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Cosmic Rays

Antinuclei in Cosmic Rays
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= ALICE Collaboration, Nat. Phys. 19, 61-71 (2023)
e Antinuclei could be a probe for indirect Dark Matter searches
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Cosmic Rays

Antinuclei in Cosmic Rays
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= ALICE Collaboration, Nat. Phys. 19, 61-71 (2023)

e Antinuclei could be a probe for indirect Dark Matter searches
e However: Astrophysical background from cosmic rays expected
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Cosmic Rays

Antinuclei in Cosmic Rays
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e Antinuclei could be a probe for indirect Dark Matter searches
e However: Astrophysical background from cosmic rays expected
e High Signal/Noise ratio (~10°-10) at low E,_expected by many models!
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Modelling (Anti)nuclei Production

The Coalescence Model

e Nucleons bind after freeze-out if they
are close in phase-space
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Modelling (Anti)nuclei Production

The Coalescence Model

e Nucleons bind after freeze-out if they
are close in phase-space
e Wigner function formalism:

dN 5!
d3lg Sd/d3X1 /d3X2/d3X1 /d3 ) ‘—
xWq (X7, X2 ) (WL(X5) W1 (X)W1 (X)) Wa (X))

Source size Relative momenta of nucleons
gI\/IM et al .Eur.Phys.J.C 83 (2023) 9, 804
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Modelling (Anti)nuclei Production

e Nucleons bind

are close in ph

e Wigner functio
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Coalescence Results EPOS

Deuteron spectra

=MM et al .Eur.Phys.J.C 83 (2023) 9, 804
e (Corrections to Protons, Source, Multiplicity
e \Wavefunctions: Gaussian,Hulthen and
Argonne v
e v, reproduces datato ~10%
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Coalescence Results EPOS

Deuteron spectra
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Coalescence Results EPOS

Deuteron spectra
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Coalescence Results EPOS

Deuteron spectra
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HLIGBA

Main Inputs: Multiplicity, momentum distributions, source size

The ToMCCA Model
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mﬁ The ToMCCA Model
A Toy Monte Carlo Coalescence Afterburner
Main Inputs: Multiplicity, momentum distributions, source size

Momentum distribution
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HLIGBA

Main Inputs: Multiplicity, momentum distributions, source size

The ToMCCA Model

A Toy Monte Carlo Coalescence Afterburner
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The ToMCCA Model

HLIGBA

Main Inputs: Multiplicity, momentum distributions, source size

Multiplicity Momentum distribution
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mﬁ Deuteron Spectra
ToMCCA Model in HM pp Collisions

Using TOMCCA for 13 TeV HM collisions
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rmﬁ Deuteron Spectra
ToMCCA Model in HM pp Collisions

Using TOMCCA for 13 TeV HM collisions
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rmﬁ Cosmic Rays
Production energy of antinuclei

Antideuteron production predominantly
for protons of E, . ~200-500 GeV
(/s ~ 19-30 GeV for p-H)
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= Serksnyte, et al. PRD 105, 083021 (2022)
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rmﬁ Cosmic Rays
Production energy of antinuclei

Antideuteron production predominantly e [Extrapolation to lower energies via event
for protons of E, . ~200-500 GeV multiplicity
(/s ~ 19-30 GeV for p-H)
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mﬁ Cosmic Rays
Production energy of antinuclei

e Antideuteron production predominantly e [Extrapolation to lower energies via event
for protons of E, . ~200-500 GeV multiplicity
(/s ~ 19-30 GeV for p-H) Momentum distribution
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mﬁ Cosmic Rays
Production energy of antinuclei

Antideuteron production predominantly e [Extrapolation to lower energies via event
for protons of E, . ~200-500 GeV multiplicity
(/s ~ 19-30 GeV for p-H) Source size
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high-multiplicity collisions
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rmﬁ Cosmic Rays
Production energy of antinuclei

Antideuteron production predominantly e [Extrapolation to lower energies via event
for protons of E, . ~200-500 GeV multiplicity
(/s ~ 19-30 GeV for p-H) Source size
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mﬁ Extrapolating the Source
Using TOMCCA as a fitting tool

