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Which bound states do we measure”?

Ph-Pb, 2011 run
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Up to Z=4 nuclei and antinuclei are being measured both at RHIC and at the LHC

STAR, Nature 473, 353-356 (2011)
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e Antinuclel are particularly interesting: they cannot be formed from fragments of the beam

® A new Kind of nucleosynthesis that was not possible to study before



https://en.wikipedia.org/wiki/Nucleosynthesis#Major_types

Beyond the “standard” (anti)nuclel

ALICE, Phys. Rev. Lett. 131 (2023) 102302 STAR, https://arxiv.org/abs/2310.12674
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Up to A=4 antihypernuclel have been discovered in heavy ion collisions

® A new way to study the properties of hypernuclel (see also the talk by Prof. Herrmann)



HIgh energy heavy-ion: antimatter factories

ALICE, arxiv:2311.13332
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» The antiproton/proton ratio ~1 at LHC
» The antiproton/proton ratio ~0.8 at RHIC top

energy

» lested up to A=4
» Specific studies were done to reduce the
systematic uncertainties

In central Pb-Pb collisions at the LHC
~40 protons ~3e-4 3He

~0.1 deuterons ~1e-4 hypertritons




How do we can produce (anti)(hyper)nuclei in pp/AA"?



How do we can produce (anti)(hyper)nuclel in pp/AA”

—
o@
2,

©

=
=
<
ﬁ

* Hadrons emitted from the interaction region in statistical
equilibrium when the system reaches a limiting temperature

* Freeze-out temperature Tchem IS @ key parameter

» Abundance of a species «exp(-m/ Ichem):

-or nuclei (large m) strong dependence on Tchem

nly used for Pb-Pb, it can be used in smaller systems by using

the canonical ensemble
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How do we can produce (anti)(hyper)nuclel in pp/AA”
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* Hadrons emitted from the interaction region in statistical
equilibrium when the system reaches a limiting temperature
* Freeze-out temperature Tchem IS @ key parameter

» Abundance of a species «exp(-m/ Ichem):

)
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-or nuclei (large m) strong dependence on Tchem
nly used for Pb-Pb, it can be used in smaller systems by using

the canonical ensemble

J. |. Kapusta, Phys.Rev. C21, 1301 (1980)

A. Andronic, P. Braun-Munzinger, J. Stachel and H. Stoecker,
Phys. Lett. B607, 203 (2011), 1010.2995

Yield (dN/dy) for 10° events
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* the larger the wave function the more we are sensitive to the

system size

(anti)baryons are close in phase space they can form a

play between the configuration of the phase space of
Nbaryons and the wave function of the (anti)nuclei to be




Thermal model vs coalescence at the LHC
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We study the nucleus vyield normalised by the proton production as a function of multiplicity

e Smooth evolution with multiplicity: same production mechanism in all collision systems”?

e Available SHM calculations with canonical ensemble do not describe A=3 nuclel

e Coalescence model provide a good description of the measured ratios


http://arxiv.org/abs/2003.03184

1he coalescence parameter

The coalescence parameter for a nucleus / with A nucleons is defined as:

A Edd3Nd
3N 3 deuterons dp3
Ezd ]ZZ:BA (Epd ]\Sfp> — By = ; - 5

P dpd

Experimental parameter that Is tightly connected to the coalescence probability:

Larger Ba — Larger coalescence probability

The closer the nucleons are in phase space the higher Is the coalescence probability



1he coalescence parameter

The coalescence parameter for a nucleus / with A nucleons is defined as:

A Edd3Nd
3N, SN deuterons dp3
P dpd

Experimental parameter that Is tightly connected to the coalescence probability:

Larger Ba — Larger coalescence probability

The closer the nucleons are in phase space the higher Is the coalescence probability

Small systems (ee, pp, p-A) Large systems (A-A)

Small distance in space

Large distance in space

Only momentum correlation
matters

Both momentum and space
correlations matter
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Expect larger Ba Expect smaller Ba




Coalescence model predictions

How to get a quantitative prediction in practice”
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Source radius
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ALICE, Phys.Lett.B 811 (2020)
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See Georgios Mantzaridis’ poster for the full story on
how this measurement is done



Coalescence model predictions

How to get a quantitative prediction in practice”

Source radius

Bp) % 5 | €92 @653

M, Mahlein et al, Eur.Phys.J.C 83 (2023) 9, 804

0.14 —
Wigner density 0.1 — Gaussian (d = 3.2 fm) i
) . . , — Hulth =0.5fm" B=156fm") -
Source Radius + Nucleus wave function -> Bs then (o= 0.5m", P m) 2
0 1 YEFT N'LO (S-wave) i
B ' -~ xEFT N*LO (D-wave) -
“':g 0.08 — Argonne v 4 (S-wave) 7
~ - = Argonne v 4 (D-wave) _
=0.06 -
0.04H - —
0.02F/ <. —
0 L . R =175 ¥ T ey . S e e
0 1 2 3 4 5 6 7 8 9 10



