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Antinuclel as dark matter probe

® Antinuclel are scarcely produced In space:

- they have been considered for a long time a smoking gun of dark matter /
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Antinuclel as dark matter probe

® Antinuclel are scarcely produced In space: ¥

d, 3He, ...
- they have been considered for a long time a smoking gun of dark matter
annihilation /
e Background is present: §E
- Secondary production in the interaction of CRs with the ISM / X

(op, p-A collisions with small Z)

® Production, propagation and annihilation of antinuclei must be properly described

p+*He — “He + X e

y+y— WHW™ = SHe + X

Voyager 1
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Antinuclel In cosmic rays
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Antinuclel In cosmic rays

Source Propagation
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Coalescence model

Concept introduced in the 60s:

» Butler & Pearson, Phys. Rev. 129, 836 (1963),
Schwarzschild & Zupancic, Phys. Rev. 129, 854 (1963)

® Nucleons close in phase space at the freeze-out can form a
nucleus via coalescence

® (Coalescence parameter Ba:

3N d°N
B, =E, A/ E—2"

P dpg

A

where;:
- Ais the mass number of the nucleus

- Pp=pa/ A
® B is related to the probability to form a nucleus via coalescence

¢ Different implementations of coalescence model

X

J. |. Kapusta, Phys.Rev.C 21 (1980)
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Simple coalescence model

Py
® Hypotheses:

» No space-time distribution of the nucleons considered

» Nucleons with similar momentum (Ap < po) form a nucleus

A-1
dr M

B, =|—
A 3P()

A
My
® CoNnsequences:

» Bavs pris flat

® Applications:

» pp collisions: small volume (comparable with nucleus size)
— nucleons are always close to each other
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Simple coalescence model

Py
® Hypotheses:

» No space-time distribution of the nucleons considered

» Nucleons with similar momentum (Ap < po) form a nucleus

A-1
B, — ﬂ]ﬁ A
A 370 m

® CoNnsequences:

» Bavs pris flat o

® Applications:

» pp collisions: small volume (comparable with nucleus size)
— nucleons are always close to each other

X Pb-Pb collisions: large volume — space-time distribution 0/'

Mmust be considereo
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Application of simple coalescence

: : : 107 g B AL IR
Production of antinuclei (both from DM and secondary): 4 antideuteron -
- antinucleons in final state can form antinuclei via coalescence T 10 b p_SOMeV i

T . : 0~ -
B d BT e — s
\ /ﬁv/ % O E
c L E
i . ;

X ? T/n [GeV/n]

A—1 T T T T
. ; . antideuteron -
® Simple coalescence: P A e
A 3 Py A Ok : T b
. . P T - -
- easy to implement in MC afterburners DR W T e
‘lE 10 % IO ¥ MED-MAX
X po must be constrained from experiments < |
é’ 0—8__/’/
® T[he production model has a large effect on fluxes T F
- Important to provide a precise description P AU N NS W,

T/n [GeV/n]

Phys.Rev.D 97 (2018) 10, 103011
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B> vs pTt In pp collisions

anti-deuterons, pp, Vs =13 TeV
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Eur.Phys.J.C 80 (2020) 9, 889 ,DT/ A (GeV/ C)
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B> vs pTt In pp collisions

® 5> vs prin multiplicity classes:

- No significant deviations from a
flat behaviour

® Bovsprin M

B analysis:

_ rise with pr

- due to the
spectra wit

nardening of the proton

N multiplicity

® B> vs prin HM pp collisions

- rise with pr, even in fine
multiplicity classes

High Multiplicity pp collisions

IIIIII|

| I I I |

ALICE

I I I | I I I I | I I I

o

HM |

HM 111 (x 4)

| I I I | I I I | I I I | I I | I I | I

oo’ pp, Vs = 13 TeV

HM 11 (x 2)
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https://arxiv.org/abs/2109.13026
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Ba In Pb-Pb collisions
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Phys.Rev.C 93 (2016) 2, 02491/

® Bx increases with pt in Pb-Pb collisions
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An advanced coalescence model

