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• 3He (6) and 4He (2) candidates have been identified by AMS-02.
The event rate is ⇠ 1 anti-helium in 100 million helium.

• Massive background simulations are carried out to evaluate significance.
The probability of a background origin for He events is very small.

• More data are needed. Number of collected He events should increase,
while probability of background origin should decrease.

qsec(He |EHe,x) =
X

i2p,↵

X

j2H,He
4⇡

Z
dEi �i(Ei,x)nj(x)

d�ij!He

dEHe

(Ei, EHe)

He

Secondary cosmic-ray anti-helium

S. Ting, The First Five Years of AMS on the ISS, CERN, December 8, 2016

A. Oliva, Light Anti-nuclei as a Probe for New Physics, Leiden, October 15, 2019

3He

4He

2

• AMS-02 has observed few events in the mass region from 0 to 10 GeV with
charge Z = �2 and rigidity R < 50 GV. The masses of all events are in the
3He and 4He mass region.

• The event rate is 1 anti-helium in ⇠ 100 million helium.

• Massive MC background simulations are carried out to evaluate significance.
So far 35 billion He events simulated vs 6.8 billion He event triggers for 10 years.
AMS-02 did not find background to the anti-helium events. At this level, the
MC simulations are di�cult to validate.
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The putative AMS-02 antihelium events
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Production rate for CR secondaries
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A recent and comprehensive B/C analysis

Including theoretical uncertainties is paramount
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The essential motivation in looking for antimatter cosmic rays

Dark Matter particles could be the major component of the haloes of galaxies. Their
mutual annihilations or decays would produce an indirect signature under the form of
high-energy cosmic rays.
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Positron constraints on cosmic ray propagation
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Solar modulation

Secondary cosmic-ray anti-helium
3He
4He
Anti-helium production and the coalescence factor

Determination of the coalescence momentum
Local source term for anti-nuclei production in cosmic-rays

Secondary anti-helium fluxes

Charged cosmic-ray Galactic propagation

3



primaries

secondaries

3

Ginzburg i Syrovatskii 1964

Galactic cosmic ray di↵usion model

L

NGC 891 magnetic halo

 =
dn

dE
=

d
4
N

d3xdE

� =
1

4⇡
v 

# part. (GeV/nuc)�1 cm�2 s�1 sr�1

 ̇ + r·{�Kr +  VC} +
@

@E

⇢
b �DEE

@ 

@E

�
= q � (�vnH) 

x di↵usion convection E losses E di↵usion ISM spallation

q = qacc, qsec, qDM

q = qacc qsec qDM

K = K0 �R�

DEE =
2

9

V
2

A
�
4
E

2

K

Fully numerical codes

Semi-analytic codes

Galprop

DRAGON

Picard

4

Ginzburg i Syrovatskii 1964

Galactic cosmic ray di↵usion model

L

NGC 891 magnetic halo

 =
dn

dE
=

d
4
N

d3xdE

� =
1

4⇡
v 

# part. (GeV/nuc)�1 cm�2 s�1 sr�1

 ̇ + r·{�Kr +  VC} +
@

@E

⇢
b �DEE

@ 

@E

�
= q � (�vnH) 

x di↵usion convection E losses E di↵usion ISM spallation

q = qacc, qsec, qDM

q = qacc qsec qDM

K = K0 �R�

DEE =
2

9

V
2

A
�
4
E

2

K

Fully numerical codes

Semi-analytic codes

Galprop

DRAGON

Picard

4

DRAGON

Picard

USINE

Bonn Code

Production rate for CR secondaries

qsec(species a |Ea,x) =
X

i2CR

X

j2ISM
4⇡

Z
dEi �i(Ei,x)nj(x)

d�ij!a

dEa

(Ei, Ea)

# CR (GeV/nuc)�1 cm�3 s�1

q
II

B
(E) from C+H ! B = 4⇡ nH ⇥ �C(E)⇥ �C+H!B(E)

1D magnetic halo

{C,N,O,Ne,Mg, Si} �i(Ei,x)

�ij!B(E)

A recent and comprehensive B/C analysis

Including theoretical uncertainties is paramount

A. Reinert & M.W. Winkler, JCAP 1801 (2018) 055

4

The essential motivation in looking for antimatter cosmic rays

Dark Matter particles could be the major component of the haloes of galaxies. Their
mutual annihilations or decays would produce an indirect signature under the form of
high-energy cosmic rays.

