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Motivation

LUND UNIVERSITY

¢ The study of light nuclei and hypernuclei production at the LHC is very interesting as the
production mechanism is still a puzzle
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¢ The study of light nuclei and hypernuclei production at the LHC is very interesting as the
production mechanism is still a puzzle
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Motivation

LUND UNIVERSITY

¢ The study of light nuclei and hypernuclei production at the LHC is very interesting as the
production mechanism is still a puzzle

€ Antinuclei in space-borne experiments can be a sign of Dark Matter annihilation:

€ Background: the antinuclei produced by hadronic collisions in space constitutes an irreducible
background

He, p p+p > He+X

SHe + p—>Y
/:e(»l%{ : xw\“ e
X+X>WW > S3He + X
W /\Q/\Q/ voyegert
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ALICE, Nature Phys. 19 (2023) 1, 61
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¢ The study of light nuclei and hypernuclei production at the LHC is very interesting as the
production mechanism is still a puzzle

¢ Antinuclei in space-borne experiments can be a sign of Dark Matter annihilation:

€ Background: the antinuclei produced by hadronic collisions in space constitutes an irreducible
background

X+X>WW > 3He + X
< Voyager 1
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€ Nuclei (nuclear clusters) are formed at kinetic ALICE, Eur.Phys.J. C80 (2020) 9, 889
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freeze-out If nucleons are close In phase space X -
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¢ Convolution between nucleon phase-space @ [ Auce -

| %pp, (s =13 TeV )

distribution and Wigner function of the nucleus

M(pp, Vs =7 TeV
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¢ Coalescence parameter B2, related to formation
B, coalesc. r(d) = 3.2 fm (PRC 99 (2019) 054905)
probability via coalescence. | = Param. A(fitto HBT radi)
| 10—4 — == Param. B (constrained to ALICE Pb--Pb B,) —
. : | | IIIIIII | ] IIIIII| | | IIIIII| | :
Ap 1 10 107 10°
<chh / CInlab>lnlabl <0.5

Average charged-particle

multiplicity -> proxy for system size

Momentum spectra of
protons

A Momentum spectra of
deuterons
J. Kapusta, Phys. Rev. C 21 (1980) 1 _
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Nuclel synthesis: Thermal model
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ALICE, Eur. Phys. J. C 84 (2024) 813

¢ Thermal model describes the yields of LF hadrons by requiring
thermal and chemical equilibrium

€ Provides very good description of nuclei production in central
Pb-Pb collisions

25.11.2025 Sushanta Tripathy



Nuclel synthesis: Thermal model

LUND UNIVERSITY

o K K K ¢ p P A T Z Q Q d H3He3H_eiHiﬁ4He4H_e

> g

2 -

% ".""O"..‘.. L mldrapldlty E

10 L e T T T =
A e '

/ S -‘- -‘- =

Eabd

3 Lo o i i Pboiobonnh

100 Fe e . ALICE, 0-10% PbiPb, [y = 2.76 Tev
: 107 =
Integrated yield _ : : : : : : : : : : : : : : : : 5 -
3 [ ] Model T(MeV) V (fm’) CINDF|} RN
107 ¢ |— THERMUS 3.0 155+2 5825 +411  45.5/19] -.- E _‘ ‘ 7
s [ ]='-SHARE3 156 +3 4476 £+696  27.6/19[ i -
= i ----- Thermal-FIST (energy dep. BW) 155+ 2 4962 + 363  22.1/19 .....-
107 i = == GSl-Heidelberg (S-Matrix) 157 + 2 4175 + 380 17.1/19 & l

ALICE, Eur. Phys. J. C 84 (2024) 813

¢ Thermal model describes the yields of LF hadrons by requiring Temperature of the system ~ 155 MeV
thermal and chemical equilibrium Light nuclei binding energy ~ 1-10 MeV

¢ Provides very good description of nuclei production in central - = *
Pb-Pb collisions

