

Systematical uncertainties

Average hypertriton lifetime

= === H. Kamada et al., Phys. Rev. C 57 (1998) 1595

<=« J.G. Congleton, J. Phys. G 18 (1992) 339

-« M. Rayet, R.H. Dalitz, Nuo. Cim. 46 (1966) 786
== A. Gal, H. Garcilazo, Phys. Lett. B 791 (2019) 48

A. Pérez-Obiol et al., arXiv:2006.16718

F. Hildenbrand, H.-W. Hammer, arXiv:2007.10122

PLB 797 (2019) 134905

1 PDG value - free A lifetime

11%1?
!

(1970) 66 '

NPB 67 (1973) 269 1‘ ‘ H

Science 328 (2010) 58
NPA 913 (2013) 170
PLB 754 (2016) 360
PRC 97 (2018) 054909

BD, Eur. Phys. J 56 (2020) 258
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world average of
all known
measurements
and with the free
A lifetime

* Most recent
calculations

include ,final-state”

interaction and
agree well with
the data

Hypertriton ,Puzzie”

« Recently measured lifetimes are significantly below the
lifetime of the free A =2 new ALICE results agree with the

i @———  PRL20(1968) 819

1 PDG value - free A lifetime
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Statistical uncertainties
Systematical uncertainties
Average hypertriton lifetime

H. Kamada et al., Phys. Rev. C 57 (1998) 1595
== J. G. Congleton, J. Phys. G 18 (1992) 339

M. Rayet, R.H. Dalitz, Nuo. Cim. 46 (1966) 786
== A. Gal, H. Garcilazo, Phys. Lett. B 791 (2019) 48

A. Pérez-Obiol et al., Phys. Lett. B 811 (2020) 135916
F. Hildenbrand et al., Phys. Rev. C 102 (2020) 064002
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PLB 797 (2019) 134905

arXiv:2110.09513
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ALICE

X

—x
1O
_CJD

2

1 I I I | 1 I 1 I I 1 I I I I 1 1 1 I

'ALICE
Pb—Pb, 0-90%, \'s,, = 5.02 TeV
B, =102 + 63 (stat.) = 67 (syst.) keV

* Current studies show a %
better constraint and E 1.5

small - r Fit Probability: 0.68 E
statistical uncertainties @ |
(will be published soon) 0'51‘ b E

« The value obtained by of- + T I [ -
this fit is N :
B, =(102+63+67)kev ¢ ]

5 10 15 20 25 30 35

ct (cm)

ALICE Collaboration, arXiv:2209.07360, submitted to PRL
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ALICE

Theoretical predictions Theoretical predictions
== Nuo. Cim. 46 (1966) 786 — J.Phys. G18 (1992) 339-357 e~ _—
-.— PRC 57 (1998) 1595 PRC 102 (2020) 064002 NPB 47 (1972) 109-137 PRC 77 (2008) 027001
PLB 811 (2020) 135916 - A =::+ PLB 811 (2020) 135916 - B EPJA 56 (2020) 91
T T T T | T T T T I IlTl i T | T T T T | T T T T | T T | T T T | LI T | T : T | mT T T LI I T T
PRAS6 94 BIa0s | . o h e Nuo. Cim. 21 (1961) 235
PRL 20 (1968) 819 el - N | —
- i — . Nuo. Cim. 26 (1962) 84
PR 180 (1969) 1307 il e ] R CREe IR
- 1 1 r ' .
NPB 16 (1970) 46 —o— |;: ; : _I_.— Nuo. Cim. A 43 (1966) 180
L i — H
PRD 1 (1970) 66 —In'—'o— — : | I
] '
B o _ i e NPB1 (1967) 105
NPB 67 (1973) 269 — ot : |
- i - — : .
STAR, Science 328 (2010) 58 —EE—L:—: —o—i | NPB4 (1968) 511
- ELtE _ | .
HypHI, NPA 913 (2013) 170 E-EJE: ; B : | 7
L [ _ . o PRD1 (1970) 66
ALICE, PLB 754 (2016) 360 = . B | |
— 1 1f=A lifetime - PDG value —| :
STAR, PRC 97 (2018) 054909 = SHE N | NPB52 (1973) 1
e | ]
— o= — — ] ——
ALICE, PLB 797 (2019) 134905 > : |
- i - : |E STAR, Nat. Phys 16 (2020)
STAR, PRL 128 (2021) 202301 EI{%i ; - | _
- 1 - — H
- |
ALICE, Pb—Pb 5.02 TeV | b 1 | | | | = o | ALICE, Pb-Pb 5.02 TeV
11 1 L 1 1 L1 1 1 1 L1 I L1 11 11 L 1 11 1 4| 1 { S | 1 L1 1 1
0 100 200 300 400 500 0402 0 02 04 06
3 - -
SH lifetime (ps) B, (MeV)