� + � ! qq̄,W
+
W

�
, ... ! �, e

+
, p̄, D̄,

3
H̄e& ⌫

0
s

p or ↵ (CR) + ISM ! e
+
, p̄, D̄,

3
H̄e + X

Antimatter is already manufactured inside the Galactic disk

Courtesy Antje Putze, TeVPA 2015

2

Positron constraints on cosmic ray propagation

qsec(e+ |Ee,x) =
X

i2p,↵

X

j2H,He
4⇡

Z
dEi �i(Ei,x)nj(x)

d�ij!e+

dEe

(Ei, Ee)

{ p,↵ }

e
+

B/C ) K/L while e+ ) K

Degenracy between K and L can be lifted

6

qsec(p̄ |Ep̄,x) =
X

i2p,↵

X

j2H,He
4⇡

Z
dEi �i(Ei,x)nj(x)

d�ij!p̄

dEp̄

(Ei, Ep̄)

{ p,↵ }

p̄

Solar modulation with �
F
p
6= �

F
p̄

15

qsec(d̄ |Ed̄,x) =
X

i2p,↵

X

j2H,He
4⇡

Z
dEi �i(Ei,x)nj(x)

d�ij!d̄

dEd̄

(Ei, Ed̄)

d̄

Fusion of p̄ & n̄

Coalescence factor B

d
3NX = FX(

p
s,kX) d3kX =

d
3
�X

�ine

p or �

(i) No correlation in antinucleon pair production

d
6Np̄,n̄ {k1,k2} = Fp̄,n̄(

p
s,k1,k2) d3k1 d

3k2

Factorization hypothesis for Fp̄,n̄
1

2

�
Fp̄(

p
s,k1)Fn̄(

p
sred,k2) + Fn̄(

p
s,k2)Fp̄(

p
sred,k1)

 

18

qsec(d̄ |Ed̄,x) =
X

i2p,↵

X

j2H,He
4⇡

Z
dEi �i(Ei,x)nj(x)

d�ij!d̄

dEd̄

(Ei, Ed̄)

d̄

Fusion of p̄ & n̄

Coalescence factor B

d
3NX = FX(

p
s,kX) d3kX =

d
3
�X

�ine

p or �

(i) No correlation in antinucleon pair production

d
6Np̄,n̄ {k1,k2} = Fp̄,n̄(

p
s,k1,k2) d3k1 d

3k2

Factorization hypothesis for Fp̄,n̄
1

2

�
Fp̄(

p
s,k1)Fn̄(

p
sred,k2) + Fn̄(

p
s,k2)Fp̄(

p
sred,k1)

 

18

Ginzburg i Syrovatskii 1964

Galactic cosmic ray di↵usion model

L

NGC 891 magnetic halo

 =
dn

dE
=

d
4
N

d3xdE

� =
1

4⇡
v 

# part. (GeV/nuc)�1 cm�2 s�1 sr�1

 ̇ + r·{�Kr +  VC} +
@

@E

⇢
b �DEE

@ 

@E

�
= q � (�vnH) 

x di↵usion convection E losses E di↵usion ISM spallation

q = qacc, qsec, qDM

q = qacc qsec qDM

K = K0 �R�

DEE =
2

9

V
2

A
�
4
E

2

K

Fully numerical codes

Semi-analytic codes

Galprop

DRAGON

Picard

4

Dark matter searches
with cosmic antideuterons and antihelium

Pierre Salati – LAPTh & Université Savoie Mont Blanc
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He and Ā and qDM

primaries Ā
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He and Ā and qDM

primaries Ā
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Assuming that the Milky Way magnetic halo is an infinite slab
and that di↵usion alone is at work, we get the 1D results

 sec =
hL

K
⇥ qsec while  prim =

L2

2K
⇥ qDM

B/C analyses fix the ratio L/K
L is required to get the flux of antinuclei from DM

Typical timescales for Galactic CR propagation

• From ⌧inel = (�ine vCRnISM)�1, ⌧di↵ = hL/K and ⌧conv = h/VC , we build the
typical timescale for the disk

1
⌧disk

= 1
⌧inel

+ 1
⌧conv{1�e�⌧

di↵
/⌧conv}

• Energy losses and di↵usive reacceleration are respectively associated to the
timescales ⌧loss = T/|b| and ⌧DR = T 2/DEE.