Deuterons were also measured by

le-4
ALICE Collab. for different multiplicities 57:' DR ‘D' | t T t |
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Extrapolating the Source
Using TOMCCA as a fitting tool

| QU@&

Deuterons were also measured by le.d

ALICE Collab. for different multiplicities & D Euteron soecka
e Fit source size and scaling with m_ to 2 b S e S
T o | — ToMCCA
measured data | Zel tH # ALICE EPJC 82, 289 (2022) -
e (Cross check at different energies o | ; + pp Vs =5TeV |
- F& i % % & [ ® & @ J % & F [ @& & @ 5w 1 7 5_— ++ .
E 15t Nch ] I + + dN., = 18.5
R — 24 — 265 i ¥4 +
140 = B e BT a- + + + d 4
E — 102 — 36.5 | [ { —+—
1.3[ — 15.3  + ALICE | b4 n + +
r b 3- -
20 +
12E i & & o4 -+ -+ _+_
11 20 + g T ]
[ L . T : =
1.0F 1: + TN 8 e, | T ——
| stz 3iz 3 =
08 o chh_i’4 + T T = =
L /R S | 05 1.0 15 20 25 3.0
(mr)(GeV/c?) pr [GeV/c]

SQM 24 Strasbourg

Maximilian Mahlein (TUM)

04.06.2024

24



Extrapolating the Source
Using TOMCCA as a fitting tool

| QU@&

Deuterons were also measured by
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Extrapolating the Source
Using TOMCCA as a fitting tool

HLIGBA

e Deuterons were also measured by
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Deuterons were also measured by
ALICE Collab. for different multiplicities
Fit source size and scaling with m_to

measured data

Cross check at differen

Extrapolating the Source
Using TOMCCA as a fitting tool
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mﬁ Deuteron results
Minimum bias 7 TeV
Deuterons were also measured by
ALICE Collab. for different multiplicities
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rm Deuteron results
d/p ratio

Deuterons were also measured by
ALICE Collab. for different multiplicities

e Fit source size and scaling with m_ to . Vs ATy :
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mﬁ Deuteron results
B, parameter
Deuterons were also measured by
ALICE Collab. for different multiplicities

e Fit source size and scaling with m_ to L | pJA=075Gevic [8 ALICE.pp, (s=5Tev
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—TomcCA T TN
BCRLEE Bellini et al. (PRC 99 (2019) 054905) g
L ! T R R R | ! 1
A 1 10
3 3
Ba(ph) d NA/(Epd Np> (N, /dn_ b>,,, <05
dpA dp%
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Extension to A=3

Add 3rd particle to basic formalism

% = She / d® xq / d°xo / d®x3 / dx! / d® x5 / dx4

X Wie (4,561, 4) Whie (35, %8, X3) (WH(R)WE(RR)W (X)) W1 (R ) W2 (Re) Wa (45))

Similarly the probability can be expressed as

S i/
P(k1,91,0,b) = 27T)3H269 5 /d3r1d rzD(Ch,k1,r1,r2)e 452
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Helium-3 e i S Yegp

. Ee @ & & ] [ - wa @ [ & & &
Extension to A=3 coalescence S 10 L .
. 5 i 4+ ToMCCA (Gaussian WF) |
e Use 2-body source size > | ‘
o Assign every pair a distance © 0.8 |
o Geometric mean of distance for ’
coalescence probability 0.6 !
e [or now only Gaussian wave function: i ]
o Yield ~50% lower than data 04/ N 3H -
o Shape at large p; deviates L // o € ‘
0.2 + -
7'_ \‘—01—\_
0.0(- B o S S
| | | L | . Ly
. < 6— | | | 7 PR ' T
S 64 b S |
271.2 2 o |
Plk,g, o) = —exp |—b° (k" + S al .
(k.q,0) CESTE p [0 (k* +¢°)] £
020 .
=g 1 2 3 a 5 6
pr[GeV/c?]
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rm Extension to A=3
Hypertriton