25.11.2025 Sushanta Tripathy



LUND UNIVERSITY

AO_OOG I IIIIIII| | | I I I | I I I I I I

¢ Good description of the deuteron 'f- " ALICE -
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ALICE, Eur.Phys.J. C80 (2020) 9, 889
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Let’s confront the production mechanisms....|
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By measuring the baryon number balance
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By measuring the baryon number balance

S. Tripathy, P. Christiansen, arXiv:2509.03195
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]

[Measure where baryon number balance end up:]
jantiprotons (p), A~~~ ]

.. - ' 0S

| Subtract the uncorrelated production via the same |

|quantum-number correlations: protons (p), A |

SS
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[Measure where baryon number balance end up:]
jantiprotons (p), A~~~ ]

.. - ' 0S

| Subtract the uncorrelated production via the same |

|quantum-number correlations: protons (p), A |

SS

Let’s confront the contrasting paradigms: Thermal-FIST and PYTHIAS

Thermal production
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Measure where baryon number balance end up:|
antprotons @), A |

.. o ' 0S

| Subtract the uncorrelated production via the same |
\quantum-number correlations: protons (p), A

SS

Let’s confront the contrasting paradigms: Thermal-FIST and PYTHIAS8

deuterons with a cross-section based model

(only momentum criteria for coalescence)
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& Cuts on trigger: letal < 0.8, d: 1 < pr <8 GeV/c, p: 0.5 < pr< 4 GeV/c B(Ay) = 05 — 5§
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& Clearly different shape of balance functions from Thermal-FIST and PYTHIA 8.
In Thermal FIST, it is driven by correlation volume (see backup)
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¢ Cuts on trigger: letal <0.8,d: 1 < pr <8 GeV/c, p: 0.5 < pr<4 GeV/c
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¢ Clearly different shape of balance functions from Thermal-FIST and PYTHIA 8.
In Thermal FIST, it is driven by correlation volume (see backup)
¢ Similar shapes of balance functions for triggered protons and deuterons
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¢ Cuts on trigger: letal <0.8,d: 1 < pr <8 GeV/c, p: 0.5 < pr<4 GeV/c
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¢ Since a deuteron consists of two nucleons, its balance function is expected to be twice that of a proton.
& Both models confirm this behavior
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€ Now varying the trigger pr in both models for triggered-protons B (Ay) = 05 — 55
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¢ Narrowing in PYTHIA: the antiproton that balance a proton is produced on the same string as the proton
€ No dependence in Thermal FIST: quantum number conservation is only imposed globally on the final state



Transverse momentum dependence .
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¢ Now varying the trigger pr in both models for triggered-deuterons B (Ay) =05 - 5§
N 1_ L L L L _ N - L L L }
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& Same observation is seen for triggered-deuterons
¢ It will be interesting to study these in experiments.
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¢ Now varying the multiplicity in both models for triggered-protons b (Ay) =05 -5
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¢ Moderate multiplicity dependence in PYTHIA 8 @ @

¢ Driven by color reconnection (CR)
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¢ The light nuclei production mechanism is still a puzzle at the LHC.

¢ None of the observables have been successful in pinpointing the production mechanism

¢ Proton and deuteron-triggered balance function can be an interesting observable
to provide insight into the puzzle

€ A particularly striking difference emerges in the transverse momentum dependence of
the balance function: a promising discriminator

¢ Experimental measurements with ALICE data is in progress! Stay tuned!
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¢ The light nuclei production mechanism is still a puzzle at the LHC.