* Both are compatible with
the theoretical ALICE Collaboration, arXiv:2209.07360, submitted to PRL
predictions
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Exotica Searches

200} (al) d+7~ [ (a2) d+7~

I ﬁm <Z <30 cm 100+ P —2 < Z < 30 cm H HI
— L ~4 — - L
= 7t .:f':._-." .I-, = - .
2 00 Mﬂ@ 2 oo Collaboration
2 | ‘ 2 g0l it observed signals
S 50f 3 i :
38 ] i 3 20§ In the t+nt and d+x

O o1 Jnvariant mass
204 206 208 21 204 206 208 21 g .
Mass (GeV) Mass (GeV) distributions
i (b1) t+7m~ . (b2) t+m~
ol -10 < Z < 30 cm 60;— } —2<Z <30 cm

% I % i \
2wl -
Y o
~ 40°L g
§ 8 _

: : C. Rappold et al.,

of A S L PRC 88, 041001 (2013)
3 3.02 3.04 298 3 3.02 3.04

Mass (GeV) Mass (GeV)
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« Hypothetical bound state of uuddss (AA)

« First predicted by Jaffe in a bag model calculation (PRL 7195, 38
+617 (1977))

» Recent lattice calculations suggest (Inoue et al., PRL 106, 162001
(2011) and Beane et al., PRL 106, 162002 (2011)) a bound state

(20-50 MeV/c? or 13 MeV/ 02) T. Inoue, private communication
 Shanahan et al., PRL 107, 092004 (2011) 1490 £ Y binding energy [MeV]
and Haidenbauer, Meil3ner, PLB 706, 100 1200 f “',,.49.10.4(5.5)
(2011) made chiral extrapolation to a 1wt £ “',,,,,,‘-"37-2<3‘7><2-4>
physical pion mass and got as result: Soof 3 '3,3,:17:<3.;><4.1> _
i > #33.6(4.8)(3.5)
— the H is unbound by 13+14 MeV/c? = oop s s132019400)
or lies close to the =p threshold o
> Renewed interest in experimental searches 2°: ol 3
» Most recent lattice QCD result points back to Mz [MeV]

a weakly bound state (4.56+1.29 MeV/c?): J.R. Green et al.,

PRL 127 (2021) 242003
Workshop Univ. Tokyo - Benjamin DOnigus
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nversitat - Sagrehes for bound states

ALICE Collaboration: PLB 752, 267 (2016)
¥ 00 F ALICE + % 3500FALICE "
> 3000 S > = Pb-Pb {5y, = 2.76 TeV +*
s : + 2 3000 ik
= - + - = - (0-10% central) +
S 2500 F + = : >
= - . > 2500F M
£ 2000 +++ € - ++
§ : ~+ et § 2000 +
1500 F 1500F T
1000 E Pb-Pb ﬁ =2.76 TeV - o
- ™ (0-10% central) 1000;‘ T
500 F __ 500F - _
E I _._l I I I Al? I I I : """:*# AA I I = I
2 2.012.022.032.042.052.06 2.07 2.08 2.09 22 221 222 223 224 225 226 22
Invariant mass (dr+) (GeV/c?) Invariant mass (Apr) (GeV/c?)