Congleton! wavefunction

S : — Deuteron S-Wave ]

eX,O[— (q//\)2] > 0'14:_ — Deuteron D-Wave _

\U/\(q) = N q2 T az 0.12; Lambda Wave R

0.107 -

e Assumes factorization of Hypertriton 0.08| .

wavefunction into deuteron+/\ 0.06/ 1

e Scattering parameters retuned to latest o.0a] §

Hypertriton formfactor calculations? . 02? |
0.00/

0 2 2 3 8 10 12 14
r[fm]

="J G Congleton 1992 J. Phys. G: Nucl.
Part. Phys. 18 339
=2F. Bellini et al.: Phys.Rev.C 103, 1 (2021)
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rm Extension to A=3
Hypertriton

3 A/,

S, observable is expected to be very S3 = \H/ He / "\/ P)

sensmve to production mechanism F o sun ats 3500y S N .
e Using Gaussian for LH3 and He-3 gives =" Sun exal 2:hody ¥:.ALICE pp/3 Tav HM

0.8 -+ thermal model V.=3 dv/dy - ALICE pp 13 TeV MB |

comparable results to Sun et al. | = ToMCCA Cong./Gaus. % ALICE pPb 5.02 TeV 0-40% |
e Using Congleton for LH3 overestimates

S3

0.0~ ]

(dNen/dn)inj<o.5
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rm Extension to A=3
Hypertriton

S, observable is expected to be very S3 = \H/ 3He / \/ ]))
sensmve to production mechanism W [ sun stal 3:body T CER G S CatiEs
e Using Gaussian for LH3 and He-3 gives | - Sun et al 2-body @ .ALICE pp13 TeV'HM
comparable results to Sun et al. 0 cch componnn Y S ALicE T hvB.00 T o
e Using Congleton for LH3 overestimates I, OMCCR Congy/Gms. X053
S
° HSe—S yield is underestimated —Scale by
0.5

0.0~ ]

(dNcn/dn)ini<o.s
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| QU@&

S, observable is expected to be very
sensmve to production mechanism

e Using Gaussian for LH3 and He-3 gives
comparable results to Sun et al.

e Using Congleton for LH3 overestimates

S
3
e He-3 yield is underestimated —Scale by
0.5
* RH/°He Ratio shows increasing
lbehaviour

e However: ®He does not reproduce
shape of measured spectra

e Flat behaviour when using measured
SHe spectra

Extension to A=3
Hypertriton

o-8~ T T T T | T T T T I T T T T I T T T T
Congleton/Gaussian 5
0_7:_ Il Gaussian/Gaussian ]
- mm Congleton/ALICE(3He) 3
0.6} .
0.5 3 =
- Ule -
0.4 .
0.3 -

pr[GeV/c]

SQM 24 Strasbourg

Maximilian Mahlein (TUM)
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Conclusion

’_101_e|-3‘ T L
-ﬁ; — Deuteron spectra
Deuterons: g + ALCE Epyc 80, 889 (2020)
e (Coalescence model reproduces data © oa e eosTey | ]
dN., = 26.0

with no free parameters

e Realistic wavefunction required

e [OoMCCA allows for an extension to
arbitrary multiplicities

A:3 Coalescence & :—'Sun‘ atal :;-b;dIy ToMCCA Gaus./Gaus.
e Successful extension of the model to 0,61 thermal modet ve=3 dvidy b AUCEpp13TevMe | 3
- ALICE pPb 5.02 TeV 0-40% | s

| B ToMCCA Cong./Gaus.