€ None of the observables have been successful in pinpointing the production mechanism

¢ Proton and deuteron-triggered balance function can be an interesting observable
to provide insight into the puzzle

€ A particularly striking difference emerges in the transverse momentum dependence of
the balance function: a promising discriminator

¢ Experimental measurements with ALICE data is in progress! Stay tuned!
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ALICE, JHEP 01 (2022) 106
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¢ Antinuclei in space-borne experiments can be a sign of Dark Matter annihilation:

€ Background: the antinuclei produced by hadronic collisions in space constitutes an irreducible
background

l GAPS
' Voyager 1
A

0.100 100 10 1
Distance to the Galactic Centre (kpc) Distance to the Sun (AU)

ALICE, Nature Phys. 19 (2023) 1, 61
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Motivation
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¢ The study of light nuclei and hypernuclei production at the LHC is very interesting as
production mechanism is still a puzzle

¢ Antinuclei in space-borne experiments can be a sign of Dark Matter annihilation:

€ Background: the antinuclei produced by hadronic collisions in space constitutes an irreducible
background

Thin atmosphere: H, He, C,... Outer crust: ions, electrons

Inner crust: ion lattice,
soaked in superfluid neutrons (SFn)
Outer core liquid: e, 1,
\ SFn, superconducting protons

Inner core: hyperons?
quarks? unknown

l ~10®gcm™

~2X nuclear density

¢ Hypernuclei can be used to study nucleon-hyperon
interaction

€ Application for the studies of neutron stars

?

4

0.1 km =T 4x10"gcm™
‘neutron drip’

|
12-157 km
|

|

\0.5 km

2x10"gcm™
~nuclear density

Yunes et. al., Nature Reviews Physics 4, 237(2022)
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Motivation
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& Hypernuclei can be used to study nucleon-hyperon interaction
€  Production of exotic bound states
& Determination of the equation of state Thin atmosphere: H, He, C|
& Application to neutron stars

Outer crust: ions, electrons

Inner crust: ion lattice,
soaked in superfluid neutrons (SFn)

Outer core liquid: e, |,
\ SFn, superconducting protons

Inner core: hyperons?
quarks? unknown

> W

— ~10"gcm™

~2 X nuclear density

2x10"*gcm™
~nuclear density

4%x10"gcm™
‘neutron drip’

Yunes et. al., Nature Reviews Physics 4, 237(2022)
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_Balance funotions with Lambda _
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Correlation volume in FIST

Thermal FIST, pp Vs = 13 TeV

trig
Inmg.l <0.8,0.5 <p.~< 4 GeV/c

pp

V. = 3 dV/dy (default)
V. =dV/dy

V. =1.6 dV/dy

V. =4.8 dV/dy
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Thermal FIST, pp Vs =13 TeV

7,1 <08,1.0 <ptTrig <8 GeV/c
dp
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V. =3 dV/dy (default) ++ 4
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V, = 1.6 dV/dy t" ’oi

V, = 4.8 dV/dy ‘* &
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Temperature in FIST

>
3 Thermal FIST, pp Vs = 13 TeV = Thermal FIST, pp Vs = 13 TeV
°2F In, 1<0.8,0.5<pl%<4 GeVic S I, 1<0.8,1.0<pl¥ <8 GeV/c
pp dp
0.2 :
* T.=176 MeV (default) ® T.=176 MeV (default)

0.15 * T,=155MeV _ ® T,=155MeV

0.1

0.05
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Next step

LUND UNIVERSITY

& PYTHIA produces deuterons with a cross-section based model (only momentum criteria for coalescence)
& Use a realistic coalescence model and obtain the balance functions

E-by-E Wigner approach

rn(tl)

M. Mahelin, F. Bellini, S. Tripathy et. al., Eur. Phys. J. C83 (2023) 9, 804
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Next step

LUND UNIVERSITY

¢ PYTHIA produces deuterons with a cross-section based model (only momentum criteria for coalescence)
& Use a realistic coalescence model and obtain the balance functions

Calibration of emission source size

E-by-E Wigner approach

= BL BLELEL BLILALE LELELN LR BT EL BN UL RLELELE
£ L, - ALICE, pp Vs =13 TeV HM B
O -~ EPOS 3, native i
oo~ — EPOS 3, scaled -

- - PYTHIA 8.3, native ’