TMW =
⌧disk(�ine 6= 0)

⌧disk(�ine = 0)
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Based on Weinrich et al., A&A 639 (2020) A131 [2002.11406]

Weinrich et al., A&A 639 (2020) A74 [2004.00441]

Génolini et al., [2103.04108]

Based on Weinrich et al. 2002.11406 & 2004.00441

Génolini et al. 2103.04108

The essential motivation in looking for antimatter cosmic rays

Dark Matter particles could be the major component of the haloes of galax-

ies. Their mutual annihilations or decays would produce an indirect signature
under the form of high-energy cosmic rays.
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Antimatter is already manufactured inside the Galactic disk

Uncertainties from cosmic ray propagation need to be ascertained.

MIN-MED-MAX benchmark configurations allow to bracket them.

Courtesy Antje Putze, TeVPA 2015

F. Donato et al., Phys. Rev. D69 (2004) 063501

T. Delahaye et al., Phys. Rev. D77 (2008) 063527

Y. Génolini et al., Phys. Rev. D99 (2019) 123028
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Assuming that the Milky Way magnetic halo is an infinite slab
and that di↵usion alone is at work, we get the 1D results
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B/C analyses fix the ratio L/K

L is required to get the flux of antinuclei from DM
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Three CR transport schemes

• BIG is the most comprehensive (K0, �, Rl, �l, VC, Va, L)

• QUAINT ⇢ BIG is the old scheme (K0, �, ⌘, VC, Va, L)

• SLIM ⇢ BIG is for the Gifted Amateur (K0, �, Rl, �l, L)

• 10Be used as a CR clock with half-lifetime t1/2 of 1.387 Myr

• But isotopic data at low energies and with improvable precision

• Trade-o↵ between isotopic data 10Be/Be & 10Be/9Be and
elemental ratio Be/B

Cosmic ray parameter values and
associated covariance matrix for SLIM

The precision on L improves
as more data sets are combined
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Based on Boudaud et al., Phys. Rev. Res. 2 (2020) 023022

Weinrich et al., A&A 639 (2020) A74

Calore et al., SciPost Phys. 12 (2022) 163

Weinrich et al., A&A 639 (2020) A74

Weinrich+[2002.11406] & Weinrich+2004.00441]

Boudaud et al., Phys. Rev. Res. 2 (2020) 023022

Calore et al., SciPost Phys. 12 (2022) 163

The essential motivation in looking for antimatter cosmic rays

Dark Matter particles could be the major component of the haloes of galax-
ies. Their mutual annihilations or decays would produce an indirect signature
under the form of high-energy cosmic rays.
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Antimatter is already manufactured inside the Galactic disk

Uncertainties from cosmic ray propagation need to be ascertained.
Among them, the size L of the magnetic halo plays a crucial role.
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Table 3. Halo size fit results for the combined analysis of Li/C and
B/C (denoted ‘Base’, see also Fig. 2) with an ‘unstable-to-stable’ sec-
ondary ratio r. The top rows show the constraint from AMS-02 data
(r = Be/B), while the bottom rows show the combined constraint from
all available datasets (r = Be/B +10Be/Be +10Be/9Be).

BIG SLIM QUAINT
Base & Be/B

(AMS-02)

L [kpc] 4.96+2.97
�1.76 5.04+3.07

�1.79 4.79+3.19
�1.77

�2 / ndof 233.7 / 193 233.1 / 195 235.3 / 194
�2

nui / nnui 17.4 / 20 17.4 / 20 15.8 / 20

Base & Be/B & 10
Be/Be & 10

Be/9Be

(all data)

L [kpc] 4.64+1.35
�0.94 4.66+1.35

�0.97 4.08+1.33
�0.78

�2 / ndof 266.3 / 251 265.6 / 253 269.0 / 252
�2

nui / nnui 25.6 / 35 25.4 / 35 25.6 / 35

at once—App. B details results on the broken-down constraints
from various low-energy datasets. The tension with ISOMAX
data also reflects in the global fit (last column), which is pushed
towards slightly larger L values, also preferred by AMS-02 Be/B
data (second column).