A=3

0.6 I

° Nuolg .and Hy,oerngole| | _ X R S
e Realistic wavefunctions required /\&F : pr [Gevic]

ToMCCA is available under:

https://github.com/horstma/tomcca-public

(dNcn/dndin<o.s
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Conclusion

. 1.0

g | Deuteron spectra

=) — ToMCCA

Z + ALICE EPJC 80, 889 (2020) |

T 0.8 i
pp Vs =13TeV

Deuterons:
e (Coalescence mod

dNc, = 26.0

o] T

ToMCCA Gaus./Gaus.
ALICE pp 13 TeV HM

.................... _"‘_‘“"1“‘1310
pr [GeV/c]

ToMCCA is available under:
https://github.com/horstma/tomcca-public 8 e
(dNcn/dndin<o.s
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m Conclusion
ﬁ Deuteron production
e Understanding nuclei formation on earth
can open a window to indirect dark
matter searches
e Wigner function formalism can
predict nuclei yields with no free
parameters

e [oMCCA allows us to extrapolate to
arbitrary multiplicities

[
Deuteron spectra

— ToMCCA |
+ ALICE EPJC 80, 889 (2020) -

pp Vs = 13TeV

dNc, =26.0

0.0 dN, = 2.55
| N S S A N VA A B | | R Il L | L
0.5 1.0 1.5 2.0 2.5 3.0

MM et al. arXiv:2404.03352
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Coalescence Results EPOS

Angular correlations

A¢ of pp (pn) pairs

SQM 24 Strasbourg

Not reproduced by EPOS or Pythia
No real control over these behaviours in
general purpose event generators

C(A9)

1.3

1.2

1.1

1.0

0.9

0.8

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

— ALICE, pp Vs =7 TeV
EPJC 77, 569 (2017)
PYTHIA 8.3, pp Vs =

W EPOS 3, pp s = 13 TeV MB

+
g
++

7 TeV MB

T
PP © pp
An-integrated

++H+
++
+

IlllIlIllllIllI

[ “—+—
m-lllllllﬂ—I—

Maximilian Mahlein (TUM)

A¢ (rad)
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Coalescence Results EPOS

Angular correlations

A¢ of pp (pn) pairs

SQM 24 Strasbourg

Not reproduced by EPOS or Pythia
No real control over these behaviours in
general purpose event generators

Introducing:

LISBA

Toy Monte Carlo Coalescence
Afterburner
arXiv:2404.03352

C(A9)

1.3

1.2

1.1

1.0

0.9

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

— ALICE, pp Vs =7 TeV
EPJC 77, 569 (2017)
PYTHIA 8.3, pp Vs =

W EPOS 3, pp s = 13 TeV MB

+
g
++

7 TeV MB

T
PP © pp
An-integrated

++H+
++
+

IlllIlIllllIllI

[ “—+—
m-lllllllﬂ—I—

Maximilian Mahlein (TUM)

A¢ (rad)
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Comparison to previous prediction

e Important observable in accelerator measurements: B,
d3N BN\ <00
Ba(h) = Ba——~ /| ( Bo— ! |
dpA dpf;

e Theoretical prediction [1]

3 2
Bo(p) ~ — / dqD(g)e rr) ¢

10§. ik

B, (GeV?/c3)
N
o
[
|

- [o|pp, /s =13 TeV, HM |

e This neglects momentum difference between 0; Gaussian || Hulthen E
Nucleons -5F YEFT D Two Gaussmns =
. . T T R S R TR R R L]

e approximate to 10% in Pb—Pb, factor 2 05 10 1 5 > 0
N PP pT/A (GeVl/c)

[1] Blum, Takimoto, PRC 99 (2019) 044913
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Comparison to previous prediction

e 0028571 ———————— T ><:,10|_3| |
= ~ pp Vs=13TeV HM - — -
2 " [SJALICE JHEP 01,106 (2022)  Thi ork : o 25¢ ALICE E
Q. 0.020— M Gaussian WF [l EPOS 3 - L g
o ~ [ Hulthén WF 77 Pythia 8.3 : o 20 |
5 .l Argonne v18 WF ] Q ]
- ] ~ 15 — _
0.015- - o F 1 ¢ ]
- Argonne v,, now =t
- — o[® :
0.0101 works best! oo E
_ - . e |pp, Vs =13 TeV, HM | :
0.005— 5 Gaussian || Hulthen ]
. i -5 YEFT || Two Gaussians -
1 I 1 1 1 1 | 1 1 1 1 [ 1 1 1 1 | 1 1
1 ] | ] | 1 | 1 1 1 ]
a5 1.0 1.5 2.0 2.5 0.5 1.0 1.5 2.0
p_/A (GeVic) pT/A (GeV/c)
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Cosmic Rays

