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I Hypernucleli

= Hypernuclei: bound states of nucleons and hyperons

> Unique nuclear system can be used as probes to study hyperon-nucleon (Y-N) interaction
(=hyperons in Neutron Star)

» The simplest case: hypertriton (f\H), consisting
of a proton, a neutron, and a A hyperon

>~ But also a special case: small A binding energy
?\H: B, ~100 keV, T H and j‘\He: B, ~MeV
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I Hypernuclel

= Hypernuclei: bound states of nucleons and hyperons

> Unique nuclear system can be used as probes to study hyperon-nucleon (Y-N) interaction
(=hyperons in Neutron Star)

- The simplest case: hypertriton (?\H), consisting * The first hypernuclei were discovered in 1950s
of a proton, a neutron, and a A hyperon In cosmic ray experiments

Need to be reconstructed by its decay products

5
(@]

Bonetti et al., I1 Nuovo
Cimento 11.2, (1954)

> But also a special case: small A binding energy
?\H: B, ~100keV, f\H and f\He: B, ~MeV
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I Production mechanism of nuclel

= SHM (statistical hadronization model):

>

>

05/06/2024

|deal hadron resonance gas in thermal
equilibrium at the chemical freeze-out stage

—m/ Tchem)

dN/dy « exp(

Pb-Pb \syy =2.76 TeV, 0%-10% centrality ;

® Data from the ALICE Collaboration

= Statistical hadronization

Total (after decays)

Mass (GeV)
A. Andronic et al, Nature 561 (2018), 321-330
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I Production mechanism of nuclel

= SHM (statistical hadronization model):

s Coalescence model

> ldeal hadron resonance gas in thermal > Nucleus production probability depends on
equilibrium at the chemical freeze-out stage the overlap of

—m/ Tchem)

» dN/dy x exp(

Pb-Pb |syy =2.76 TeV, 0%-10% centrality ;

® Data from the ALICE Collaboration

™ E Statistical hadronization

Total (after decays)

05/06/2024

Mass (GeV)
A. Andronic et al, Nature 561 (2018), 321-330

* Nucleus Wigner function

* Nucleon distribution function in emission
source

» The closer hadrons in the phase-space =
the higher probability to form a nucleus
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K. J. Sun et al., Phys.Lett.B 792 (2019), 132-137
D. N. Liu et al., arXiv:2404.02701
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| Production of hypernuclei in ALICE

* Probes for production mechanism with strangeness L AL
content and size dependence * | ALICE p-Pb, 0-40%, (s, = 5.02 TeV

= Pb-Pb 2.76 TeV with Run 1 data ¢ J ALICE Pb-Pb 0-10% {5y =276 TeV

B.R. =0.25 £ 0.02

> Both models can describe the result due to large
uncertainties

~—— 3-body coalescence
~ 2-body coalescence

—SHM, Vc = dV/dy

lIlllll

- SHM, Vc = 3dV/dy

1 lllll[l 1 1 lllllll 1

10 102 10°
(chh/d n)l

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

Phys.Rev.Lett 128 (2022), 252003
V. Vovchenko et al., Phys.Lett.B 785 (2018), 171
K. J. Sun et al., Phys.Lett.B 792 (2019), 132-137

n|<0.5
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| Production of hypernuclei in ALICE

* Probes for production mechanism with strangeness L I A B
content and size dependence * | ALICE p-Pb, 0-40%, {5y, = 5.02 TeV

= Pb-Pb 2.76 TeV with Run 1 data ¢ J ALICE Pb-Pb 0-10% {5y =276 TeV

B.R. =0.25 £ 0.02

> Both models can describe the result due to large
uncertainties

= p-Pb 5.02 TeV with Run 2 data

> Significant deviation for model predictions at low
multiplicities

10°®

~—— 3-body coalescence

> In better agreement with 2-body coalescence model

~ 2-body coalescence

—SHM, Vc = dV/dy

lIlllll

- SHM, Vc = 3dV/dy

lllll ! 1 lllllll 1 1 lllllll I

10 102 10°
(chh/d n)l

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

Phys.Rev.Lett 128 (2022), 252003
V. Vovchenko et al., Phys.Lett.B 785 (2018), 171
K. J. Sun et al., Phys.Lett.B 792 (2019), 132-137

n|<0.5
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I Production of hypernuclei in ALICE