® Space-time distribution of nucleons must be considered

® [heoretical predictions® consider the correlation between antinucleons

JUSEEEEEEE NN NN NN NN NN NN NN NN NN NN NN NN EEEEEEEEEE -
n
= =

B,(R) ~ — Jd3q D(q)e ke i 1PRC 99 (2019) 044913

Ay 7

» D(q) = Jd3 r| ¢ (7) \26_17'7 is the antideuteron density

- ¢p4(7) is the antideuteron wave function

» The source size R Is a function of the antideuteron pr

e ALICE measured the source size and Ba in the same data sample (HM pp collisions)
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B> vs p1/A

¢ Through femtoscopy, one can obtain R(pT)

:é 14 :;l | ' | | L L L | _:'
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B> vs p1/A

¢ Through femtoscopy, one can obtain R(pT)

x10™°
® Putting pieces together, it is possible to get B2(pT) . Y 4=
O 25¢
- test for different wave function hypotheses NS - ALICE -
> I
20 - .
® A simple Gaussian provides the best description of the és'i : y
data « 151 l & —
. . ooy A
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arxiv:2109.13026
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B> vs p1/A

Through femtoscopy, one can obtain R(pr)

%107
® Putting pieces together, it is possible to get B2(pr) — I ' ' I
. | o 0.25 ALICE -
- test for different wave function hypotheses < i
D 900 | HMpp, (s=13Tev | | ‘
e A simple Gaussian provides the best description of the O ~-=¥ 1 . -
- Gaussian -
data s’ ; ;
- . o 0.15- =
- Hulthen is expected to provide a better description I 1
i o ’
e The same approach can be used to obtain predictions 0.10 - . -
for B3(pT) ] © i
0.05 - . -
- reasonably good description with a Gaussian wave T n ;
function I i
OOO L1 1 1 T NN N (N TN NN N AN MO TN S M M R AN
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arxiv:2109.13026
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B> vs p1/A

Through femtoscopy, one can obtain R(pr)

x107°
® Putting pieces together, it is possible to get B2(pr) — I ' ' I
. , o 0.25 ALICE -
- test for different wave function hypotheses < i
| D 900 | HMpp, (s=13Tev | |
e A simple Gaussian provides the best description of the © <YL . -
- Gaussian -
data o0 : i
- . o 0.15- N
- Hulthen is expected to provide a better description I 1
i o :
e The same approach can be used to obtain predictions 0.10 - . -
for Bs(pr) ] © I
0.05 - ’ -
- reasonably good description with a Gaussian wave T n y ;
function I i
OOO L1 1 1 R SR N T NN W N WO TN NN MO SO SO NN A S
e Using an advanced coalescence model could help in 0.5 1.0 1.5 2.0
reducing production uncertainties in the predictions e P/ A (GEV/C)

for fluxes!
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Annihilation of antinuclel

® ALICE measured the inelastic cross section for
antinuclei using the detector as a target

® [wo methods are used:

- Measurement of antinuclei/nuclei ratio and
comparison with MC

- Measurement of the absorption in the TRD
detector and comparison with MC

® [he Inelastic cross section can be constrained by
scaling its value in MC until it matches the data

luca.barioglio@cern.ch 18
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- Antideuterons: good agreement with GEAN

Antiprotons and antideuterons

5 7
FC) [
"= 6
il
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o
N
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p—Pb |5 = 5.02 TeV

(Z)=85(A)=17.4,In|<0.8
—— 0, (d + (A)) Geant4
—— 0,.(d + (A)) Geant4
—e— Data_(ITS+TPC)
B G, 0+ (A) +lo
c,..(d+(A)) £20

p (GeV/c)

A

Cross section have been measured for different species:

(e

e

ALICE
p—Pb |5 = 5.02 TeV

(Z)=148,(A)=31.8,n| <0.8
—— 0, .(d + (A)) Geant4
—— 0,.(d + (A)) Geant4
—— Data (ITS+TPC+TOF)
B o, + (A) tTo
c,..(d+ (A)) £20

i 1 eV, 1vevuv il \‘LULU,I
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- Antideuterons: good agreement with GEANT4

Antiprotons and antideuterons

® (Cross section have been measured for different species:

- Antihelions: rise at low momentum, otherwise compatible with GEANT4

324

N

2 20
™
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o

16
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| | | | | | | | I | | | | | | I | | | | |
| ® ALICEon<A>=174 Geant4 i
:\ O ALICEon< A >=231.8 Geant4 |
_i\ " 5xALICEon < A > =34 Geant4 x 5 o
Cy -
t\ @ ALICEon < A > = 17.4 95% confidence upper limit e
L\ ALICE Preliminary |
NG |
N ]
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L — L -
B g = —
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L N ey