Invariant mass analyses of the two hypothetical particles lead to
no visible signal - Upper limits set

Workshop Univ. Tokyo - Benjamin DOnigus
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oversitat - PDecay length dependence

> = ALICE ! H I. I C E
2 E Pb-Pb : ¥ Upper limits (99% CL, 0-10% central)
107 -5y =276 Tev | - Thermal model prediction (156 MeV)

102 m E -= Decay length of free A

el

— —
o o
B w
M TT III| I IIIIIII| [ llllllll I
«—
—t
«

>
kS, :
=102 = P
© - ! :
10-4;—. I; I . I A 2 /
2x107? 107 2x10" 1 2 3
ALICE Collaboration: PLB 752, 267 (2016) Decay length (m)

Search for a bound state of An and AA, shows no hint of signal

—> upper limits set (for different lifetimes assumed for the bound
states)

Workshop Univ. Tokyo - Benjamin DOnigus
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o Comparison with fit
p A = Q d He 3H “‘He  An  AA ALICE

> 1 02 I I T T T T T T T
+— = ' ' ' H H
D R ! ! !
5 - é é i é é ' ' ' ' 7]
3 ' — ; ; s s
1+ ; : : ; ! BR=54% | BR=64% |
= : — i = i
T ' s s s . :
S - 5 e Z i ]
® s s
S 5 ' ' ' '
10 [ ' ' —]
4 | ! ! ! i I ! T
107 s | a s s s a a s
BR =25%
6 Model T(MeV)  V (fm?) ¥2/NDF|
107 =
- [== GSl-Heidelberg 156 £ 2 5330 + 505 17.4/9 ]
1 0—8 i H i H H H i | V i V

Simplified plot, CERN Courier (September 2015)
Hypertriton (B,: 130 keV) and Anti-Alpha (B/A: 7 MeV) yields fit well with
the thermal model expectations

- Upper limits of AA and An are factors of >25 below the model values
Workshop Univ. Tokyo - Benjamin DOnigus
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FRANKFURT AM MAIN ‘ .
Statistical definition  Experimental definition Theoretical definition H L I C E

.‘]) D, ) 7 N k* — 2 k*—)OO ;!{ \ ﬁ easure the
C(k*) = -(>pa pb—? =N Same( *) = ISU)'Lp(kk,F)l dgf—) 1 \_L l.'l ZT{/\‘ gllorrelatio:]hfunction C(k™)
PPa)P (D) Nyixeda (k™) S’ \‘/‘ w(k,7)
7 T

two particle wave function

N/ Relativ distance / reduced momentumin A [CE Collaboration: PLB 797 (2019) 134822

Single-particle momenta the rest frame of the pair
T

-’k-\ B T L] T T I T T I T L] T I 1 L *A 2 B T L] T T | T L] 1 T I T T 1 T I T T 1 T I 1 i
=‘<6 - ALICE pp \s = 13 TeV . % n ALICE pp V(s = 13 TeV N
B _ +0.005 . 1.8 —
35 — rp_p =1.182 +0.008 -0.002 fm ] B O A-A ® A=A pairs ]
! O p-—p ® p-ppairs n 1.6 Baseline =]
3l .- C n
[ = Coulomb + Argonne v, (fit) - 14 Femtoscopic fit —
: Baseline . : == Quantum statistics .
2.5} — - .
. 1.2 —
2 _: 1:_ .?._ e %,O__G.-Q-._U_-.Cr.e.re-g%
= - ?&“Fﬂ .
15 _: 0.8 + —:
: . 0.6 -
1F .
B 0'4 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 |_
0 50 100 150 200 0 100 200 300 400
k* (MeV/c) k* (MeV/c)

« Source determined by pp correlation, such that the AA interaction
can be extracted from the corresponding correlation

Workshop Univ. Tokyo - Benjamin DOnigus
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Parameter scan to test the
compatible scattering length
(f,) and effective range (d,)
Compatible with the Lattice
calculations, and results
from hypernuclei

An upper limit for the
binding energy of the
hypothetical H-dibaryon of

Baa < 3.2MeV

Best value from the scan:
Baa =3.2708(stat)t ] B(syst) Mev

using

AA correlations

ALICE

ALICE Collaboration: PLB 797 (2019) 134822

AEELEDS EELEL EEEEN EEREE Fan
[CJ1<no<2
Bl2<no<3
B no >3

g% Unphys. C(k*

B STAR
- HAL QCD
* HKMYY

* FG

@+ ND
@ NF
$-

"
" -
L " “ o=’
R " - ad
> [ N
i =-="" ALICE
s ~ -

B % pp Is =7 TeV
. pp 15 = 13 TeV
' p—Pb \{_ 5.02 TeV
A-A ® A-A pairs Ehime

L o SN . e, ;1 . n:in PR I R T T T A
2 = 0 1 2 3 4 5 * ESC08
m fss2

-NSC89
- NSC97

° P

o N B OO

mAdO

1 2
Room for a
Baa = (1 - \/1 + 2do fo ) shallow bound state

f ;I (fm™)
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ALICE@LHC is well suited to study light (anti-)(hyper-)
nuclei and perform searches for exotic bound states
(A<9)