Coalescence model predictions

How to get a quantitative prediction in practice”
Source radius

By(p) ~ % Jd%@@’j@“(ﬁ, 7

Wigner density

“Source Radius + Nucleus wave function -> B>”

e Different wave functions give quite different
expected coalescence parameter

® |t works within factor 2 for deuteron

e Static coalescence does not take Into
account event-by-event correlations
among nucleons (e.q. jets)
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https://link.springer.com/article/10.1007/JHEP01(2022)106

Coalescence model predictions

How to get a quantitative prediction in practice”
Source radius
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account event-by-event correlations
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The ultimate test: large bound systems

Source radius
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https://arxiv.org/abs/2007.01750

The case of hypertriton production in small systems

Models:
Vovchenko, et al., Phys. Lett., B785, 171-174, (2018)

Sun. et al.. Phys. Lett. B, 792, 132-137, (2019)
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—3-body coalescence
= 2-body coalescence
— SHM, Ve = dV/dy
- SHM, Ve = 3dV/dy

10

107 10°

(dN _ /dn)

Inl<0.5

SAH / A\ in small systems: large separation between

production models
e SHM: insensitive to size of the hypertriton

® Coalescence: vield suppressed with assumed
hypertriton radius ~10 fm
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The case of hypertriton production in small systems

Models:
Vovchenko, et al., Phys. Lett., B785, 171-174, (2018) , :
Sun. et al. Phys. Lett B. 792, 132-137. (2019) SAH / A\ 'in small systems: large separation between
ALICE, Phys.Rev.Lett. 128 (2022) 252003 .
< T | T T T TTT] | T T T TTT] | prOdUCtlon mOde‘S
— e | ALICE p-Pb, 0-40%, \/s, = 5.02 TeV - L , ,
g';m_s_ - | ALIGE Preliminary pp, HM trigger,is = 13Tev | ® SHIM:insensitive to size of the hypertriton
- L+ JALICE Pb-Pb, 0-10%, sy = 2.76 TeV 1 ® Coalescence: vield suppressed with assumed
- B.R. = 0-25i‘(?-‘(‘)'2’ ------------------------------------ L hyp ertriton radius ~10 fm
- 1 ® Measurements in good agreement with 2-body
- - coalescence
6 ® [ension with SHM at low charged-particle
10 _— ] . . .
- ~ 3-body coalescence - multiplicity density
: —2-body coalescence | ® configuration with Ve = 3dV/dy is excluded at
- —SHM, Ve =dV/dy - level of more than 60
---SHM, Ve = 3dV/dy |
DA A | | IR |
10 102 10° Production of hypertriton in pp and p-Pb collisions
(d Nch/d 77>m|<0 - as a doorway to the study of its structure
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The case of hypertriton production in small systems

Berndt Mueller SQM22 summary talk

Particle size matters
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Particle size aware SHM: a further confirmation that we can study hypernuclei wave functions
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https://indico.cern.ch/event/1037821/contributions/4853861

Hypertriton production suppression at RHIC?

STAR, https://arxiv.org/abs/2310.12674
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Hypertriton production suppression at RHIC?

STAR, https://arxiv.org/abs/2310.12674
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This Analysis Au+Au, U+U, Zr+Zr, Ru+Ru
This Analysis Au+Au, U+U
This Analysis Zr+Zr, Ru+Ru
STAR Au+Au Science(2010)

STAR Au+Au Nature(2011)
STAR Au+Au PRC(2009)

ALICE Pb+Pb PRL(2016)
— Thermal Model
T=164MeV uB=24MeV

40
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Indication of larger deviation

M prediction in the

collision among “small” ions

® Same effect as gol

ng to p-Pb

or pp collisions at-

he LHC!
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H momentum spectra in coalescence vs radial flow

D. Liu, C.M Ko, Q. Shou, K. Sun, Y. Ma.Y. Wang, F. Mazzaschi, and M.P., in preparation

0.8— I D L L D D D D D L
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" Pb+Pb @V SNy =5.02 TeV | = Blast-Wave Model 1 B, = 0.42+0.12 MeV (STAR) ’
0 6 Mid-rapidity |y|<0.5 | Bands: MUSIC+UrQMD+COAL | B, = 0.164+0.043 MeV (World Ave.) —
> } T B, =0.102+0.63 MeV (ALICE) -
I - e -
o g ~ -4
™~
0.4 — 4
s i 1
en < ]