1 2 3 4 5 6 / 3 9 10

p (GeV/c)
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Effect on antihelion fluxes

® [he Inelastic cross section affects 3H_e fluxes

- Difference between GEANT4 cross section and =
the cross section by ALICE

- Only uncertainties on the cross section are shown
(small wrt to the other uncertainties)

Local interstellar flux

— Oparam DCK

—— Oparam DM

-==-0ann = 0 bck
Oann = 0 DM

— OGeanta DCK
— OGeants DM |
- Oapice bck

OaLice DM
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Effect on antihelion fluxes

. . . TT o Solar modulated flux
e The inelastic cross section affects *He fluxes 103 |
— Oparam bck — OGeant4 bck
- Difference between GEANT4 cross section and T 1075h — Oaram g“g ) —,"Geanmeli” -
. — — === 0Oann = C - OaLice BOC
the cross section by ALICE SO G =0DM " Gace DM
g O S
- Only uncertainties on the cross section are shown e

m, =100 GeV

(small wrt to the other uncertainties)

® After solar modulation, the difference between
GEANT4 and ALICE measurement disappears

- Rather constant transparency of the galaxy to
SHe nuclei

_ About 50% of “He nuclei are absorbed

10-1 109 101 102
Evin (GeV/A)
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Summary and conclusions

® Antinuclel in cosmic rays can be a probe for DM annihilation

® [he flux of cosmic antinuclel depends on the nuclear production mechanisms and on
the inelastic cross sections

® [hanks to a modern approach to the coalescence model, it is possible to test different
hypotheses on the nuclear wave function

® From the measurement of inelastic cross section, about 50% of antihelions are
absorbed and the transparency is rather constant wrt the kinetic energy

luca.barioglio@cern.ch 23
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Summary and conclusions

® Antinuclel in cosmic rays can be a probe for DM annihilation

® [he flux of cosmic antinuclel depends on the nuclear production mechanisms and on
the inelastic cross sections

® [hanks to a modern approach to the coalescence model, it is possible to test different
hypotheses on the nuclear wave function

® From the measurement of inelastic cross section, about 50% of antihelions are
absorbed and the transparency is rather constant wrt the kinetic energy

Thank you for your attention!
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Antinuclel In cosmic rays

e Low-energy is the most interesting region:

- Signal/Background ~ 10-4

e [Each term of the transport equation has uncertainties:

- Source: from production mechanism of antinuclel

- Propagation: model, solar modulation

. absorption cross section of antinuclei

Propagation

Nj

107> T 1 ||.||1'1 ........ I BI T T 11 T T T T T T
oo h Tt ESS . E - =
Ly limjg. antihelion
-
5-yr:___
1077 13-yr = eee_ n
e s, :
. DM \\\*\:\‘S'\\:O o |
‘_U) \\\ \\\ @ds
Im _9 \\\\ \\\e S/'(y' .
CT' 10 ‘\\\:\\\VI(} o
E \\\\ \\‘I\\\ \\\s
— S | N S
| N SN S
~~ S S
- eC SOl
3 10-11 Onq, -
S 10 —
> ary
O
) —
| S— N
o Tertiary
10—13 —_—
10-15 | Ll | NI EER | L1
101 109 101 102

T/n [GeV/n]

Phys.Rev.D 97 (2018) 10, 103011
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B> vs B’5

® An increasing B’2 can be obtained from a flat B2
INn each multiplicity class:

- Sd,i = B, Sg,i

Sd = Z (]Vz/N) Sd,i = DB, Z (NI/N) Slii

l

2
S,=B;S2=B, ( D (N/N) Sp,l)

2
3. (N/N)SZ,

: [ > (N/N) Sp,,]

e Conseqguence of the hardening of the proton
spectra with increasing multiplicity