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

Models describe the \102 AUCEdata +STARdata
C -~ H H od, d
(anti-)(hyper-)nuclei data " ., =R olHe TE

1. = ,He = “He, “He

rather well e
Ratios vs. multiplicity trend -
described by both models .

New and more precise data
can be expected in the next w7 "™

10°L s

years (e.g. LHC Run 3 just g«
started)

Workshop Univ. Tokyo - Benjamin DOnigus

BD, Eur. Phys. J 56 (2020) 258
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ovessat | gttice QCD results

o w4 Lattice QCD
non-int. limit tells us where

—-I—ll_-! to expect the
o phase

1 transition
4 |
3p/T4 - | Critical energy density:
e ec = 0.34 + 0.16 GeV/fm3
3s/4T3 -
Critical temperature
T [MeV] Tc=(154 £ 9) MeV

130 170 210 250 290 330 370

A. Bazavov et al. (hotQCD) Phys. Rev. D90 (2014) 094503
Similar results from Budapest-Wuppertal group: S. Borsanyi et al. JHEP 09 (2010) 073

0

Workshop Univ. Tokyo - Benjamin DOnigus
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ALICE
-..Nuo. Cim. A 46 (1966) 786 = PLB 811 (2020) 135916

--PRC 102 (2020) 064002
1_3 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

ALICE

T,

1.2

IllIIIIIIIII

1.1

15,
0.9
0.8

0.7 . 7 220
0.6 %

IIIIIIIIIIIIIIlIIIIIIIIIIIIII|IIII|IIII|IIII|IIII
050 0.05 0.1 0.15 0.2 025 0.3 0.35 0.4 045 0.5

ALICE Collaboration, arXiv:2209.07360, submitted to PRL B, (MeV)

IIIl|IlII|IIII|IIlI|lIIIl|
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* Preliminary Result for
SQM2019

* Current studies show a
better constraint and
smaller
statistical uncertainties
(will be published
soon)

* The value obtained by
this fit is
B, =55+62keV

* |s compatible within
the theoretical
predictions

~

1.2

(MeV

- 1

0.8

B

0.6
0.4
0.2
0
-0.2

0.4

Binding Energy

(5

ALICE

[||I[I|III|II||III|III|I

III|IIII]II|I

Theoretical calculations

— arXiv:1711.07521

NPB1(1967)
+ NPB52(1973) +

NPB47(1972) PRC77(2008)

EPJ56(2020)

STAR(2019)

l||l||ll||l|l||ll||l||l

|
u
| |
e
|
H
> |
H
L1

NPB4(1968) ALICE

) Preliminary

IIlIIlIIlII|

PRD1(1970)
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Thermal model

* For th.e ’Fhermal model = | e e re ey ]
deSCFIptIOn Of E 102;"~~.,;§+ central collisions ?
production yields, feed- & . | a4 ;
down is an important 3 | R ]
. . o S ‘.... Q E
ingredient 2 jof Y e ;

: i " - ]

* All light hadron 102F * 1
production yields are 102 O e e o, 1
pOpu|ated Strong|y by 10‘4? = antiparticles uA 3
resonances 10‘5é— Statistical Hadronization' (.7T=156.5 MeV) 4Heé

107 L total (+decays; +initial charm) ]

« Seems to not be the FE primordial (thermal) £ 3

10_70| 051152253354

case for (hyper-)nuclei

Mass (GeV)

A. Andronic et al., Phys.Lett.B 797 (2019) 134836

Workshop Univ. Tokyo - Benjamin DOnigus
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Thermal model “h

 For th.e ’Fhermal model s T ey j
deSC”pthn Of E central collisions ?
production yields, feed- & ;
down is an important § ;
iIngredient 2 n ]

 All light hadron : 1
production yields are 102 O e S0 1, 1
pOpu|ated Strong|y by 10‘4? = antiparticles uA 3
resonances 10‘5é— Statistical Hadronization (T=156.5 MeV) A —E.