0.2

e Radial flow picture (

Blast-\Wave): higher mass states have an harder momentum spectrum

e (Coalescence: at large momentum smaller source radius, hence the state with the larger
wave-function will get suppressed
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R T . . .
1 binding energy In the high precision era

Theoretical predictions
---NPB 47 (1972) 109-137  — PRC 77 (2008) 027001 BA — m; + My — My

EPJA 56 (2020) 91

® Nuo. Cim. 21 (1961) 235

o NUo. Gim. 26 (1962) 840 The measured Ba Is extremely small
— 5 — e Compatible with a loosely bound deuteron-/A

: ® Nuo. Cim. A 43 (1966) 180 molecule

o NPB1 (1967) 105 Ba uncertainties are O(100 keV)
+ NPB4 (1968) 511 ® \/isualising technigues still have the best

— g - uncertainties

: PRD1 (1970) 66 . .

‘ ® New techniques needed In heavy-ion to reduce the

e NPB52 (1973) 1 systematic uncertainties
® Ask me Iin the coffee break!

® STAR, Nat. Phys 16 (2020)

E:E ALICE, Pb—Pb 5.02 TeV

0.4 02 0 0.2

||OI41||OI6||
B, (MeV)

ALICE. Phys. Rev. Lett. 131 (2023) 102302 18




A<S litetime and binding energy In the high precision era

STAR, https://arxiv.org/abs/2310.12674

— ALICE, PRL 131 (2023) 102302
3H+3 O (2023)

This work

This work
PRL(2022)
NPA(2013)
NPA(1995)
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PR(1969)
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EPJ(2022)

A

PLB(2019)
PRC(2018)

Science(2010)

This work
PRL(2022)
PLB(2016)
NPA(2013)
NPA(1992)
NPB(1973)
PRD(1970)
PR(1969)
PRL(1968)
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PRC(2020)
PLB(2019)
PRC(1998)
JPG(1992)

NG19%0) 1 |

® \\Norld’s leading measurements of the lifetime of
nypernuclel with A< come from Heavy lon experiment

® Exclude large deviations from free A lifetime

e lest of different models with different ?\H structure
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I'he case of ,H and He

STAR, https://arxiv.org/abs/2310.12674
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Ratio

10"

I'he case of ,H and He

STAR, https://arxiv.org/abs/2310.12674
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This Analysis Au+Au, U+U, Zr+Zr, Ru+Ru

This Analysis Au+Au, U+U

This Analysis Zr+Zr, Ru+Ru
STAR Au+Au Science(2010)

STAR Au+Au Nature(2011)
STAR Au+Au PRC(2009)
ALICE Pb+Pb PRL(2016)

— Thermal Model
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M could give a good
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I'he case of ,H and He

y

dN/d

107°F

107°F

ALICE Preliminary

Pb-Pb, {s,, = 5.02 TeV
SHM using T, = 156 MeV
(including excited states)
SHM using T, = 156 MeV
(ground state only)

E jl\H IS expected
| compact state

to be a

e SHM could give a good
estimation of the yield

IM correctly

er spin states

owever, the S
—[{]—.— describes the yield only when
s - —_ 7 including the high
of the 4H and ¥ He
2070 ,He H [2.700 o
+ A He + A
- == ,+ L067£0.08
]0.02
T N R R O Sistroorr | of
3.9215 3.922 3.9225 3.923 3.9235 3.922 3.9225 2.39:0.05
M (GeV/c?) H AHe

Y
BA (MeV)

M. Schafer, N. Barnea, A. Gal, Phys.Rev.C 106, L031001 (2022) 21
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Precision (anti)(hyper)nuclel in pp collisions

Counts

5 10 15 20 25 30

AMS-02, P. Zuccon, MIAPP Workshop 2022
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S l eData —Fit |

= 3F ALICE Performance ¢ I [Fe -

= | pp Vs =13.6 TeV | .
>F 0.8<p <2.5GeV/c
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[ [ <D
" n ' ':’:'
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| y..(
)’4
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'
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First signals of the production of anti-alpha detected in pp collisions

® Necessary input to understand how many anti alpha we expect in AMS-02

23



Precision (anti)(hyper)nuclel in pp collisions

70
ALICE Performance

Run 3, pp Vs = 13.6 TeV

%ﬁ — SHe+n*

Events / ( 0.002 GeV/c?)