_ . .. .. ALICE
Large gap in multiplicity
< >

* Probes for production mechanism with strangeness R ) AL
content and size dependence * | ALICE p-Pb, 0-40%, {5y, = 5.02 TeV

= Pb-Pb 2.76 TeV with Run 1 data ¢ JALICE Pb-Pb, 0-10%, {5y = 276 TeV

B.R. =0.25 £ 0.02

> Both models can describe the result due to large
uncertainties

= p-Pb 5.02 TeV with Run 2 data

> Significant deviation for model predictions at low
multiplicities |
~—— 3-body coalescence

> In better agreement with 2-body coalescence model

~ 2-body coalescence

—SHM, Vc = dV/dy

lllllll

* Further analysis required to figure out the system size - SHM, Ve = 3dVidy
dependence AT BT B

« Measurements of the production of other hypernuclei 10 10° 10°
(AN fdn)

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

Phys.Rev.Lett 128 (2022), 252003
V. Vovchenko et al., Phys.Lett.B 785 (2018), 171
K. J. Sun et al., Phys.Lett.B 792 (2019), 132-137

n|<0.5
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Hypernuclei with ALICE Run 2 Data




| ALICE setup in Run 2 ®

ALICE

= VO Detector THEALICEDETECTOR aaaaaa ‘ , b 17S SOD (D1

c. ITS SSD (Strip)
d. VOand TO

> Centrality estimation A2 % i
> Trigger | P
= Inner Tracking System (ITS)

i®

[T
i/
il /.

» Reconstruct track and vertex o o
= Time Projection Chamber (TPC) 2 ¢ "
> Tracking

TRD
TOF
HMPID
EMCal
DCal

> PID by measuring specific 0.L3 Magnet
Absorber

energy loss Muon Tracker

. Muon Wall

- Time-Of-Flight detector (TOF) g

> PID with time of flight 18.2DC
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1.
2.
3.
4.
5.
6.
7.
8.
9

1

05/06/2024 Yuanzhe Wang || SQM 2024 | | Strasbourg




I /3\H production in Pb-Pb collisions

ALICE Collaboration, arXiv:2405.19839
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- ALICE Pb-Pb, {5, =5.02TeVE °H o He+xz B.R.=025 F + dx 10 "He 3
i T T + - OH ]

— Blast-Wave fit

= First measurement of p differential
production of > +H in Pb-Pb 5.02 TeV
collisions

\
E@é‘ﬂ\ \ R S \

T #
/‘“5\\ “54( = i \f _ * Do hypernuclei have similar freeze-
e [ﬂ}]\. i E out parameters as ordinary nuclei?

| A

|Aj\\ E3 | l \ _E_l
R Oy

III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II\I\I\{|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III|IIII|’IIIIlIIII|IIII|IIII|IIII|IIII|IIII|IIII|lIII|
12 3 456 7 89 123 456 7 89 12 3 4586 7 89
P, (GeV/c) P, (GeV/c) P, (GeV/c)

Centrality (Pr) T (GeV) n

0-10%__0.694 + 0.003 0.103 £ 0.005 0.498 + 0.009
10-30% 0.666 + 0.003 0.132 £ 0.008 0.507 + 0.012
30-50% 0.598 £+ 0.005 0.152 +0.010 0.660 + 0.022
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I /3\H production in Pb-Pb collisions

ALICE Collaboration, arXiv:2405.19839
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E ALICE Pb-Pb, {5 = 5.02 TeV §
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— Blast-Wave fit
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*He 3

—o—H:

1 2 3 45 6 7 8 9
pT(GeV/c)

1 2 3 4 5 6 7 8 9
pT(GeV/c)

1 2 3 4 5 6

7 8 9

P, (GeV/c)

Blast-Wave fit parameters for nuclei in 0-10% Pb-Pb 5.02 TeV

AL L R L L L L L L NeW'

= First measurement of p differential
production of > +H in Pb-Pb 5.02 TeV
collisions