10°® i— total (+decays; +initial charm) He;

« Seems to not be the s primordial (thermal) £ 3

. 10_7 oo by by by by by by
Mass (GeV)

A. Andronic et al., Phys.Lett.B 797 (2019) 134836

Workshop Univ. Tokyo - Benjamin DOnigus
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Thermal model

* For th.e ’Fhermal model = | e e re ey ]
deSCFIptIOn Of E 102;"~~.,;§+ central collisions ?
production yields, feed- & _ | _ ]
down is an important 3 | b -am ]
. . o S ‘.... Q E
ingredient 2 jof Y e ;

: i " - ]

* All light hadron 102F * 1
production yields are 102 O e e o, 1
pOpu|ated Strong|y by 10‘4? = antiparticles uA 3
resonances 10‘5é— Statistical Hadronization' (.7T=156.5 MeV) 4Heé

107 L total (+decays; +initial charm) ]

« Seems to not be the FE primordial (thermal) £ 3

10_70| 051152253354

case for (hyper-)nuclei

Mass (GeV)

A. Andronic et al., Phys.Lett.B 797 (2019) 134836

Workshop Univ. Tokyo - Benjamin DOnigus
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» For the thermal model BD. G. Ropke, D. Blaschke, to be submitted
description of s 407 — =
production yields, feed- §35
down is an important ol | — % -
ingredient i

 All light hadron

20f

production yields are j:
populated strongly by S T
resonances T o

* Seems to not be the | e
case for (hyper-)nuclei " Protons ___ Antiprotons

A. Andronic et al., Phys.Lett.B 797 (2019) 134836;
Nature 561 (2018) 7723, 321; Phys.Lett.B 697 (2011) 203;
Phys.Lett.B 792 (2019) 304

Workshop Univ. Tokyo - Benjamin DOnigus
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* For the thermal model
description of
production yields, feed-
down is an important
iIngredient

 All light hadron
production yields are
populated strongly by
resonances

« Seems to not be the
case for (hyper-)nuclei

Thermal model

BD, G. Ropke, D. Blaschke, to be submitted

=, 10°
g —_—————
10 Im = o= == -—--l
©
1
10”" —
1072
10°
—— ——
107 —e . .8
107° HRG fit: T, = 156.6 MeV, 1_= 0.7 MeV, V=4175 fm’® (Phys.Lett.B 792 (2019) 304)
—@— ALICE data, Pb-Pb VSNN =2.76 TeV, 0-10% central
108 =— ----- Primordial yield, according to quantum state properties ._T_. —o =
E Yield (after correction from phase shift for protons only) =
= 2B —
% 1.8 =
g 145 + =
T T T TS SIS SRS SO SO S =
T 08E $TTETTTY o -
T 0.6 —
045 3 3 3 3 —=
p p d d "He °"He (H _-H “‘He “He

A. Andronic et al., Phys.Lett.B 797 (2019) 134836;
Nature 561 (2018) 7723, 321; Phys.Lett.B 697 (2011) 203;
Phys.Lett.B 792 (2019) 304

Workshop Univ. Tokyo - Benjamin DOnigus



7~
GOETHE :6
SN IVERSITAY Th erm al m Od el o

* For the thermal model V. Vovchenko, BD, B. Kardan, M. Lorenz,
description of H. Stoecker, Phys.Lett.B 809 (2020) 135746

production yields, feed- 1o

down is an important
ingredient

 All light hadron
production yields are
populated strongly by
resonances

Feeddown fraction (%)

N
o

« Seems to not be the 1

case for (hyper-)nuclei s [GeV]
at LHC :

Workshop Univ. Tokyo - Benjamin DOnigus
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* For the thermal model bl 0iBaMeV] He+7
description of XH AHe
production yields, feed-
down is an important 1* 0.042 + 0,036
ing redient . 1 1.:3;; f.;g?g 1.405 £ 0.003 -

 All light hadron
production yields are
populated strongly by :
resonances 0* 2.169 + 0.042

« Seems to not be the

case for (hyper-)nuclei Exited states have higher population due to
_ degeneracy 2J+1:
* Important for A=4 Sharing yield in fraction 3 : 1

hypernuclei ! (mass difference is only 1 MeV to about 4GeV/c?)