301 302 303 3.04
M, (GeV/cY)

SHe+r

First signals of the production of anti-alpha detected in pp collisions
e Necessary input to understand how many anti alpha we expect in AMS-02

A=3 hypernuclel in pp: from the first signals in Run 2 to precision measurement in Run 3

24



Precision (anti)(hyper)nuclel in pp collisions

Events / ( 0.002 GeV/c?)
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ALICE Performance
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First signals of the production of anti-alpha detected in pp collisions

e Necessary input to understand how many anti alpha we expect in AMS-02

A=3 hypernuclel in pp: from the first signals in Run 2 to precision measurement in

e Even first A=4 antihypernuclel seen in pp
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-orward production of , H

https://cds.cern.ch/record/2868251/
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L_ong term perspective: supernuclel

ALICE 3 Letter of Intent

10 Pb-Pb |[5,,=5.02 TeV 0-10%
1 lyl<0.5

u,d,s only particles
4
1 0_8 — ¢ =1 particles A
1 ()_g —— ¢ =2 particles 5.,
~10 . °>He
10 —— ¢ =3 particles A ‘

10-12 | SHMc, T,,=156.5 MeV BaN
1073 £ do_, /dy=0.532 + 0.096 mb

10—1411111 ................................
1.5 2 25 3 35 4 45 5 55 6

Mass (GeV)

—xtending the nuclear chart to charm

e SHMc: vield comparable to that of
nuclel already observed

e B.R. expected to be O(%)
o | ifetime O(100um/c): larger bkg

and rate capabillities: ALICES

® |n the meanwhile: cor

models between N ar

strain In

d charmr

Discovery requires upgraded vertexing

‘eraction

ed

hadrons (see Emma Chizzali’s talk)
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https://cds.cern.ch/record/2803563/files/2211.02491.pdf

Summary

® Heavy-ion experiments proved to be a powerful tool to study the properties of light
hypernuclel

» Best measurements of the lifetime, competing measurements of the binding
energies

e Quantitative understanding of the new a completely new nucleosynthesis process
» Let’s write a new section about It here: nttps://en.wikipedia.org/wiki/Nucleosynthesis#Major_types

® New ways into hypernuclei structure” Study of the production in small collision
systems

» More data coming from the experiments
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Beyond the average: antinuclel number fluctuations

New observables based on event-by-event
fluctuations to distinguish Statistical
hadronisation and hadron coalescence

k2 _ ((n—(n))?)

K1 n)
 Cumulant ratio currently favours the SHM

* Coalescence depends on nucleon phase
space conditions (correlations p-n)

Phys. Rev. Lett. 131 (2023) 041901

s ALICE Preliminary
=— (Coalescence Model A
s Goalescence Model B
Thermal-Fist: CE SHM, 4.8
Thermal-Fist: CE SHM, 1.6
Poisson

dV/dy
dV/dy

b

n| < 0.8

d: 0.8 < P < 1.8 GeV/c

20 40

60 80
Centrality (%)
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Beyond the average: antinuclel number fluctuations

New observables based on event-by-event
fluctuations to distinguish Statistical B

Phys. Rev. Lett. 131 (2023) 041901

. Q. ALICE Prelimi
hadronisation and hadron coalescence Co ;3 esceri;g]mgel A (x 1/30)
o 2 SR | Model B
Ko B <(TL <TL>) > 0.0051 _(?oa escen.ce. ode
— = hermal-Fist: CE SHM, 4.8 dV/dy
K1 (n) Thermal-Fist: CE SHM, 1.6 dV/dy

 Cumulant ratio currently favours the SHM

* Coalescence depends on nucleon phase 0
space conditions (correlations p-n)

((ng — (ng))(np — (np)))

Ppd = N ~0.005

Pb—Pb, s, = 5.02 TeV
In| < 0.8

d: 0.8 < P < 1.8 GeV/c

p: 0.4 < p_ < 0.9 GeV/c

e Pearson correlation constrains the correlation
volume for baryon number

* Agrees with results from (anti)nuclei yields

» Different wrt results from (anti)proton yields
and fluctuations

—0.01

0 20 40 60 80
Centrality (%)
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The missing piece in all previous (and future) experiments

From the Mainz hypernuclei database:

3

~» Ground State: A Binding Energy our value: 0.148 + 0.040 MeV

~ Ground State: Lifetime our value: 237 "_190 ps

-~ Branching Ratios - (Non)-Mesonic Weak Decays Only relative B.R.s available!

~ R3: MWD into 7~ Two-Body to all 7~ MWD  our value: 0.357 © g gay Extrapolation to absolute BR through
Display options: @® Branching Ratio © Decay Width Al'=1/2rule

Knowledge of the BR Is one of the fundamental missing pieces to be
measured to constrain the theories of interactions within the hypernuclel

But how do we access the absolute B.R. in the future”
e |n Pb-Pb at the LHC hypernuclei have an average momentum ~ their mass (3y~1)

e Hypernuclel with A5 have a litetime comparable to the free A\

We might identify hypernuclei before they decay: direct access to the absolute yield/B.R.
using a time of flight detector close to the interaction region
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https://hypernuclei.kph.uni-mainz.de/