* Combined Blast-Wave fit parameters
compatible with the ones obtamed
from ordinary nuclei (d, t, ’He, “He)

Centrality (Pr) T (GeV)

n

0-10%__0.694 + 0.003 0.103 £ 0.005 0.498 + 0.009

Fitted particles

(B)

B max

Tiin (MeV)

n

A~ x%/ ndf

10-30% 0.666 + 0.003 0.132 £ 0.008 0.507 + 0.012

Fit C

d’t,

3He,*He

0.684 +0.003

0.863 +0.005

108 £ 6

0.52+0.02

44.5 /37

30-50% 0.598 £+ 0.005 0.152 +0.010 0.660 + 0.022

ALICE Collaboration, arXiv:2311.11758
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I f\H/3He in Pb-Pb collisions

New! o S |
-..= Coal. B, = 420 keV (STAR) &= Coal. B, = 164 + 43 keV (Ave.) - Multiplicity dependence of AH/ He ratio

-« Coal. B, =102 keV (ALICE) —— SHM . . L
0.6 . . » Consistent with Run 1 results within a

| . :
20 confidence interval

ALICE Pb-Pb
®\sy =5.02 TeV
®\sy=2.76 TeV

0.5 SHM prediction stays constant at

large multiplicities, while coalescence
prediction is more sensitive to
multiplicities

<
0.4

0.3
Well-described by the coalescence

model, and compatible with the B,
value measured by ALICE

>z |
L~ ]

IIII|IIII|IIII|IIII|II<I|IIII

0.2

&=

0.1

Shows a suppression for ?\H /°He

ratio with smaller size of produced
500 1000 1500 Zr7r  U-U medium as suggested by the STAR

<chh/dn>|n|<05 Ru-Ru  Au-Au results

°H—>°%He+n B.R.=0.25

IlllllllllllllllrIIIIIIIIIIII
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I
I

ALICE Collaboration, arXiv:2405.19839

D. N. Liu et al., arXiv:2404.02701
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f\H/3He in Pb-Pb collisions

R L L L L L L L L LR L L R LR L R NeW'

e ALICE Pb-Pb e ALICE Pb-Pb e ALICE Pb-Pb §
0-10%, Ysyy = 5.02 TeV 10-30%, Ysyy = 5.02 TeV 30-50%, {syy =5.02 TeV 3
e, =11=1 Coal. B, =420 keV
N = Coal. B, = 164 + 43 keV
Coal. B, = 102 keV
Blast-Wave fit
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H—>°He+n B.R.=0.25
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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)

— f—

3 3 . ALICE Collaboration, arXiv:2405.19839
« pr-dependence of AH/ He ratio D. N. Liu et al., arXiv:2404.02701

> Different trends for Blast-Wave extrapolation and coalescence predictions
> Hard to draw a conclusion with the current experimental uncertainties (doable in Run 3!)
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f\H signal in Pb-Pb collisions

« First observation of f\H (%ﬁ) at LHC energies

ALICE Performance
Pb-Pb, sy = 5.02 TeV -
‘H— "He+n +cc. —
local p-value: 6.0 o
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I f\He signal in Pb-Pb collisions

- First signal of f\He (%H_e) in heavy-ion collisions

ALICE Performance

Pb-Pb, \s\y = 5.02 TeV
f\He—> 3He+p+n"+c.c.
local p-value: 4.4 ¢

ALICE Performance
Pb-Pb, \[s\ = 5.02 TeV
Ay M= . =, ot
-He = "He+p+ =
local p-value: 3.1c

—
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[ee,

Counts / (0.0025 GeV/c?)
Counts / (0.0032 GeV/c?)