0* 2.347 + 0.036
v

Workshop Univ. Tokyo - Benjamin DOnigus
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* Hypernuclei are unique 25—
probes to study nuclear

structure 2F
« Single A-hypernuclei o o
are major source of Za T
gxtractlpg A-N =
Interaction — —- NSC97e
F - NSC97a+NNA
 Correct A-N and A-N-N o5 ---- NSCOTesNNA,
. . i — Nucleoni
interaction needed to L —— Nscona
understand structure of =TT T s
R [km)]

neutron stars

D. Logoteta et al., Astron. Astrophys. 646 (2021) A55

Workshop Univ. Tokyo - Benjamin DOnigus
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* Hypernuclei are decaying weakly I
(about free A lifetime) ‘E
* Hypertriton special case: A )= 106fm .,
separation energy so low that ®
simple models expect free A / P, Braun-Munzinger. BD,
I I - A ' Nucl. Phys. A 987 (2019) 144
lifetime: d-A SyStem p% F. Hildenbrand, H.-W. Hammer
. Phys.Rev.C 100 (2019) 3
Symbol | Long Name Decay Modes Mass (GeV/c?) | A sep. energy (MeV)
2H hypertriton SHe + 7~ + c.c. 2.991 0.130
d+p+7" + c.c.
AH hyperhydrogen-4 ‘He + 7~ + c.c. 3.9226 2.169
SH+p+ 7 + c.c.
1He hyperhelium-4 | 3He+p+ 7~ + c.c. 3.9217 2.347

Workshop Univ. Tokyo - Benjamin DOnigus
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* Run 2 of the LHC ended in
2018 and for Pb-Pb
collisions factor of about 10
increase in statistics was
taken

* Run 3 & Run 4 of LHC wiill
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

will be done forA=4

Counts / 4 MeV/c?

Expectations

70000
- ALICE Upgrade
60000}
50000}
400001
30000}
200005

10000} 2< P, < 10 GeV/c

:iH - He+
‘ .

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

10nb’

Integrated luminosity

956 8 a3

1 L 1 |
3.02 3.04 3.06

Invariant Mass(°He, ') (GeV/c?)
« 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

Workshop Univ. Tokyo - Benjamin DOnigus

ALICE

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

Expected yield (2-10 GeV/c)

—
Q
[e2]

—
o
o

—
L

—
<

R

ALICE

-IIIII ! ' II'IIII ! ! IIII'II ! ' I-/-\ LI I ) rrrrri ) L] rrrriri Ll
- - 1o SEAN ! ! :
ALICE Upgrade projection : 4S - ALICE Upgrade projection -
E Pb-Pb, s, =55 TeV (0-10%) E ) L Pb-Pb, s, = 5.5 TeV (0-10%) -
C iH—>3He+n' ! O *Ho ®He+
- D * 1 —_— A
[ BR=25%() ! 12 10°F B.R. = 25% (*)
E ___AH- He+:t : PN : _iH—)dHe+n'
- BR.=50% () ; : N B.R. = 50% (*)
- \He >"He+p+n ! 10 - ‘He 5 °He +p+ 7
E B.R. =32% (* i ek - B.R. =32% (*)
- (*) theoretical ! 3 .f—_) (*) theoretical
[ ! c 10F
E : -=~|_C_D 5
= ! = K2
- 10O
B 18
E = | O
3 £
- J1Q
n 4 % 1
- L
L1l II 1 L 2111 II 1 1 L1 1111 I 1 1 1
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

Workshop Univ. Tokyo - Benjamin DOnigus
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* For the thermal model bl 0iBaMeV] He+7
description of XH AHe
production yields, feed-
down is an important 1* 0.042 + 0,036
ing redient . 1 1.:3;; f.;g?g 1.405 £ 0.003 -

 All light hadron
production yields are
populated strongly by :
resonances 0* 2.169 + 0.042

« Seems to not be the

case for (hyper-)nuclei Exited states have higher population due to
_ degeneracy 2J+1:
* Important for A=4 Sharing yield in fraction 3 : 1

hypernuclei ! (mass difference is only 1 MeV to about 4GeV/c?)