Direct identification of hypernuclel at the LHC

Irst look using
f particles

Delphes and correct yields

® Assuming a few % momentum
resolution and a tir
20 cm from

e measurement at
icle production point

the par
Using 20ps resolution the f\H s clearly
separated from the triton

For AHe good separation of Z=2

..-:’:F
charges is required

For AH a better timing resolution in is

S
= = AH

0-10% Pb-Pb, 33 nb™’

Tracks with minimum R=20 cm, In

bTOF1 at R=20 cm, 20 ps reso

1<1.4 E
ution —

necessary

3 3.5 4 4.5 5

p (GeV/c)




Direct identification of hypernuclel at the LHC
N

® Assuming a few % momentum magnet system

Not a wild dream, but a project: ALICE3

rst look using De\pheg and correct yie\ds ALICES3 Letter Of Intent arxiv:2211.02491
- particles COF

Superconducting pgIcH

resolution and a time measurement at
20 cm from the particle production point

Using 20ps resolution the f\H s clearly
separated from the triton

For f\He good separation of Z=2
charges Is required

absorber

For ?\H a better timing resolution in is
necessary

Muon
chambers

® (Almost) all silicon experiment with detection plans as close as 5 mm to the interaction region

and two TOF detectors with required time resolution of approximately 20ps
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https://arxiv.org/abs/2211.02491

Maybe we don't have to wait that long
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-~ N\
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A Bonetti, R Levi Setti, M Panetti, L Scarsi, and G Tomasini. ,,On the possible ejection of a meson-active
triton from a nuclear disintegration®. In: Il Nuovo Cimento (1943-1954) 11.2 (1954), pp. 210-212
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A MHz silicon bubble chamber

ALICE ITS2 4

30 +

25 +

Inner Barrel
20 +

- o ®
- -
- -
- - - =
-
-
- s

Quter Barrel
15 +

10 +

Beam pipe

.o =2” First 3 layers within 4 cm of
' the production point 0

20 25 30 35 40

From decay vertex reconstruction to full kinematic closure by tracking the mother track
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A MHz silicon bubble chamber

F. Mazzaschi PhD thesis

%x10° BEFORE
_— — 1 T 1 1 | L UL | L I L I L l L I L=
RS This thesis, MC simulation
S 25+
8 i PP, \Syy = 13.6 TeV
o0 Z Signal (S): 10714 + 349
2_
§ : S/B (3 0): 1.23 = 0.06
o L 3
150 t AH+ZH
-'g i —— Signal + Background
S 15 il . T Background
1 TN
0.5_— ¢ a0
— 1 1 1 1 | L 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | L1 1 1 | L1 1 1 I |l | &

296 297 298 299 3 3.01 3.02 3.03

3.04

M(°*He + = and c.c.) (GeV/c?)
From decay vertex reconstruction to full kinematic closure by tracking the mother track

Events / ( 0.0008 GeV/c?)

x10°> AFTER

| L | L | L | L | T I L I | L I Il I_
OTE This thesis, MC simulation -
0.6 PP, \Syy = 13.6 TeV =
. Signal (S): 3503 = 28 -
F | SB(Bo0):5585:063 -
0.4 =
0.3 f— + _f
0.2 f— * _f
0.1 E

3 3.01 3.02 3.03

® Extreme reduction of the combinatorial background with no additional selections

3.04
M(*He + = and c.c.) (GeV/c?)



A MHz silicon bubble chamber

00)
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Invariant Mass (GeV/c?)

From decay vertex reconstruction to full kinematic closure by tracking the mother track

® Extreme reduction of the combinatorial background with no additional selections

® Potential of removing correlated background in the 3-body decay of Hypertriton and to study decays with

neutral particles in the final state
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SPS can be a great facility for hypernuclel

B. Donigus, P. Braun-Munziger Nucl.Phys.A 987 (2019) 144-201
| L | L

I | | | | L I | | I | | | j
® ALICE data « 3H, °H §
—

od d =5,H
& °He, *He o §,He
= He, “He

10~

107”7
10°®
107°
1 0—10 |

L
10°

Lower energy heavy-ion experiments have a great statistics advantage
o SPS we will be unbeatable in terms of statistical precision for hypernuclei up to A=6

e Only other low energy facilities can compete (see C

measurement of A=5 antihypernuclel

® However we are far from precision physics for
A=5: they will be few hundreds

o Ultimately not so interesting for the community

SM@515100)

39


https://www.sciencedirect.com/science/article/pii/S0375947419300405

ypernuclel iIn NABO+

Heavy ion experiment at the SPS
with a focus on heavy-flavour and

Toroidal Muon wall di-leptons and high rate capabillities
magnet | e 101" MB Pb-Pb events per
‘ , s Mmonth of data taking

Pb/p
DeArn

e Collision 4 /syn SCan in the range
6-17 GeV

Hadron "
absorber

Muon spectrometer

3
Vertex telescope

D

0

/]

