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• The study of the production mechanisms of  
(anti)(hyper)nuclei is not only interesting per se 

• Antinuclei can be a sign of Dark Matter annihilation: 

- Background: production in the collisions between 
cosmic rays (CR) and the interstellar medium (ISM) 
(pp and p-A collisions) 

‣ Nuclear production must be known very well

2Physics motivation

Nature Phys. 19 (2023) 1, 61-71
Alberto Calivà’s presentation 

about nuclear production in jets 
20th July - 10:15

mailto:lbariogl@cern.ch
https://www.nature.com/articles/s41567-022-01804-8
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• The study of the production mechanisms of  
(anti)(hyper)nuclei is not only interesting per se 

• Antinuclei can be a sign of Dark Matter annihilation: 

- Background: production in the collisions between 
cosmic rays (CR) and the interstellar medium (ISM) 
(pp and p-A collisions) 

‣ Nuclear production must be known very well 

• Hypernuclei can be used to study nucleon-hyperon 
interaction 

- Production of exotic bound states 

- Determination of the equation of state 

‣ Application to neutron stars

3Physics motivation

D. Lonardoni et al., PRL 114, 092301 (2015)
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Janik Ditzel’s presentation 
about hypernuclei 
20th July - 11:00

mailto:lbariogl@cern.ch
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.092301
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4Statistical Hadronisation Model (SHM)
• It describes the yields of light-flavoured hadrons by 

requiring thermal and hadron-chemical equilibrium 

‣ Parameters: (T, V, μB) 

• Canonical ensemble (CSM): local conservation of 
quantum numbers (S, Q and B) 

• Macroscopical model: no information about how nuclei 
are produced, together with the other species
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THERMUS 4: Comput.Phys.Commun. 180 (2009) 84-106 
GSI-Heidelberg: Nucl.Phys.A 772 (2006) 167-199 
SHARE 3: Comput.Phys.Commun. 167 (2005) 229-251
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5Coalescence model
• Microscopical model: 

- Nuclei are formed by nucleons emitted by a freeze-out 
hypersurface(1) 

‣ convolution between nucleon phase-space 
distribution and Wigner function of the nucleus(2) 

• Possible to implement event-by-event coalescence, 
with probability:

(1) J. I. Kapusta, PRC 21, 1301 (1980)

(2) Mahlein et al., EPJC 83 (2023) 9, 804
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𝒫(r0, q) = ∫ d3rd ∫ d3r Hpn( ⃗r, ⃗rd; r0) 𝒟( ⃗q, ⃗r )

Two-particle emitting source: 
average two-particle distance

Wigner transform of the 
deuteron wavefunction

- r0 is the size of the emitting source 

- q is te relative p-n momentum 

• Coalescence is a femtoscopic probe

mailto:lbariogl@cern.ch
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.21.1301
https://doi.org/10.1140/epjc/s10052-023-11972-3
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ALI-PUB-573297

Studying the production via yield ratios 25
6

p-p p-Pb Pb-Pb

• Ratios between pT-integrated yields (A/p) vs multiplicity 

- multiplicity is a proxy of the system size 

• For d/p ratio both the models describe the data: 

- CSM: canonical suppression due to baryon number 
conservation 

- Coalescence model: interplay between system size 
and nuclear size

arXiv:2405.19826

mailto:lbariogl@cern.ch
https://arxiv.org/abs/2405.19826
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7

• Ratios between pT-integrated yields (A/p) vs multiplicity 

- multiplicity is a proxy of the system size 

• For d/p ratio both the models describe the data: 

- CSM: canonical suppression due to baryon number 
conservation 

- Coalescence model: interplay between system size 
and nuclear size

ALI-PREL-571731

(1) F. Hildenbrand and H.-W. Hammer, Phys. Rev. C 100, 034002
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•  has a large size:  

-  (1),  

‣ SHM and coalescence predictions for are very 
different at low multiplicity 

• hypertriton in pp collisions favours coalescence

3
ΛH

dd−Λ = 10.79 fm r (d) = 1.96 fm

mailto:lbariogl@cern.ch
https://doi.org/10.1103/PhysRevC.100.034002
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8

• Ratios between pT-integrated yields (A/p) vs multiplicity 

- multiplicity is a proxy of the system size 

• For d/p ratio both the models describe the data: 

- CSM: canonical suppression due to baryon number 
conservation 

- Coalescence model: interplay between system size 
and nuclear size

(1) F. Hildenbrand and H.-W. Hammer, Phys. Rev. C 100, 034002

•  has a large size:  