0* 2.347 + 0.036
v
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100 v L ] ' v LN L L L B | T v LI L B B LB |

. V. Vovchenko, BD, B.
— -4 | Kardan, M. Lorenz, H.
—-=1t | Stoécker, PLB 809
(2020) 134756

(o]
o
T

Excited nuclei up to
A=5 added to
Thermal-FIST
package
https://github.com/viv
ovch/Thermal-FIST

Feeddown fraction (%)

« Excited nuclei contribute only little to yield at the LHC, but
strongly to baryon dominated region

Workshop Univ. Tokyo - Benjamin DOnigus
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Database oy
https://hypernuclei.kph.uni-mainz.de

CHART OF HYPERNUCLIDES — Hypernuclear Structure and Decay Data

A U
3
Hydrogen
A 300, Ligass 1
7 14y 8N || 18N AH: lifetime EI
A A A « Non-strange core: 2H
-mass: mgg = 1875.613 MeV/c?
6 c || Re |l 'ke - mean life time:  stable 0.0127
- ground state spin/parity: 1" our value: 223" }? ps (scaled by 1.03) --- free A
5 QB 1OB 11B 12B 9 P P ty 0.0104 -
- ! g & * Hyperon Content: A = STAR, 2021 (Heavy lon Coll.)
-yrﬁass L 1115.683 MeV/c® 7 Ly ALICE, 2020 (Heavy lon Coll.)
4 ‘Be | |3Be | 7Be| | '’Be © TGS T ’ > 0.0081 S| ALICE, 2019 (Heavy lon Coll) |
- mean life time: 1=263.1ps % ALICE, 2019 (Heavy lon Coll)
7. . 8 . 9, . 10, . _ani e 1+ 3 0.006{ —— STAR, 2018 (Heavy lon Coll.) -
3 ALi| | ALi || AL AL spin/parity: 7 z ALICE, 2016 (Heavy lon Coll.)
§ 0.004 HypHI, 2013 (Heavy lon Coll.)
2 %He| | 3He|[SHe| 7He | |3He g ¢ STAR, 2010 (Heavy lon Coll.)
o ——e— G. Keyes, 1973 (Bubble Ch.)
3 " 5 0.002 A G. Keyes, 1970 (Bubble Ch.) -
1 H H H G. Bohm, 1970 (Emulsion)
A A A ~ avai ,
o Chart Legend - available data . L Keyes, 1968 (Bubble Ch)
T N 1 > 3 4 5 6 7 8 = less than 6 values 100 200 300 400 500
—> - less than 20 values 3H lifetime T [ps]
Hyperon Content: (=] - atleast 20 values
~» Ground State: A Binding Energy our value: 0.165 + 0.044 MeV
~ Ground State: Lifetime our value: 223 * 12 ps (error scaled by 1.03, ndf = 11)
s~ Ground State: Spin Parity our value: %"’
~» Mesonic Two-Body Decays
~» Fragmentation Thresholds
Guide and Procedures Export Data Recommendations ‘ Compilers ver. 2022.05.04 Back to KPH Legal Notice/lmpressum Privacy/Datenschutz

Workshop Univ. Tokyo - Benjamin DOnigus
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Database

https://hypernuclei.kph.uni-mainz.de

Probability density [(ps)™]

0.012

0.010-

0.008+

0.0064 ———

0.004-

0.002-

our value: 223 * 1% ps (scaled by 1.03)

1
1
1
1
|
I - / :
1 P 1
I / :
: . ;
. . : \ | G. Keyes, 1973
: » 1 G. Keyes, 1970
|
! G. Bohm, 1970
—— Keyes, 1968

--= free A\

STAR, 2021 (Heavy lon Coll.)
ALICE, 2020 (Heavy lon Coll.)
ALICE, 2019 (Heavy lon Coll.)
ALICE, 2019 (Heavy lon Coll.)
STAR, 2018 (Heavy lon Coll.)
ALICE, 2016 (Heavy lon Coll.)
HypHI, 2013 (Heavy lon Coll.)
STAR, 2010 (Heavy lon Coll.)