N
RN
\,
®% 0O
Y
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-
-
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—————————

More details on the project in E. Scomparin talk on 6th June
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Hypernuclel In NABO+

Frc?m the Mainz hypernuclei database. June 2023

AN AN AT 0 Topological selections + cluster size PID

v o N 1 _7 —F 1 I I | | | | | I I I I | | I I I I I | I I I | I | I I | I | I | I I 1 I

6 12 13 14 6 N N _

£C | AC ] [AC O C NA60+ Performance " 3<n<5,p >05GeV/c

i suismirele i » = 16 v.. Fit Probability: 0.33 =

< 15  °He — ‘He+p+r | SB(30):0.18 +0.02  —

4 'Be 3Be |:Be| WBe 4 wBe| | \Be| | aBe o - A P =

] A S - w SINS+B (3 0): 30 = 2 -

3 L || S oL KL 3 o 14 * ! u = 4839.88 = 0.09 MeV/c*—

o |4 5 6 7 8 2 6 —~ :_ _:

AHe ,\He AHe AHe AHe MHe (7)) 1.3 — I .

| ' [= — | I + | i ! |1 H |'| |‘ * \ { } _

1 | 2H || aH °H 1 D i ST w111 1 L LU 2 O Ty-LL Rl B [l 1] e 107 oL M

A A A |_|>J 1.2 , # l’. T i . } ot il K 1M I";:_i

0 3 0 } {» } + t

AN 11— * ]

T P N 1 2 3 4 5 6 7 8 T P N 1 2 3 4 5 6 7 | I | | | I | | | | | | | | | I | | | | I | | | | I | | | | I | | | | _
5 N 4.8 4.81 4.82 4.83 4.84 4.85 4.86 4.87 4.88

2

Hyperon Content: A (2] [Z] | A Summary| | Hyperon Content: | A |12 | A Summary M *He+p+n (GeV/ ¢ )

Open points in hypernuclear physics that can be addressed with NA60+:

* Precise characterisation of known states: properties of A hypernuclei, charge symmetry
breaking

* Properties and confirmation of /unknown hypernuclei: A=6, light AA hyper
nucleil

e Possible discovery of light = and 2 hypernuclei bound according to theory [1,2] (e.g. NNN=)

[1] E. Hivama et al. Phys. Rev. Lett. 124, 092501
[2] H. Le et al. Eur. Phys. J. A (2021) 57: 339 41



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.092501
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® Ant

L ow energy anti-3He Interaction cross section

e Upporitunity to extract the cross section using the A
material as a target

maltter

— detector

IS expected to interact a lot with the material via

annihilation processes!!

ALICE, arXiv:2202.01549, Nat. Phys. (2022)

Material budget at mid-rapidity:

e Beam pipe (~0.3% Xo)

® [TS (~8% Xo) and TPC (~4% Xo)
e TRD (~25% Xo)

e Space frame (~20% Xo)


http://arxiv.org/abs/2202.01549
https://www.nature.com/articles/s41567-022-01804-8
http://arxiv.org/abs/2202.01549
https://www.nature.com/articles/s41567-022-01804-8

Low energy anti-3He Interaction cross section

to extract the cross section using the

e Antimatter i1s expected to interact a lot with the material via N
annihilation processes!!

LERRRLARERL AR R T | Measurement of the anti-3He | |
ALICE Pb-Pb VSN =5.02 TeV before and after TOF matching |/ /-

o :
o 08F 0-10% centrality —=
“"3 0.7 E- Inl <0.8 B =
S = =
= 06 =
L 05F =
2 oaF z
Q@ - =
5 03 3 —— MC default o,__(*He) E /
= 02F =
0 = — MC with anel( He) + 50% =
0.1F —
S D I S I P I B I Material budget at mid-rapidity:
0.5 1 1.5 2 2.5 3 3.5

. 4 45 5 e Beam pipe (~0.3% Xo)

pprimary [ 1zl (GeV/c) o |TS (~8% Xo) and TPC (~4% Xo)
e TRD (~25% Xo)
e Space frame (~20% Xo)

ALICE, arXiv:2202.01549, Nat. Phys. (2022) 42
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Low energy anti-3He Interaction cross section

to extract the cross section using the

e Antimatter i1s expected to interact a lot with the material via N
annihilation processes!!