We gather in Table 3 the best-fit values and 1� uncertainties
on L for the AMS-only analysis (with Be/B, top) and the com-
bined analysis (with Be/B and all isotopic ratios, bottom). In
terms of the �2

min/dof values, a fair but not perfect agreement is
obtained when using AMS-02 only data (�2

min/dof ⇠ 1.2). An
excellent fit is obtained for the isotopic data with �2

min/dof ⇠
1.0, and also when combining elemental and isotopic data with
�2

min/dof ⇠ 1.06 (last column in Fig. 2 or bottom of Table 2); for
the latter, low-energy Li/C, B/C, and also 10Be-related ratios are
in good agreement with the constraints set by AMS-02 data only
and thus merely increases ndata without increasing �2

min. The last
row in Table 3 shows the value of

�2
nui/nnui ⌘

0
BBBBB@

nsX

s=0

N
s

Sol.Mod. +

nxX

x=0

N
x

XS

1
CCCCCA /(ns + nx), (3)

withN s

Sol.Mod. andN x

XS the ns and nx nuisance parameters for so-
lar modulation and cross sections respectively (nnui = ns + nx).
As discussed in Weinrich et al. (2020), this quantity gives a di-
rect check that nuisance parameters behave properly. On aver-
age, nuisance parameters post-fit values should never be more
than 1� away from their prior, that is, �2

nui/nnui . 1, and this is
verified for all our fits.

For illustration purposes, we finally show in Figs. 3 and 4
the model calculation and the data for Be/B and isotopic ratios.
The parameters are taken from the best-fit to all combined Be/B,
10Be/Be, and 10Be/9Be data (last column in Fig. 2). In both plots,
the top panels show the model calculations for the three transport
configurations (BIG, SLIM, and QUAINT) along with the data.
For SLIM, we also superimpose the 1� model total uncertainties
(contours) as calculated in Sect. 3.3. The second panels illus-
trate the goodness-of-fit to the data via the residuals between
the data and the model. For the Be/B case with AMS-02 data
(Fig. 3), a third panel shows the ‘rotated’ score z̃, as defined in
Boudaud et al. (2019) or Weinrich et al. (2020): It su�ces to say
that this score represents an unbiased visual representation of the
distance between the model and the data, accounting for exist-
ing rigidity correlations in the systematics of AMS-02 data; also,

Fig. 3. Model prediction (top), residuals (centre), and z̃-score (bot-
tom) for Be/B based on the best-fit parameters to B/C, Li/C, 10Be/9Be,
10Be/Be and Be/B data. In the top panel, the contours show the 1� total
model uncertainties for BIG. In the bottom panel, the right-hand side
shows the distribution of z̃ values against a Gaussian with unit width
(solid lines).

the chi-square is the sum of the squares of these rotated residu-
als, that is, �2

Be/B =
P

i z̃
2
i
. The right-hand side of the bottom

panel is another illustration of the goodness of fit of the model,
for the distribution of z̃-values is expected to follow a Gaussian
distribution of width one.

3.4.2. Discussion

It is interesting to compare our results to those of previous anal-
yses that considered either ACE-CRIS 10Be/9Be ratio or Be/B
data. Based on the analysis of 10Be/9Be and other radioactive
isotopes, and using a di↵usion model with � ⇡ 0.3, the GAL-
PROP team found L 2 [1.5 � 6] kpc (Moskalenko et al. 2001),
and later on, using an evolved Bayesian analysis, found L =
5.4±1.4 kpc (Trotta et al. 2011). Actually, the halo size strongly
correlates with the di↵usion slope � (Donato et al. 2002; Putze
et al. 2010). Using 1D or 2D semi-analytical models, our team
found L ⇡ 5 kpc (Donato et al. 2002) for � ⇠ 0.5, and later on,
also in an evolved Bayesian context, found L ⇡ 4±1 kpc in a pure
di↵usion/reacceleration model (Putze et al. 2010). All these val-
ues are consistent with the constraints derived here using ACE-
CRIS 10Be/9Be data only (see Fig. 2), that is L 2 [3 � 8] kpc.
Our uncertainties are larger than in previous studies, because we
include here production cross-section uncertainties.