‘;\ 104 ? | | %
§ 10° & -
AI— ’ _;
Q 4 (dN _ Id7)=26.02>
-O = . =
>, - o =
) 3 —
S— - -
< = =
N - —
© 107 — e
3105k  — ]
S 100 e
D § -
107" g (N _ Id7)=2.55
Qi T T P T T T T
O =01 | I | I | 1| | 11 | I | 1 | 1 | 1T | IRE
A
J T
2 — :
E 1L ==—_ — =
S it = g
m :I | | | | 11 | I 11 | [ 11 | | 11 | L1 | | 11 | [ 11 | | 11 | | | l:
0 2 4 6 8 101214161820
Eur.Phys.J.C 80 (2020) 8, 693 p_ (GeVic)

luca.barioglio@cern.ch

27


mailto:luca.barioglio@cern.ch
https://link.springer.com/article/10.1140/epjc/s10052-020-8125-1

B> vs B’5

® An increasing B’2 can be obtained from a flat B2

INn each multiplicity class:

2 o
- 8g; = B,S); S
’ ® 0.04
CS;=) (NIN)S;; =B, Y (N/N)S2, Q.
l l hN
2 -~ 0.03
_ Sd=BéSIf=Bé (Z(Ni/N)Sp,i> Q
Y. (N./N)S2, 0.02
B, = B, 2
: [ > (N/N) Sp,,]
0.01

e Conseqguence of the hardening of the proton
spectra with increasing multiplicity

ALICE
anti-deuterons, pp INEL, \s =7 TeV

* B, PRC 97 (2018) 024615

I
0
N
@

| | I | ] | | | | ] | | | | I | | | | ] | | | | ] | I |

0.4 0.6 0.8 1 1.2 1.4 1.6

Phys.Lett.B 794 (2019), 50-63 pT/A (GeV/c)
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Measure of the source size

_)
: . %) — % % 7% |2 A3
e [f the interaction is very well known, the CF C(k*) = jS(r ) lwCk =, r*)|"d’r
can be used to constrain the source function
_p_pandp_/\ /55\1_4;' - | LA B BN IR |_:'
e S ALICE pp Vs = 13 TeV =
e Assumptions SRE SR T High-mult. (0~0.17% INEL > 0) -
| o _ U S Gaussian + Resonance Source =
- Particle emission from a Gaussian core source - \ §§ = -
1.1 E I -
e Short-lived strongly decaying resonances (CT = Icore) E B E
effectively increase the source radius == = -
- e.g. A-resonances for protons C = p-A (NLO = -
9 o 0.8 - &\w p—A ( ) =
e Universal source model E B2 pA (L0 " E
0.7 &, PN B |....|._-.
1 12 14 16 18 2 22 24 26

- rcore fixed for each pair based on {mm m.) (GeV/c?)
]

PLB 811 (2020) 135849
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The correlation function

® [he correlation function is defined as:

) = [S(?*) (K, 7) [P = |

Experiment

— Pa—Pp .
where k * = —= % in the pair rest-frame

2

® [wo ingredients:

- Emitting source: hypersurface at kinematic freeze-out of
final-state particles

- Two-particle wave function: express the interaction
between particles

S(7*) source function

two-particle
wave function

Pa
The theoretical CF is obtained using

CATS (Correlation Analysis Tool using
the Schrodinger equation):

- exact solution of the Schrodinger
equation for a wave function

D.L. Mihaylov et al., EPJC 78 (2018) 5, 394
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The correlation function

® [he correlation function reflects the interaction:

- Absence of interaction: C(k*) = 1

N, same(k*) -

= 1
N, mixed(k >I<)

k) = JS(?*) (T ) P ddr =

100 200 k* (MeV/c)
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- Absence of interaction: C(k*) = 1

Ck*) = Js@*) (K, 7) Pk =

® [he correlation function reflects the interaction:

The correlation function

Repulsive interaction: C(k*) < 1

N, same(k *)
<
N, mixed(k*)

1

100 200 k* (MeV/c)
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The correlation function

® [he correlation function reflects the interaction:

- Absence of interaction: C(k*) = 1

- Repulsive interaction: C(K*) < 1

- Attractive interaction: C(k™) > 1

N, same(k*) 1
>
Nnixed(K™)

Ck*) = Js@*) (K, 7) Pk =

100 200 k* (MeV/c)
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The correlation function

® [he correlation function reflects the interaction:

- Absence of interaction: C(k*) = 1

- Repulsive interaction: C(K*) < 1
- Attractive interaction: C(k™) > 1

- Bound state: C(k*) s 1

- w2 12 13 same(k*)
Ck*) = |S(r*) |\w(k* r*) | d°r* = /V (k*) s 1
m1xed

100 200 k" (MeV/c)
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The Statistical Hadronisation Model (SHM)

e |t assumes hadron abundances from
statistical equilibrium at the chemical
freeze-out

dN/dy

e The chemical freeze-out temperature (Ten) iS a
Key parameter:

m
dN/dy « exp( )

Tch

e | arge reaction volume (V73 >1) in Pb-Pb
collisions

» grand canonical ensemble

(mod.-data)/c . (mod.-data)/mod.
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The Statistical Hadronisation Model (SHM)

e |t assumes hadron abundances from
statistical equilibrium at the chemical
freeze-out

e The chemical freeze-out temperature (Ten) iS a
Key parameter:

dN/dy « exp( e )
Tch

e | arge reaction volume (V73 >1) in Pb-Pb
collisions

» grand canonical ensemble

e |n small systems (//3< 1) a local
conservation of guantum numbers (S, Q and B)
IS necessary

» canonical ensemble (CSM)
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The coalescence parameter Ba

o Measuring Ba as a function of dNcn/dn at fixed prit is

possible to study the dependence on the system N L D
volume. N ' ,
% 1072 3 .,-- M | ALICE E
s _ [@lpp, {s =13 TeV, HM i
e B evolves smoothly with multiplicity - @pp, Is =13 TeV -
. . -3 L@ s=7TeV _
- production mechanism depends only on the 107 £ 2PP, 's = :
t . - |@p-Pb, \f =5TeV =
Systeém size - [@|Pb-Pb, \(_ 2.76 TeV :
_ B, coalesc. r(d) = 3.2 fm |
g Param. A (fit to source radii)
107" £ — Param. B (constrained to ALICE Pb-Pb B,) E
N 1 1 11 lllll 1 1 1 lllll 1 1 11 lllll | | 1 1 11
3A-1) 1 10 10° . /\) O/d
S 20,+1 1 27 aN_ nlab>|n <05

arxiv:2109.13026
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The coalescence parameter Ba

® Measuring Ba as a function of dNea/dn at fixed pritis . 402 e
possible to study the dependence on the system o : B, coalesc. r( "He) = 2.48 fm
E _ -
volume. % 10 - Param. A (fit to source radii) =
0) S —— Param. B (constrained to ALICE Pb-Pb B,
— V X dNCh/dﬂ mm 10—4 = =
e Ba evolves smoothly with multiplicity sL ALICE -
107 £ [@|pp, Is = 13 TeV, HM =
- production mechanism depends only on the : " @|pp, (s =13 TeV -
system size 10 " E [@|pp, (s =7 TeV E
107 ;_ ®|p-Pb, \’SNN =5TeV _;
- [®)Pb-Pb, (S = 2.76 TeV 5
10_8 | | | L 1 11 lI | | | 1| 11 llI | | | | 1 11 ll | | | | l\l\l"
; 2 3
Sy 10 10 10
> dN /d
B 2JA +1 1 27 < ch nlab>lnlab|<0-5
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® Al ICE measured the inelastic cross section for
antinuclel using the detector as a target

® [wo approaches:

1. measure the reconstructed antimatter/
matter ratio and compare it with MC, in which
o IS varied

Inelastic cross section of antinuclel

—
Ar

A

o 1

= MC

>

LE Data
_ Fit

05 1 1.5 8 INEL ; _INEL
c /adf
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Inelastic cross section of antinuclel

® Al ICE measured the inelastic cross section for
antinuclel using the detector as a target

® [wo approaches:

1. measure the reconstructed antimatter/
matter ratio and compare it with MC, in which
o IS varied

2. measure the TPC/TOF ratio for antimatter and
compare it with MC

® [he measurement was carried out for antiprotons,
antideuterons and antihelions
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Antiprotons and antideuterons

® (Cross section have been measured for different species:

- Antiprotons: good agreement with GEANT4

S 3.5 [ ' | ' | ' | ' _ S 3.5 _ ' | ' | ' | ' _
R ALICE (@) _ R ALICE (b)
° p—Pb \[s\ = 5.02 TeV : ° p—Pb \[s. = 5.02 TeV :
25 (Z)=85(A)Y=174,n <0.8 2.5 (Z)=14.8,(AY=318,n <0.8 —
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PRL 125, 162001 (2020)
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