(Bubble Ch.)
(Bubble Ch.)
(Emulsion)

e(; Aun{-mlalnz.;;e, 1‘&6‘2022
p
I

100

200 300 400

°H lifetime T [ps]
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How to understand the source volume

large freeze-out surface
small freeze-out surface

large flow:
rand p
are correlated

Workshop Univ. Tokyo - Benjamin Donigus

rand p
are less correlated
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* Preliminary Result for
SQM2019

* Current studies show a
better constraint and
smaller
statistical uncertainties
(will be published
soon)

* The value obtained by
this fit is
B, =55+62keV

MeV/c?)

N

M

2992.5

<

2992

2991.5

2991

Workshop Univ. Tokyo - Benjamin DOnigus
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- ALICE Preliminary il
 Pb-Pb s, =5.02TeV stat. ]
_ 0-90% ]
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L 2 ndf =11 oyt ]
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* Preliminary Result for
SQM2019

* Current studies show a
better constraint and
smaller
statistical uncertainties
(will be published
soon)

* The value obtained by
this fit is
B, =55+62keV

* |s compatible within
the theoretical
predictions

~

1.2

(MeV

- 1

0.8

B

0.6
0.4
0.2
0
-0.2

0.4

Binding Energy

(5

ALICE

[||I[I|III|II||III|III|I

III|IIII]II|I

Theoretical calculations

— arXiv:1711.07521

NPB1(1967)
+ NPB52(1973) +

NPB47(1972) PRC77(2008)

EPJ56(2020)

STAR(2019)

l||l||ll||l|l||ll||l||l

|
u
| |
e
|
H
> |
H
L1

NPB4(1968) ALICE

) Preliminary

IIlIIlIIlII|

PRD1(1970)
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« STAR has

16 E— %ﬁ STAR preliminary

145— S:17.0:4.7 B:5.0+0.3 diSCOVered the
12F punu mmc | SASeBias third anti-

10E RutRu 200 Gev equiv. Gauss N : 5.5
- Zr+Zr 200 GeV

particle and the
second anti-
hypernucleus

I

Counts

.86 3.88 3.9 3.92 3.94 3.96 3.98 4

2 2 2
(s +b)(b+ o) _b_21n [1+ . ofs

i — 2((s+b)ln

b2 + (s + b)o? b+ of)

=6.6

T4

ZA=\/2((s+b)ln(1+%) —s) = 4 45

Workshop Univ. Tokyo - Benjamin DOnigus
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Thermal model

Different model implementations describe the production probability,
including light nuclei and hyper-nuclei, rather well at a temperture of
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about T, =156 MeV
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ALICE Collaboration, arXiv:1710.07531,

NPA 971, 1 (2018)
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Bound state of A, p, n
m = 2.991 GeV/c? (B, =130 keV)

A
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n
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Bound state of A, p, n
m = 2.991 GeV/c? (B, =130 keV)

@ 0.2F 130 3
£ - -
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P. Braun-Munzinger, BD, Nucl. Phys. A 987 (2019) 144
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ONIVERSITAT Hypertriton

Bound state of A, p, n
m = 2.991 GeV/c? (B, =130 keV)
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P. Braun-Munzinger, BD, Nucl. Phys. A 987 (2019) 144
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Bound state of A, p, n
m = 2.991 GeV/c? (B, =130 keV)
- Radius of about 10.6 fm

3He Decay modes:

H —° He + 7
?\H—>3H+7T0

*H—od+p+7-

3
“H
7 *H—-d+n+7°
+ anti-particles
- Anti-Hypertriton first observed by
@ STAR Collaboration:
prim. vtx. Science 328,58 (2010)
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ALICE

% 140 — ALICE Performance, 28/11/2016 % ALICE Preliminary
;120 - V53 = 5.02 TeV %10_5 = | Pb-Pb |5, = 5.02 TeV
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« Clear signal reconstructed by decay products

« Spectra can also be described by Blast-Wave model
—> Hypertriton flows as all other particles
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Hypertriton spectra o

T 2 T
™ < N Q s s
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 Anti-hypertriton/Hypertriton ratio consistent with unity vs. p;

Workshop Univ. Tokyo - Benjamin DOnigus