Comparatively, less studies focused on elemental ratios. Us-
ing HEAO-3 Be/B data (and other ratios) in a semi-analytical
di↵usion model with � = 0.6, a rough range of L 2 [2 � 4] kpc
was found in Webber & Soutoul (1998). A much larger range
was found in Putze et al. (2010), with L a few kpc only al-
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The essential motivation in looking for antimatter cosmic rays

Dark Matter particles could be the major component of the haloes of galax-
ies. Their mutual annihilations or decays would produce an indirect signature
under the form of high-energy cosmic rays.
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Uncertainties from cosmic ray propagation need to be ascertained.
Among them, the size L of the magnetic halo plays a crucial role.
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To get conservative limits and enhance a potential DM signal, we will leave
L vary on a large interval and take AMS-02 Li/C, B/C and Be/B data only.

Unstable secondary 10Be allows to measure a magnetic halo size L of 4.5± 1 kpc
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= BA

⇢
Ep̄

�in

d
3
�p̄

d 3kp̄

�Z⇢
En̄

�in

d
3
�n̄

d 3kn̄

�A�Z

with kp̄ = kn̄ = kĀ/A
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Production of light nuclei and anti-nuclei in pp collisions ALICE Collaboration

and anti-deuterons are compatible and do not show any significant dependence on the center-of-mass
energy within uncertainties. These measurements extend the pT reach up to three times beyond previous
measurements in pp collisions extracted from the CERN ISR [11, 12, 51] (Figure 9).
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Fig. 8: Coalescence parameter (B2) of deuterons (solid circles) and anti-deuterons (hollow circles) as a function
of pT per nucleon in inelastic pp collisions at

p
s = 0.9, 2.76 and 7 TeV. Statistical uncertainties are represented by

error bars and systematic uncertainties by boxes.

To extract the B2 from the CERN ISR, the anti-proton distribution was taken from [51] and the total
cross section of 42.3±0.4 mb from [52]. The distribution was also scaled by a factor of 0.69, estimated
with an EPOS (LHC) simulation [43, 53], to take into account the feed-down contribution. Figure 9 also
includes the B2 parameter of anti-deuterons from gp collisions and deep inelastic scattering of electrons
at HERA [14, 50] and B2 from p–Cu and p–Pb collisions at Bevalac [1]. Our measurement reveals a
pT dependence in B2 not seen in previous experiments, which is significant given that the systematic
uncertainties are correlated bin by bin.

This pT dependence can be reproduced with QCD-inspired event generators, such as PYTHIA 8.2
(Monash tune) [54] and EPOS (LHC), when adding a coalescence-based afterburner [43] that takes into
account the momentum correlations between nucleons (Figure 10). The afterburner looks for clusters
of nucleons among the final particles produced by the event generators and boosts them to their center-
of-mass frame. If the momentum of each individual nucleon is less than a certain value a nucleus is
generated. With the afterburner, a constant B2 is recovered when selecting protons from one event and
neutrons from the next event (event mixing), in agreement with the expectation of an uncorrelated distri-
bution of nucleons (Figure 10). The pT dependence in B2 is still present in the results from an alternate
PYTHIA 8.2 (Monash tune) simulation with color reconnection turned off (Figure 10). Furthermore, a
radial flow effect in B2 at these low average charged multiplicities is also discarded by the EPOS (LHC)
simulation with the afterburner, since this contribution only arises in high multiplicity events, starting
from dNch/dh > 15 [53]. Thus, this pT dependence can be explained as a purely hard scattering effect,
in contrast to AA collisions, where it is usually attributed to collective flow.
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To extract the B2 from the CERN ISR, the anti-proton distribution was taken from [51] and the total
cross section of 42.3±0.4 mb from [52]. The distribution was also scaled by a factor of 0.69, estimated
with an EPOS (LHC) simulation [43, 53], to take into account the feed-down contribution. Figure 9 also
includes the B2 parameter of anti-deuterons from gp collisions and deep inelastic scattering of electrons
at HERA [14, 50] and B2 from p–Cu and p–Pb collisions at Bevalac [1]. Our measurement reveals a
pT dependence in B2 not seen in previous experiments, which is significant given that the systematic
uncertainties are correlated bin by bin.