N

6_

[} 1 | 1

3.91 3.92 3.93 3.94 3.95 3.96 3.97

M., (GeV/c?)
e+p+m

_—|_+_|\——|—|—‘||||||||||||

391 392 393

=)
o)
O

0
©

05/06/2024 Yuanzhe Wang | | SQM 2024 || Strasbourg




I Production of A = 4 hypernuclei in Pb-Pb collisions

ALICE

= Production of j‘\H and j‘\He

> The SHM expected yields are enhanced by a factor ~ 4 with excited states
> Both are in agreement with SHM predictions including contributions from feed-down effects

107° ALICE Preliminary
3

Pb-Pb, {5, = 5.02 TeV H+ A 4| °He+ A

SHM using T, = 156 MeV (including excited states)

SHM using T, = 156 MeV (ground state only) N 1.067+0.08 1+ 0.984+0.05

_ 1+ -
| 1.09+0.02 1.406+0.003

2.157:0.077 | o0 _i 0.233+0.092
2.39+0.05

4
H AHe
Y

BA (MeV)

M. Schifer et al., Phys. Rev. C 106 (2022), L031001

05/06/2024 Yuanzhe Wang | | SQM 2024 || Strasbourg




Hypernuclei with ALICE Run 3 Data




ALICE Upgrade for Run 3 %

ALICE

New Inner Tracking System New Fast Interaction Trigger (FIT)
PN (=== : New Muon Forward Tracker (MFT)

-
SEmmin e U m oy mom A YA i

New GEM technology of TPC
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I /3\H production in pp collisions

= First measurement of p differential production of hypertriton in pp 13.6 TeV collisions
> Results obtained from antimatter analysis only
- Total yield can be estimated by extrapolation of the p+ spectrum

T | T T T T | T T T T | T T T T | T T T T
ALICE Preliminary
Run 3, pp Vs=13.6 TeV

lyl <1

New!

TN
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I f\H/A in pp collisions

. ?\H/A ratio in pp collisions

> Twice better precision than Run 2
> Compatible with Run 2 preliminary results and 2-body coalescence prediction

x107°

< 0.6
~~—~

I<
“= 05

0.4

0.3

IIIIIIIIIIIIIIIII

ALICE Preliminary
¢ Run3,pp Vs=13.6 TeV
*Run2, pp Vs=13 TeV

|IIII|III1|IIII|IIII

0.2

— SHM, Vc =1.6 dV/dy
|| Coalescence, 2-body

0.1

*FIIIIIIIII

(dN_/dr)
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| Performance with ALICE Run 3 data

> Heavier hypernuclei (A = 4) measurable in pp collisions
> Significant hypertriton peak in Run 3 Pb-Pb collisions

—
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o
o
[6)]

ALICE Performance

Run 3, Pb—Pb, \s, = 5.36 TeV
*H > 3He+n

20<p <6.0 GeV/c

ALICE Performance
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I Flow measurement in Run 3

New!

| T T T T | T T T T T T T T T T T T T T T T . T | T T T T | T T T T

ALICE Preliminary
Pb—Pb, s, = 5.36 TeV
0-20% FTOC centrality

ALICE Preliminary
Pb—Pb, s, = 5.36 TeV
20-40% FTOC centrality

D

[ o | °Fe,ml<0.38
|I| Run 2

|:, IP Glasma + MUSIC +
+ UrQMD + Coalescence
——— Blast-wave

[ ] *He,ml<0.8

[ m ]Run2
|:| IP Glasma + MUSIC +

+ UrQMD + Coalescence
——— Blast-wave

1 11 | | 1 11 | | 1 11 | | 1 1 11

5 6 7
P, (GeV/c

I|IIII|IIIIIIIII|IIII|IIII|IIII|IIII|II

II|l||l||III|IIII|IIIIIIIII|III

| 11 | | 1 11 | | 1 1 L1 | 1 1 11

5 6 7
P, (GeV/c

vm
vm

. More precise flow measurement of >He in Run 3

. Can we measure the flow of ?\H?
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I Flow of /3\H in Run 3 Pb-Pb collisions

- First measurement of elliptic flow of ?\H

>V, increases with both centrality and py

& [ ALICE Prefiminary, Pb-Pb, (S = 5.36 TeV
- -
0.8 FTOC centrality
- []0-20%
[+]20-60%

w1

>

0.6F

0.4}

New!