-  (1),  

‣ SHM and coalescence predictions for are very 
different at low multiplicity 

• hypertriton in pp collisions favours coalescence

3
ΛH

dd−Λ = 10.79 fm r (d) = 1.96 fm

• In Pb-Pb collisions, system size > nuclear size: 

- Coalescence and CSM gives similar predictions 

‣ Different observables are required

mailto:lbariogl@cern.ch
https://doi.org/10.1103/PhysRevC.100.034002
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• Radial flow: 
- The temperature of the kinetic freeze-out (Tkin) can 

be obtained via a fit to the production spectra with a 
blast-wave (BW) fit 

‣ Do (hyper)nuclei have a common freeze-out with 
the other species?

9Flow as a probe for nuclear production

Tkin

T’kin?

p n

mailto:lbariogl@cern.ch
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• Radial flow: 
- The temperature of the kinetic freeze-out (Tkin) can 

be obtained via a fit to the production spectra with a 
blast-wave (BW) fit 

‣ Do (hyper)nuclei have a common freeze-out with 
the other species?

10Flow as a probe for nuclear production

• Anisotropic flow: 
- Coalescence is a femtoscopic probe 

- phase-space density of nucleons is a key ingredient 
- sensitive to different production in-plane and out-of-plane (1)

p
n

(1) arXiv:2402.06327

mailto:lbariogl@cern.ch
https://arxiv.org/abs/2402.06327
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11Blast-Wave fits to pT spectra

arXiv:2311.11758

Fit A

• ALICE has measured the production spectra for d, t,  and  in 
Pb-Pb 

• pT spectra of light nuclei and other species are fitted with a BW using 
different options 

- CAVEAT: the blast-wave model is a simplified approach and has 
limitations (e.g. dependence on the fit range, on the used species)

3He 4He

mailto:lbariogl@cern.ch
https://arxiv.org/abs/2311.11758
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• ALICE has measured the production spectra for d, t,  and  in 
Pb-Pb 

• pT spectra of light nuclei and other species are fitted with a BW using 
different options 

- CAVEAT: the blast-wave model is a simplified approach and has 
limitations (e.g. dependence on the fit range, on the used species)

3He 4He

12Blast-Wave fits to pT spectra

arXiv:2311.11758

• Fit B describes protons over a larger pT range than Fit A 

• Including π/K/p brings Tkin down 

- Resonances not properly handled(1) 

• Best description from Fit C only nuclei, and not other species 

‣ separate freeze-outs for nuclei and other species
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(1) Mazeliauskas and Vislavicius, PRC 101, 014910
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• ALICE has measured the production spectra for d, t,  and  in 
Pb-Pb 

• pT spectra of light nuclei and other species are fitted with a BW using 
different options 

- CAVEAT: the blast-wave model is a simplified approach and has 
limitations (e.g. dependence on the fit range, on the used species)

3He 4He

13Blast-Wave fits to pT spectra

• Fit B describes protons over a larger pT range than Fit A 

• Including π/K/p brings Tkin down 

- Resonances not properly handled 

• Best description from Fit C only nuclei, and not other species 

‣ separate freeze-outs for nuclei and other species
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arXiv:2405.19839

• Fit C describes well also hypertriton pT spectra

Janik Ditzel’s presentation 
20th July - 11:00

mailto:lbariogl@cern.ch
https://arxiv.org/abs/2405.19839
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• v2 of deuterons measured in Pb-Pb at √sNN = 5.02 TeV 

- BW predictions (fit to π/K/p spectra and v2): 

‣ underestimates measurement in semi-central 
collisions

14v2 of deuterons
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• v2 of deuterons measured in Pb-Pb at √sNN = 5.02 TeV 

- BW predictions (fit to π/K/p spectra and v2): 

‣ underestimates measurement in semi-central 
collisions 

- Coalescence predictions (iEBE-VISHNU + Wigner 
coalescence afterburner(1)): 

‣ Consistent for centrality larger than 20%, 2σ 
deviations for 10-20%
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• v2 of deuterons measured in Pb-Pb at √sNN = 5.02 TeV 

- BW predictions (fit to π/K/p spectra and v2): 

‣ underestimates measurement in semi-central 
collisions 

- Coalescence predictions (iEBE-VISHNU + Wigner 
coalescence afterburner(1)): 

‣ Consistent for centrality larger than 20%, 2σ 
deviations for 10-20% 

• v2 of deuterons in Xe-Xe collisions recently measured 

- small sensitivity due to large uncertainties

16v2 of deuterons
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25

• v2 of anti-3He in Run 3 Pb-Pb collisions at √sNN  = 5.36 TeV 
- more differential both in pT and centrality, more precise than 

in Run 2(1)