T Measurement of the anti-3He
0.8 0-10% centrality
0.7 Inl <0.8 B |
0.6

o«
N

+ Data

O
w

o
Ol
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

—— MC default o, _(°He)

Raw °He (TOF) / raw “He (TPC)

inel
— MC with o, __("He) = 50%
0.1
L) ST EUE PN PUTTE PETTE PR P P P Material budget at mid-rapidity:
0.5 1 15 2 25 3 35 4 45 5 e Beam pipe (~0.3% Xo)
pprimary [ 1zl (GeV/c) o |TS (~8% Xo) and TPC (~4% Xo)

e TRD (~25% Xo)
e Space frame (~20% Xo)
ALICE, arXiv:2202.01549, Nat. Phys. (2022) 42
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Low energy anti-3He Interaction cross section

to extract the cross section using the

e Antimatter is expected to interact a lot with the material via
annihilation processes!!

AL Measurement of the anti-3He ||
ALICE Pb-Pb \s, =5.02 TeV before and after TOF matching |/ /.

Comparison with GEANT4 MC | |} 1.

E Variations of the GEANT4
- |anti-He inelastic cross sections

:
0.9

0.8 0-10% centrality
0.7 Inl < 0.8

0.6
0.4 + Data ”/ //,“\\ ; \/
0.3 —— MC default o__(*Fe) "' TRD / W

o, U
~L
— ! -
—_— b I ‘ ‘ E \s =
- N A B
~L L =

Raw °He (TOF) / raw “He (TPC)

o
Ol
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

0.2 _ a—
— MC with o, __("He) = 50%
0.1
L) ST EUE PN PUTTE PETTE PR P P P Material budget at mid-rapidity:
0.5 1 15 2 25 3 35 4 45 5 e Beam pipe (~0.3% Xo)
pprimary [ 1zl (GeV/c) o |TS (~8% Xo) and TPC (~4% Xo)

e TRD (~25% Xo)
e Space frame (~20% Xo)
ALICE, arXiv:2202.01549, Nat. Phys. (2022) 42
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Low energy anti-3He Interaction cross section

to extract the cross section using the

e Antimatter is expected to interact a lot with the material via

annihilation processes!!

6 2 __| | | I 1 1 I I 1 1 I I 1 1 I I 1 1 I I 1 1 I I 1 1 I | I | I | I | I 1 |__
= 0.72 I .
= o7 3_\\ 30<p  /1zI<3.5GeV/c -
5 I E ~ primary -

J,;- 0.68 | N |77| <0.8 — — Lambert-Beer fit —
2 066 Y + MC with varied o, (Fe) 3

© E "'\\ ® Data (with total unc.) E

,u\: 0.64 Fvnrmrmamamamemamemacao ~. ©® Resulting o__(*He) —
= Y \\* .
‘:q% 0.6 = \\ -
®_ 0.58F ~N -
= - D P

r 0.56 = \Il\_E
0.54 - | e O | | | e
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o (’He) on (A) = 34.7 (b

ALICE, arXiv:2202.01549, Nat. Phys. (2022)

VN

Interpolation of the variations to
measure the anti-3He Inelastic
Cross section

o, U
~L
— ! -
—_— b I ‘ ‘ E \s =
R 8 E g
~L T -

Material budget at mid-rapidity:

Beam pipe (~0.3% Xo)
ITS (~8% Xo) and TPC (~4% Xo)
TRD (~25% Xo)
Space frame (~20% Xo)
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Low energy anti-3He Interaction cross section

e Upportunity to extract the cross section using the ALICE detector
material as a target

e Antimatter i1s expected to interact a lot with the material via N
annihilation processes!!

ST T T | Veasurement of the anti-3He
+5 ALICE before and after TOF matching |/ /.

O -
S f E
é_ 4 % 0-10% Pb-Pb |5, = 5.02 TeV E .
2 5k ] < 0.8 E _ .
= _\\ E Variations of the GEANT4 N Ny e > o7
16 = | Interpolation of the variations to TUITBENY—~—
0.5 5 | measure the anti-3He inelastic
O:....I....I....I....I....I....I....I....I....I....: Cross section Material budget at mid-rapidity:

e Beam pipe (~0.3% Xo)

p (GeV/c) ® |TS (~8% Xo) and TPC (~4% Xo)
e TRD (~25% Xo)

e Space frame (~20% Xo)

ALICE, arXiv:2202.01549, Nat. Phys. (2022) 42

First measurement of the anti-3He interaction cross section with ordinary matter
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How do we go from collider data to cosmic-antinuclei flux®?

0 _ 0
a_l/tj = ¢q(r,p) + div(D, grady — Vy) + ™ p*D
P

Step 1: take a publicly available cosmic ray propagat
GALPROP solves numerically the transport equation
to the heliosphere:

® [he diffusion, convection, and propagation

parameters are fixed looking at nuclel (way more
abundant) [2]

[1] A. Strong, et. al. Nuclear and Particle Physics Proceedings, 297-299, 2018
[2] Boschini et al. ApJS 250 27 (2020)
[3] Gleeson, Axford, Astrophys. J. 154 (1968) 1011

Up

104-

Differential Intensity x R*7 [(m? s sr GV) 1]

=
=
(o))

ion code, GALPROP [1]
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How do we go from collider data to cosmic-antinuclei flux®?