7
p
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I Summary %

= New results of f\H yield with ALICE Run 2 and Run 3 data

- First p differential measurements of hypertriton production in Pb-Pb 5.02 TeV and pp
13.6 TeV collisions

. ?\H/ He ratio as a probe to distinguish between different nucleosynthesis
mechanisms of hypernuclei, in favor of coalescence model

= Observation of A = 4 hypernuclei with ALICE Run 2 data

> In agreement of SHM in consideration of feed-down effects, populating the ground
states for both j‘\H and j‘\He

= Qutlook for the new Run 3 data:

» Precise studies and more analyses with large statistics (target luminosity: 200 pb‘1 for
pp, 7 nb~! for Pb-Pb)

> Production of A = 4 hypernuclei in pp collisions .
Thanks for your attention!
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Properties of hypernuclei (?\H)

Theoretical predictions

- - Nuo. Cim. 46 (1966) 786

-+= PRC 57 (1998) 1595

— J.Phys. G18 (1992) 339-357

PRC 102 (2020) 064002

PLB 811 (2020) 135916 - A ---- PLB 811 (2020) 135916 - B

PR 136 (1964) B1803 —@

PRL 20 (1968) 819 B

PR 180 (1969) 1307

NPB 16 (1970) 46

PRD 1 (1970) 66

NPB 67 (1973) 269

STAR, Science 328 (2010) 58
HypHI, NPA 913 (2013) 170
ALICE, PLB 754 (2016) 360
STAR, PRC 97 (2018) 054909
ALICE, PLB 797 (2019) 134905

STAR, PRL 128 (2021) 202301

i i|-A lifetime - PDG value—

£

Theoretical predictions
-==-NPB 47 (1972) 109-137
EPJA 56 (2020) 91

— PRC 77 (2008) 027001
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B, (MeV)

Nuo. Gim. 21 (1961) 235

Nuo. Cim. 26 (1962) 840

Nuo. Gim. A 43 (1966) 180

NPB1 (1967) 105

NPB4 (1968) 511

PRD1 (1970) 66

NPB52 (1973) 1

STAR, Nat. Phys 16 (2020)

ALICE, Pb—Pb 5.02 TeV

Phys.Rev.Lett 131 (2023) , 102302

- Recent measurements of ?\H shows T(?\H) ~ 7(\), B) ~hundreds keV
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I Properties of hypernuclei (f\H, “He)
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our value: 2.169 + 0.042 MeV (scaled by 1.44)

A1, 2016 (Decay Pion Spectr.)

A1, 2016 (Decay Pion Spectr.)

H. Tamura, 1989 (Pion Spectr.)
M. Juric, 1973 (Emulsion)

G. Bohm, 1968 (Emulsion)

W. Gajewski, 1967 (Emulsion)

N. Crayton, 1962 (Emulsion)

hypernuclei.kph.uni-mainz.de, 17.5.2024
T

25

3.0

f\H A binding energy [MeV]

Probability density [(MeV)]

1

1

our value: 2.347 + 0.036 MeV (scaled by 1.09)

———e

KEK, 1994 ((K-, pi-) Spectr.)

R.S. Hayano, 1988
(Pion Spectr.)

M. Juric, 1973 (Emulsion)
W. Gajewski, 1967 (Emulsion)
M. Raymund, 1964 (Emulsion)

N. Crayton, 1962 (Emulsion)

hypernuclei.kph.uni-mainz.de, 17.5.2024

2.4

= Both f\H and f\He have a A binding energy of the order of MeV

05/06/2024

2.6

2.8 3.0

j’\He A binding energy [MeV]

The Hypernuclear Database, https://hypernuclei.kph.uni-mainz.de/
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I Invariant mass performance

= Hypertriton in Run 2 Pb-Pb collisions

L L L L L IR B I NeW'
ALICE ]
[3\H S 3He + Pb—Pb 0-10%, s, = 5.02 TeV ]
3.0< pT<3.5 GeV/c
S=111+14
B(36) =57 £3
S/B(36) =1.8+£0.2
Significance(3c) = 8.0 £ 0.7
Signal + Background
Background

and charge conjugate
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ALICE Collaboration, arXiv:2405.19839
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I Invariant mass performance

05/06/2024

Hypertriton in Run 3 pp collisions
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ALICE Performance
Run 3, pp Vs = 13.6 TeV
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I Reconstruction

DCA

Secondary vertex - VO tracks

Poir)'c'ing angle
’: DCA #
Primary ' to PV
Vertex '
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