Antinuclei in Cosmic Rays?

e AMS-02 @ ISS has AMS Anti-Helium Mass Spectrum

measured 9 antihelium
candidates

e Not yet published

e \What could be the origin
of these antinuclei?

x10°

[72)
et
=
()
>
L
€
=
O
L

Anti-helium Events

Mass [GeV/c?]

from 0 to 10 GeV/c? there are no other signals

Pauolo Zuccon for AMS-02 Collaboration at MIAPP workshop 2022
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‘_.,‘\ I_l ) T I LI LI | LI I | B G GO | | | L | | B GO R | I LI L I L l_l
O 0.0012— deuterons, pp Vs =13 TeV HM | TI.r"

® ) []ALICE JHEP 01, 106 (2022) -

% 0.0010 It oo, EPOS 3, XEFT N4LO 1

& E °le B EPOS 3, Argonne v18 il

= \ il

@ 0.0008~ 5

2 ; d

T 0.0006 —

3 [ 1

= E 3

= 0.0004(— -

0.0002 :— ——:

0 0000 _l L1 I 11 1 1 I L1 11 I | ] e e | l | b P RO | l L1 1 1 I L1 1 1 [ L1 1 1 I 1 1 1 1—

: 10 15 20 25 30 35 40 45 50

GeV/c
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%

Next generation coalescence Mode;.
Fitting the Source

Fitting Procedure:
e Run ToMCCA with a fixed source size (e.g. 1.8 fm,
flat in m.)

e [orthe resultmg deuteron spectra calculate the x?

for each bin and save it e — ALICEHM 7
. | Fit to ToMCCA MB |
e Reduce source size L6 - ToMCCA MB
e Repeat until source size is O ’

40“‘I“‘I“‘“I“‘I“‘I“‘I“‘I“‘\L 1.4j

1.2~

25?— F
20; 1.0~ —
15?—
10;_ 0.8 | L | L | L L
5i 1.0 1.2 1.4 1.6 1.8 2.0 2.2
<mT>

NI TR T . T I I I A 1
0.25 0.50 0.75 1.00 1.25 150 1.75 2.00
ro[fm]
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New Wiger functions/Probabilities

HulthenWignerFunction WignerArgonne
HulthenWignerFunction WignerArgonne
% . Entries 15000 % Entries 12000
o Mean x 1722 () Mean x 1.874
T Meany 005112 T Meany 0.04125
std Dev x 1728 0.25 StdDevx 1.719 7
Std Devy 0.04999 Std Dev y 0.03492

o 2 4 6 8 10 12 14 16 18
HulthenProbabilityHistogram

0 2 4 6 8 10

12
r[fmZ]O rGevA-1]

ArgonneProbabilityHistogram
HulthenProbabilityHis...

ArgonneProbabilityHis...
Entries 15000

q[GeV]

Entries 6400
Mean x 1384 Mean x 1.558
Mean y 0.05121

Meany 0.04122
Std Dev x 1.961

Std Dev x 2172

Std Devy 0.05004

Std Devy 0.03489

Integral becomes
numerically unstable
for finer binning

20
s[fm]
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Argonne D-State probability

ArgonneProbabilityHistogramDWave WignerArgonne_D_Wave
< 03 s 03
o} 0.25 8
= : 5 —10.4
0.25 0.25
—10.35
0.2
0.2 0.2 —0.3
0.15
0.15 0.15
0.1
0.1 0.1
0.05
0.05 0.05

D-State probability is 6% — Maximum ~11% effect
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Recap: TOMCCA

Inputs

e ToMCCA is a Toy Monte Carlo —it requires everything £ ' - —
as an input: i 1 Tween |

o Momentum distribution —Fully parameterized ]

o  Multiplicity —Poissonian/Event Generator ]

o Angular distribution —From Measurement ]

o Source Size —ALICE Measurement ]
Woaaprrnrnsoiniissiannrc I o ores=niminsoatoaneny MR oo anc i s gian T