17v2 of anti-3He

(1) PLB 805 (2020) 135414

mailto:lbariogl@cern.ch
https://doi.org/10.1016/j.physletb.2020.135414


L. Barioglio (INFN) 
lbariogl@cern.ch

ALI-PREL-570455

ALI-PREL-570443

25
18v2 of anti-3He

• v2 of anti-3He in Run 3 Pb-Pb collisions at √sNN  = 5.36 TeV 
- more differential both in pT and centrality, more precise than 

in Run 2 

• Data are compared with the predictions from blast-wave and 
coalescence models 

- with Run 3 precision it is possible to separate the BW 
(fit to π/K/p spectra and v2) and coalescence predictions 
‣ coalescence provides a better description

mailto:lbariogl@cern.ch
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19v2 of anti-3He

• v2 of anti-3He in Run 3 Pb-Pb collisions at √sNN  = 5.36 TeV 
- more differential both in pT and centrality, more precise than 

in Run 2 

• Data are compared with the predictions from blast-wave and 
coalescence models 

- with Run 3 precision it is possible to separate the BW 
(fit to π/K/p spectra and v2) and coalescence predictions 
‣ coalescence provides a better description 

- Caveat: BW predictions strongly depends on the 
considered species 
- dashed line: fit to spectra of nuclei in Pb-Pb  

at √sNN  = 5.02 TeV 
- solid line: fit to π/K/p spectra and v2 in Pb-Pb  

at √sNN  = 5.02 TeV

mailto:lbariogl@cern.ch
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25
20Flow of hypertriton and towards spin measurement
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• Flow of hypertriton has been measured for the first time: 
- compatible with 3He, but still large uncertainties 
‣ At the end of Run 3 the integrated luminosity will 

increase of a factor of 4-5 wrt 2023

mailto:lbariogl@cern.ch
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• Flow of hypertriton has been measured for the first time: 
- compatible with 3He, but still large uncertainties 
‣ At the end of Run 3 the integrated luminosity will 

increase of a factor of 4-5 wrt 2023 

• Non-zero elliptic flow generates a non-zero vorticity 
component along the the beam axis (z)(1): 

‣ Particle spin tend to be aligned along z 

‣  spin can be determined through polarisation:3
ΛH

21Flow of hypertriton and towards spin measurement

(1) Becattini, Karpenko PRL 120, 012302

Voloshin, EPJ Web of Conferences 
171, 07002 (2018)

mailto:lbariogl@cern.ch
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• Flow of hypertriton has been measured for the first time: 
- compatible with 3He, but still large uncertainties 
‣ At the end of Run 3 the integrated luminosity will 

increase of a factor of 4-5 wrt 2023 

• Non-zero elliptic flow generates a non-zero vorticity 
component along the the beam axis (z): 

‣ Particle spin tend to be aligned along z 

‣  spin can be determined through polarisation: 

• The determination of  spin is important: 

- Never measured: 1/2 assumed from theory 
- Determination of production yields 
- Λ-N interaction

3
ΛH

3
ΛH

22Flow of hypertriton and towards spin measurement

• Λ polarisation already measured by ALICE: 
- Coalescence predicts the same polarisation (1) 

for Λ and 3ΛH

PRL 128 (2022) 17, 172005

(1) arXiv:2405.12015

mailto:lbariogl@cern.ch
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.172005
https://arxiv.org/abs/2405.12015
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• The two-body decay is considered: 
 

-  momentum tends to be aligned to  spin 

• The distribution of  is different in case of Spin = 1/2 and 
Spin = 3/2

3
ΛH → 3He + π

3He 3
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• The two-body decay is considered: 
 

-  momentum tends to be aligned to  spin 

• The distribution of  is different in case of Spin = 1/2 and 
Spin = 3/2 

• Along Run 3 the integrated luminosity will be sufficient to have the 
first measurement

3
ΛH → 3He + π

3He 3
ΛH

cos(θ*)

24 polarisation3
ΛH

mailto:lbariogl@cern.ch
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• With flow it is possible to get information about the 
production of (anti)nuclei 
- BW fits to pT spectra works better if nuclei are separated 

from π/K/p 
‣ CAVEAT: strong dependence on the fit inputs  

- v2 of nuclei are better reproduced by coalescence than by 
BW 

• With a larger integrated luminosity, ALICE will be able to 
measure hypertriton v2 with a better precision wrt the current 
status and to measure hypertriton spin in Pb-Pb collisions

25Summary

Thanks for your attention!