18 - PYTHIA 8.3, scaled -
1.6 -
1.4 =
1.2 =
1.0 . =
0.8'_:1111111.111.l...l...l...l...l...ll—'
rn(tl) 10 12 14 16 18 20 22 24 26

(m_) (GeV/cd)

M. Mahelin, F. Bellini, S. Tripathy et. al., Eur. Phys. J. C83 (2023) 9, 804
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Next step

LUND UNIVERSITY

¢ PYTHIA produces deuterons with a cross-section based model (only momentum criteria for coalescence)
& Use a realistic coalescence model and obtain the balance functions

E-by-E Wigner approach

Calibration of emission source size Model with no free parameters

1
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oo — EPOS 3, scaled - = . B0 Hulthén WF % Pythia 8.3 -
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1o ] w0010 -
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©
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M. Mahelin, F. Bellini, S. Tripathy et. al., Eur. Phys. J. C83 (2023) 9, 804 = b (GeVIo)
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& Extremely sensitive to the production mechanism

¢ In a coalescence picture large suppression of the
production in small systems expected due to the
large object size

¢ For SHM the object size is not relevant— suppression
due to canonical conservation of quantum numbers

& Measurements in Run 2 p-Pb collisions favor the
coalescence approach

25.11.2025 Sushanta Tripathy

3
AH

A

H/A

3

B.R. =0.25+0.02

IIIIIII| I IIIIIII‘ A

ALICE p-Pb, 0-40%, |5, = 5.02 TeV P

ALICE Pb-Pb, 0-10%, {5, = 2.76 TeV _

------
-------------------
-
- =
-
-
-
-"
-
-

3-body coalescence -

~ 2-body coalescence

—SHM, Ve =dV/dy -

- SHM, Ve =3dV/dy

107 10°
dN /d
< ch 77>|n|<o.5
ALICE, Phys. Rev. Lett. 128 (2022) 252003 14
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¢ In a coalescence picture large suppression of the
production in small systems expected due to the
large object size

¢ For SHM the object size is not relevant— suppression
due to canonical conservation of quantum numbers

& Measurements in Run 2 p-Pb collisions favor the
coalescence approach
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ALICE p-Pb, 0-40%, |5, = 5.02 TeV P

ALICE Pb-Pb, 0-10%, {5, = 2.76 TeV _
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-
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-
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3-body coalescence -

~ 2-body coalescence

—SHM, Ve =dV/dy -

- SHM, Vc = 3dV/dy
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107 10°
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< ch 77>|n|<o.5
ALICE, Phys. Rev. Lett. 128 (2022) 252003 14
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Good description of the deuteron production by both thermal models and coalescence

N 0006 | | 1T T | | | 1T T I | I 1T 1T 1 I | I L
'f' _ ALICE _
o o — [#]p-Pb, \s,, = 5.02 TeV 7
¢ Thermal Model — requires thermal and — 0.005  voa wmutiplicity Classes (Pb-side) —
. crey . - —  [#|Pb-Pb, {5 = 2.76 TeV s
chemical equilibrium N " [Wlpo. 15 ﬂe\, i J J :
0.004— pp, Vs = 13 TeV | " —_
| _ B VOM Multiplicity Classes ~___F}-- ) il |
¢ Coalescence — Nuclei clusters are 0.003- _—
formed at kinetic freeze-out if nucleons I i < N
are close in phase space 0.002:— P Thermal-FIST CSM (PLB 785 (2018) 171-174) —:
— , ' ~ Ty =155 MeV, V=3 dV/dy _
0.001— —T_. =155 MeV, V, = dV/dy -
B ' —Coalescence (PLB 792 (2019) 132-137) ]
O | | I I I I | | | N I I I | | | | 1 1 111 I | | L 1 1 1 I_
1 10 102 10°
<chh / dnlab>|nlab|<0.5

ALICE, Eur. Phys. J. C80 (2020) 9, 889
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