1l An integrated projections
T T R N R

— —
g 1.201- pp pairs Correlation
O | mEE ToMCCA

- 4 ALICE 7TeV pp MB

L |

10+

5 10 15 20 5 10 15 20 P 5 10 15 20 25
Multiplicity Multiplicity

25
Multiplicity

0.80 L | I P | | 1

nC i Ag [rad]

d®N _dN _py(n-1)(n-2) (1+ m,-m )—n
dydp; dy nC[nGC+m (n-2)]

SQM 24 Strasbourg Maximilian Mahlein (TUM) 04.06.2024 50



Using a toy MC for Coalescence
Basics of TOMCCA

Event Loop:
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Using a toy MC for Coalescence

Basics of ToMCCA
Event Loop: g s
Get number of charged particles 2 goro
1. Poissonian distribution with given mean
2. dN/deta measurements by ALICE

3. Event generator output

0.010

0.005

0.000[ =
1
[ 20
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Using a toy MC for Coalescence

Basics of TOMCCA
: <‘iN/dy pgrametgr ‘ : _n pare‘ameter : : : : C par§meter : :
Eve n‘t I_OOD : 145 0.30575x(0.18113x N,,)0-97246 e 0.15427XNcy +6.60586 0401 ,60499x(0.00864 x N;)0-39814 ’ ]

Get number of charged particles
Get proton vyield
Get neutron yield

Fit all proton spectra for 13TeV S
using a Lévy Tsallis:

d°N _dN  pn-1)(n-2) (1+ m,-m )—n }

dydp; dy nClnC+m (n-2)] Full parameterization as a
function of multiplicity

20 25 5 10 15 2 25 5 10 15 20 25
Multiplicity Multiplicity Multiplicity

Yield parameter!
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Using a toy MC for Coalescence
Basics of TOMCCA

Event L oop:
Get number of charged particles
Get proton vyield
Get neutron yield
o Loop over all protons
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Using a toy MC for Coalescence
Basics of TOMCCA

Event L oop:

Get number of charged particles

Get proton vyield

Get neutron yield

o Loop over all protons

Get 3D momentum of proton

e Draw p. from parameterization
e Draw flat rapidity y=[-0.5,0.5]
e Draw random ¢=[0,2m)
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Using a toy MC for Coalescence
Basics of TOMCCA

Event L oop:
Get number of charged particles
Get proton vyield
Get neutron yield
o Loop over all protons
Get 3D momentum of proton
o Loop over all neutrons
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Using a toy MC for Coalescence
Basics of TOMCCA (¢) pp + PP pairs

<1.3F =
Event Loop: s '
Get number of charged particles
Get proton vyield
Get neutron yield
o Loop over all protons E e
Get 3D momentum of proton o8-
o Loop over all neutrons
Get 3D momentum of neutron
e Draw p. from parameterization
e Draw flat rapidity y=[-0.5,0.5]
e Draw random A¢ from ALICE
measurement

1.2F

1.4F
1

0.9R""
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Using a toy MC for Coalescence
Basics of TOMCCA (¢) pp + PP pairs

J1.3F -
Event Loop: Sk ]
Get number of charged particles : .i v ]
Get proton yield F '
Get neutron yield £
o Loop over all protons OO E
Get 3D momentum of proton 0.8F
o Loop over all neutrons
Get 3D momentum of neutron
e Draw p. from parameterization
e Draw flat rapidity y=[-0.5,0.5]
e Draw random A¢ from ALICE
measurement

1 .y
05
(P
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Using a toy MC for Coalescence
Basics of TOMCCA (¢) pp + PP pairs

J1.3F -
Event Loop: Sk ]
Get number of charged particles : .i v ]
Get proton yield F '
Get neutron yield £
o Loop over all protons OO E
Get 3D momentum of proton o8f
o Loop over all neutrons
Get 3D momentum of neutron
e Draw p. from parameterization
e Draw flat rapidity y=[-0.5,0.5]
e Draw random A¢ from ALICE
measurement