ALI-PREL-570443
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• The study of the production mechanisms of  
(anti)(hyper)nuclei is not only interesting per se 

• Antinuclei can be a sign of Dark Matter annihilation: 

- Background: production in the collisions between cosmic rays 
and the interstellar medium (pp and pA collisions) 

‣ Nuclear production must be known very well

27Physics motivation

M. Winkler and T. Linden, PRL 126, 101101

mailto:lbariogl@cern.ch
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.101101
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• d/p ratio evolves smoothly with multiplicity 

- dependence on the system size 

• For d/p ratio both the models describe the data: 

- CSM: canonical suppression 

- Coalescence model: interplay between source 
size and nuclear size

28Yield ratios

• Also 3He/p evolves smoothly with multiplicity 

- But there are more tensions between data 
and models 

• Coalescence seems to describe better data  
for A > 2

p-p p-Pb Pb-Pb

mailto:lbariogl@cern.ch
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29Yield ratios

arXiv:2211.14015

mailto:lbariogl@cern.ch
https://arxiv.org/abs/2211.14015
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• Hypertriton is reconstructed through its two-body mesonic 
decay (B.R. 25%): 

-  

• Candidates are selected with: 

- Standard selections on single-track and topological 
variables 

- Boosted Decisions Trees (BDT) models, trained on 
dedicated MC samples used to discriminate signal and 
background 

‣ BDT selections are optimised to improve the 
significance of the signal 

‣ Use of the package hipe4ML

3
ΛH → 3He + π− + c . c .

30Hypertriton reconstruction
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31The ALICE experiment

p
d

K
π

• ALICE has been the first experiment at the LHC to measure light 
(anti)(hyper)nuclei 

• Measurements at mid rapidity: |η| < 0.8 

• Different PID techniques: 

- Specific energy loss dE/dx in the TPC (σ ~ 6%) 

- Time of flight (hence β = Δt / L) with the TOF (σ ~ 70 ps)

dp
K
π

t

3He
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• If the interaction is very well known, the CF 
can be used to constrain the source function 

- p-p and p-Λ 

• Assumptions: 

- Particle emission from a Gaussian core source 

• Short-lived strongly decaying resonances 
(cτ ≈ rcore) 
effectively increase the source radius 

- e.g. Δ-resonances for protons 

• Universal source model 

- rcore fixed for each pair based on ⟨mT⟩

32Measure of the source size

PLB 811 (2020) 135849

C(k*) = ∫ S( ⃗r*) |ψ( ⃗k*, ⃗r*) |2 d3r* = 𝒩
Nsame(k*)
Nmixed(k*)

mailto:lbariogl@cern.ch
https://doi.org/10.1016/j.physletb.2020.135849
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• In HM pp collisions, ALICE has measured: 

1. (anti)proton production spectra 

2. (anti)deuteron production spectra 

3. size of the emitting source with femtoscopy

33BA vs pT in HM pp collisions

JHEP 01 (2022) 106

1.

2.

PLB 811 (2020) 135849

3.

mailto:lbariogl@cern.ch
https://doi.org/10.1007/JHEP01(2022)106
https://www.sciencedirect.com/science/article/pii/S0370269320306523?via=ihub
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• In HM pp collisions, ALICE has measured: 

1. (anti)proton production spectra 

2. (anti)deuteron production spectra 

3. size of the emitting source with femtoscopy 

➡ theoretical predictions for the spectra of (anti)deuterons obtained via 
coalescence:

34BA vs pT in HM pp collisions

Gnp( ⃗P d/2 + ⃗q, ⃗P d/2 − ⃗q)
(2π)6

𝒫(r0, q)
d3Nd

dP3
d

= Sd ∫ d3q

1.  is a degeneracy factor (3/8 for deuterons) 
2.  is the proton-neutron momentum distribution 

3.  is the coalescence probability 
- r0 is the size of the emitting source 
- q is the relative momentum of the p-n pair

Sd

Gnp

𝒫(r0, q)

Mahlein et al., EPJC 83 (2023) 9, 804

mailto:lbariogl@cern.ch
https://doi.org/10.1140/epjc/s10052-023-11972-3
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• Coalescence probability  is defined as𝒫(r0, q)

35BA vs pT in HM pp collisions

𝒫(r0, q) = ∫ d3rd ∫ d3r Hpn( ⃗r, ⃗rd; r0) 𝒟( ⃗q, ⃗r)