0 _ 0
a_l/t/ = ¢q(r,p) + div(D, grady — Vy) + ™ p*D
P

Step 1: take a publicly available cosmic ray propagation code, GALPROP [1]
GALPROP solves numerically the transport equation up | '
to the heliosphere;

104-

® [he diffusion, convection, and propagation

parameters are fixed looking at nuclel (way more
abundant) [2]

The propagation until Earth is then done using the Force
Flield approximation [3] in our example calculation

100

Fmod(Emod’ ¢) — F(E) > , Where Emod — E - Z¢

Differential Intensity x R*7 [(m? s sr GV) 1]

-
o
(@)]
o
D
X
(@)
() 1
[
o
~
\ \
\
\

\

\

|

1

|

I

I

I

I

with ¢ = 0.4 GV

[1] A. Strong, et. al. Nuclear and Particle Physics Proceedings, 297-299, 2018 e o1 15 TE
[2] Boschini et al. ApJS 250 27 (2020) 10 1 L
[3] Gleeson, Axford, Astrophys. J. 154 (1968) 1011 Rigidity [GV] 43




How do we go from collider data to cosmic-antinuclei flux®?

oy . 0 Jd w d | dp p vy
— = +div(D_grady — Vy) + —p*D, —— — — ———dlv Vipl|l— - - —
~ @ (D grady — Vy) app P on 2 ap v ( W i

take a publicly available cosmic ray propagation code, GALPROP

Step 2: use published parameterisations of antinuclel production cross sections (Including ALICE)
10-34? p+p— [—? + X m 12500 GeV N; - )
* / » § plE —————— o Relevant collision systems: pp, p-
10 / =t ¢ AucE He, He-p, He-He
©
S . // S . ® Production cross section in pp
B sy O T = collisions from [1] (EPOS LHC
8luF 1097 I3 Made|/dataw R + event-by-event coalescence)
= ‘comparison y .
§ 10°- o p S Ty ! e QOther collision types scaled
" F zg S | I S R (ATAP)Z'Z/ 3
D e s T s @ Validated by ALICE data
Kinetic energy per nucleon [GeV/n] P [GeV/c]

[1] Shukla et al, Phys. Rev. D. 102, 063004 (2020) [2] ALICE, Phys. Rev. C 97, 024615 (2018)
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How do we go from collider data to cosmic-antinuclei flux®?

oy _ 0 0 Yy 0 dp p ..
— = +div(D, grady — Vy) + —p°D, — — — — |y— — —=(div - V
ot ( ud / w) 6pp PP op p2 op Wdt 3( v

take a publicly available cosmic ray propagation code, GALPROP

Step 2: use published parameterisations of antinuclel production cross sections (Including ALICE)

Step 3: use our measurement to determine how likely are the anti-3He inelastic interaction with
the interstellar medium

= 1000 — T —— T
E 900 3
We need to scale our measurements of o . (on heavy T 800 ALICE E
targets) for proton and helium targets typical of ISM lgf'i 700 — GEANT4 default o, (Fe-p) =
| | | 2 600 —— Parametrization o, _("He-p) _f
® (Get a correction factor for Geant4 parameterisation ° oo 7] Fit to ALICE data :
us'ng AL‘CE measurements 400 -RangeofALICE measurement -
e Use this correction factor for all targets, with additional 222 \
8% uncertainty on possible A scaling {00 -

0 | lllllll ) | 1 | T .
107" 1 10 10°

ALICE, arXiv:2202.01549, Nat. Phys. (2022) E.n! A(GeV/A) 45
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ALICE’s dark side: applications for dark matter searches

= il l T L
" - ALICE .
I P DM: Phys. Rev. D 89 (2014) 076005
o 107 [ Bkg: Phys. Rev. D 102 (2020) 063004 ~_
‘T‘: _ GAPS GALPROP propagation B
- _ -
O — — N
o o Y+ — WW — 3He + X
10712
10—14 —
- Range of ALICE meaStIJrement |
c>)‘ 1 1 | LN 1 1 T T TTT]
c 08I _
Q 04 —
c 02F _
E O Ll | L 1 L L 1 31l
== 107 1 10 1
E. /A (GeV/A)

ALICE, arXiv:2202.01549, Nat. Phys. (2022)

02

FluX(Ginel)

Transparency =

Flux(6pe = 0)

Result: Sizeable decrease of the expected flux at
low energy when scaling for the measured antisHe
modification of inelastic cross section

46


http://arxiv.org/abs/2202.01549
https://www.nature.com/articles/s41567-022-01804-8

ALICE’s dark side: applications for dark matter searches
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