1 .y
05
(P
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Using a toy MC for Coalescence
Basics of TOMCCA (¢) pp + PP pairs

<1.3F =
Event Loop: s '
Get number of charged particles
Get proton vyield
Get neutron yield
o Loop over all protons E e
Get 3D momentum of proton o8-
o Loop over all neutrons
Get 3D momentum of neutron
e Draw p. from parameterization
e Draw flat rapidity y=[-0.5,0.5]
e Draw random A¢ from ALICE
measurement

1.2F

1.4F
1

0.9R""

SQM 24 Strasbourg Maximilian Mahlein (TUM) 04.06.2024 60



Using a toy MC for Coalescence

BasicsofToMCCé16:,...,...,...,..., .
<= O F ALICE pp Vs = 13 TeV
Event Loop: T 15 o i . High-mult. (0—0.17% INEL> 0)

Get number of charged particles 14 41 @ g Gaussian Source
Get proton yield EX PR § =
Get neutron yield s g 1
o Loop over all protons " _ i E_i (NL;)) - .

Get 3D momentum of proton 'E w0 e

o Loop over all neutrons B -

Get 3D momentum of neutron
Get source size
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Using a toy MC for Coalescence
Basics of TOMCCA

T X T
o=1.1fm 1
—— Argonne v;g |
— Hulthén

— XerT
— Gauss

Event L oop: =N
Get number of charged particles \
Get proton vyield 7
Get neutron yield 2
o Loop over all protons '
Get 3D momentum of proton |
¢ Loop over all neutrons SO SO U T SUSS B e ewes
Get 3D momentum of neutron e
Get source size
Apply coalescence condition

1
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Using a toy MC for Coalescence
Basics of TOMCCA

Event L oop:
Get number of charged particles
Get proton vyield
Get neutron yield
o Loop over all protons
Get 3D momentum of proton
o Loop over all neutrons
Get 3D momentum of neutron
Get source size
Apply coalescence condition

SQM 24 Strasbourg Maximilian Mahlein (TUM) 04.06.2024 63



Using a toy MC for Coalescence
Basics of TOMCCA

Event L oop:
Get number of charged particles
Get proton vyield
Get neutron yield
o Loop over all protons
Get 3D momentum of proton
o Loop over all neutrons
Get 3D momentum of neutron
Get source size
Apply coalescence condition
make deuteron, number of neutrons -1
try next neutron
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Using a toy MC for Coalescence
Basics of TOMCCA

Event L oop:
Get number of charged particles
Get proton vyield
Get neutron yield
o Loop over all protons
Get 3D momentum of proton
o Loop over all neutrons
Get 3D momentum of neutron

Get source size ()
Apply coalescence condition
make deuteron, number of neutrons -1
try next neutron
o
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Using a toy MC for Coalescence
Basics of TOMCCA

Event L oop:
Get number of charged particles
Get proton vyield
Get neutron yield
o Loop over all protons
Get 3D momentum of proton
o Loop over all neutrons
Get 3D momentum of neutron
Get source size
Apply coalescence condition
make deuteron, number of neutrons -1
try next neutron

SQM 24 Strasbourg Maximilian Mahlein (TUM) 04.06.2024 66



Using a toy MC for Coalescence
Basics of TOMCCA

Event L oop:
Get number of charged particles
Get proton vyield
Get neutron yield
o Loop over all protons
Get 3D momentum of proton
o Loop over all neutrons
Get 3D momentum of neutron
Get source size
Apply coalescence condition
make deuteron, number of neutrons -1
try next neutron
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Using a toy MC for Coalescence
Basics of TOMCCA

Event L oop:
Get number of charged particles
Get proton vyield
Get neutron yield
o Loop over all protons
Get 3D momentum of proton
o Loop over all neutrons
Get 3D momentum of neutron
Get source size
Apply coalescence condition
make deuteron, number of neutrons -1
try next neutron

Next Event..
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Verifying the Model