-   is the two particle emitting-
source 
- factorised into two Gaussian sources 

-     

is the Wigner-transform of the deuteron wavefunction  

➡ test the effect of deuteron wavefunctions on 
coalescence

Hpn( ⃗rp, ⃗rn) = h( ⃗rp) h( ⃗rn)

𝒟( ⃗q, ⃗r) = ∫ d3ξ e−i ⃗q⋅ ⃗ξ φd( ⃗r + ⃗ξ/2) φ*d ( ⃗r − ⃗ξ/2)
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Mahlein et al., EPJC 83 (2023) 9, 804
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• Coalescence is implemented on a single-event base: 

1. The event is simulated with a MC generator 

2. The p-n momentum distribution   (hence relative momentum q) is 

taken from the generator 

3. p and n spectra are re-weighted to reproduce ALICE measurements 

4. The p-n distance is re-weighted to reproduce the source size r0  

measured by ALICE  

5. The coalescence probability  is evaluated and used in a 
rejection method 

• Argonne v18 wavefunction (which is the most realistic) provides a good 
description of data

Gnp

𝒫(r0, q)

36BA vs pT in HM pp collisions

Mahlein et al., EPJC 83 (2023) 9, 804

mailto:lbariogl@cern.ch
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• Lifetime measured with the highest precision so far: 

- compatible with that of the free Λ 

‣ loosely bound state

37Λ separation energy

PRL 131 (2023) 102302

mailto:lbariogl@cern.ch
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• Lifetime measured with the highest precision so far: 

- compatible with that of the free Λ 

‣ loosely bound state 

• BΛ has been measured with a high precision 

- 1.9 σ difference w.r.t. last STAR results 

- compatible with 𝝌EFT  and Dalitz’s predictions 

‣ loosely bound state

PRL 131 (2023) 102302

mailto:lbariogl@cern.ch
https://link.aps.org/doi/10.1103/PhysRevLett.131.102302
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PRL 131 (2023) 102302

• Lifetime measured with the highest precision so far: 

- compatible with that of the free Λ 

‣ loosely bound state 

• BΛ has been measured with a high precision 

- 1.9 σ difference w.r.t. last STAR results 

- compatible with 𝝌EFT  and Dalitz’s predictions 

‣ loosely bound state 

• All the models provide a simultaneous description of 𝝉 
and BΛ

mailto:lbariogl@cern.ch
https://link.aps.org/doi/10.1103/PhysRevLett.131.102302
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•  is compared with the prediction of CSM and 
coalescence model 

- Two-body coalescence model provides the best 
description of data 

• Also  is a valuable observable to discriminate 

between production mechanisms 

- Also in this case coalescence is favoured, even though 
with less sensitivity

3
ΛH/Λ

S3 =
3
ΛH/3He

Λ/p

40Hypertriton production in small systems

PRL 128 (2022) 252003

mailto:lbariogl@cern.ch
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•  has also been recently measured in Pb-Pb collisions at √sNN = 5 TeV 

- More precise wrt Pb-Pb at √sNN = 2.76 TeV 

•  shows good agreement with coalescence, assuming BΛ < 170 KeV 

- pT differential measurement in agreement with blast-wave with common parameters with other nuclei

3
ΛH

3
ΛH/3He

41Hypertriton production in Pb-Pb

arXiv:2405.19839
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• BA evolves smoothly with multiplicity 

- dependence on the system size 

• Comparison with theory:

42Coalescence parameter BA

p-p p-Pb

• Two different parameterisations for dN/dη vs R 

- None of them can describe simultaneously B2 and B3

BA =
2JA + 1

2A A

1
mA−1

2π

R2(mT) + (rA/2)2

3
2 (A−1)

Pb-Pb

PLB 846 (2023) 137795
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Phys.Rev.C 99 (2019) 5, 054905

• Measurements are carried out vs multiplicity 

•  ↔ system size 

• System size: HBT radius R 
- R vs multiplicity: 

 
 

⟨dNch/dη⟩

R = a ⟨dN/dη⟩1/3 + b

mailto:lbariogl@cern.ch
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• Adding more points to the R vs 
, it is visible that the 

evolution is not smooth from pp  
to p-Pb 

• This discontinuity could be the reason 
why models do not reproduce data 
along the whole multiplicity range 

- Possible solution: B2 vs R 

- R vs  needed

⟨dNch/dη⟩

⟨dNch/dη⟩

44Charged particle multiplicity

Phys.Rev.C 91 (2015) 034906
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