Comparison to ALICE deuteron Spectra
Comparison of TOMCCA and EPOS to ALICE

le-3

Antideuterons

I
N

deuteron spectra 13 TeV pp with a HM trigger

e EPOS reproduces spectra within ~20%

e EPOS does not reproduce the Ad
measurement by ALICE

e [oMCCA with string fragmentation and
quark recombination mode reproduces
the measurement perfectly 021

e ToMCCA with correlated emission

ny
°
t

1/Nyot d2N/(dy dp+)[(GeV/c)~1]
° °
-] (-]

o
»

— ToMCCA String Fragmentation
— ToMCCA Quark Recombination
— ToMCCA Correlated +
¢ ALICE, pp Vs = 13 TeV,HM 0-0.01%
EPOS (Xpr=2-31) Model Argonne

overshoots data at lower pT

Model / Data
-
N

L0 e » M
=) Model reproduces the data, |
with no free parameters!

prlGeV/c]

SQM 24 Strasbourg Maximilian Mahlein (TUM)
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Deuteron number fluctuations

Introduction

To shed a light on the nuclei production mechanism measure more differential

observables and test them against the common models (CSM, coalescence)
e Rationale:

a. Inthe CSM deuterons and protons are produced independently (“poissonian”)
b. Inthe coalescence model a deuteron is formed from two independent nucleons
—combination of two poissonian distributions does not yield a poissonian
distribution
e The observables:
a. x, =N the mean number of particles per event

b. x, ={(n-{n))?) the variance of the number distribution
C. Ppg= ((np— (np>)(nd- (n )Nk, Jk,q The pearson correlation coefficient

SQM 24 Strasbourg
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Deuteron number fluctuations

Results icz/ic1

KZ/K1: Data is consistent with 1

This implies a poissonian fluctuation of
the deuteron number

This is expected in the CSM since
protons and deuterons are emitted
independently (barring canonical
suppression)

Coalescence model shows a (positive)
deviation of O(1%) indicating a deviation
from the poissonian baseline

All 3 versions of TOMCCA reproduce the

K,/K,=1
EPOS reproduces data with in large
uncertainty We can only work with pp

13 TeV HM 1 (Mult ~36)

1.03

1.02

1.01

Data translated from Centrality to mean multiplicity (using
https://twiki.cern.ch/twiki/bin/viewauth/ALICE/ReferenceMult)

I- Coalescelnce Model A I
[ Coalescence Model B
Thermal FIST 4.8dV/dy
Thermal FIST 1.6dV/dy
<+ ALICE

+

+

o

ToMCICA Correlatecli J
ToMCCA Quark Recombination -
ToMCCA String Fragmentation |
EPOS

10 12 14
dN3/dn (| < 0.5)

SQM 24 Strasbourg

Maximilian Mahlein (TUM)
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Deuteron number fluctuations

Results Pog

Data translated from Centrality to mean multiplicity (using

P Data shows a negative pearson coefficient O(0.1 %) itps./wiki.cern.chviwikitiniviewauth/ALICE /ReferenceMuty
e This implies that deuteron and proton

i I'-g- -;loI 'v:lslril; Iral.] " 4 Auce | 4
numbers are negatlvely Correlated & 0.004—-- 10:222 ar/\ti:-d gttin: Frag. : ?::VIC(ECA Correlated =
e [|nthe CSM this can be achieved by =M CoslescanceModal & (2/30) 4 TOMCCA Qriark Recoifibinatioh
. s . . - Bl Cc nce B u ToMCCA String Fragmentation
including Canonlcql suppression (Baryon 0.002] e nemeifor ot s i
number conservation) ; *
e In the coalescence model there are two 0.000L— L
. |

a. Deuterons “take away” protons inthe g ¢02
formation process (d1 — p|) _
b. Non-linear formation relation between 4 g04!
protons and deuterons (pT — d711)

effects at play: j w+

__+_
N
. N
N B
—
-

e String fragmentation and Quark -0.006 | _
recombination come close to data 2 4 & 8 '101‘/3' 12 14
e Correlated emission and EPOS too high dNcy'/dn (Inf < 0.5)
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