This pT dependence can be reproduced with QCD-inspired event generators, such as PYTHIA 8.2
(Monash tune) [54] and EPOS (LHC), when adding a coalescence-based afterburner [43] that takes into
account the momentum correlations between nucleons (Figure 10). The afterburner looks for clusters
of nucleons among the final particles produced by the event generators and boosts them to their center-
of-mass frame. If the momentum of each individual nucleon is less than a certain value a nucleus is
generated. With the afterburner, a constant B2 is recovered when selecting protons from one event and
neutrons from the next event (event mixing), in agreement with the expectation of an uncorrelated distri-
bution of nucleons (Figure 10). The pT dependence in B2 is still present in the results from an alternate
PYTHIA 8.2 (Monash tune) simulation with color reconnection turned off (Figure 10). Furthermore, a
radial flow effect in B2 at these low average charged multiplicities is also discarded by the EPOS (LHC)
simulation with the afterburner, since this contribution only arises in high multiplicity events, starting
from dNch/dh > 15 [53]. Thus, this pT dependence can be explained as a purely hard scattering effect,
in contrast to AA collisions, where it is usually attributed to collective flow.
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Fig. 11: Coalescence parameter (B3) of tritons and 3He nuclei (left panel) and their anti-nuclei (right panel) in
inelastic pp collisions at

p
s = 7 TeV. The Bevalac measurements in p–C, p–Cu and p–Pb collisions [1] are not

given as a function of pT and are shown as vertical bands at pT/A = 0 GeV/c for comparison. Error bars and boxes
represent the statistical and systematic uncertainties, respectively, and dashed lines the values obtained with EPOS
(LHC) with the afterburner.

5.2 Integrated yields and deuteron-to-proton ratio

Unlike coalescence models, statistical hadronization models only provide predictions for integrated
yields. In this case, the integrated yields of light nuclei and the deuteron-to-proton ratio can add ad-
ditional constraints to these models and could therefore serve as a test for thermal-statistical behavior in
small systems at LHC energies.

To find the integrated yields, the measurements were extrapolated to the unmeasured pT region with a
statistical distribution that provides an exponential behavior at low pT and a power law behavior at high
pT (Figures 5 and 7):

E
d3

N

dp3 = gV
mT

(2p)3

⇣
1+(q�1)

mT

T

⌘ q

1�q

, (2)

where mT =
q

p
2
T +m2 is the transverse mass, and gV , T and q are free parameters. This distribution can

be derived from the Tsallis entropy [55, 56] and gives good description of the data in pp collisions [56].
It was preferred over the Levy-Tsallis used in previous work [10] as it provides a more stable description
of the measurements with a limited data set, as in the case of anti-deuterons for the center-of-mass energy
of 0.9 TeV or the 3He nuclei.

The systematic uncertainties of the integrated yields (dN/dy) and mean transverse momenta (hpTi) were
evaluated by shifting the data points up and then down by their uncertainties (i.e. assuming full corre-
lation between pT bins). Additionally, the data points were shifted coherently, in a pT-dependent way,
within their uncertainties to create maximally hard and maximally soft pT distributions. The values of
dN/dy and hpTi were reevaluated and the largest difference was taken as the systematic uncertainty.
Table 2 summarizes the resulting values for the different center-of-mass energies along with the extrap-
olation fraction due to the unmeasured pT regions. The uncertainty on the extrapolation was estimated
by using additional distributions including the Levy-Tsallis [57, 58] and Boltzmann distributions. The
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Determination of the coalescence momentum

• No ab initio determination of p0 which needs to be fitted to data.
To do so, a model is required.

• Monte-Carlo event-generators are not devoid of problems.
They are tuned to specific processes 6= antinucleon production.
They yield di↵erent p0 when adjusted to di↵erent data sets.
p0 depends on

p
s.

• ALICE provides an experimental determination of B2 and B3.
p̄ production cross-section is measured.
Approximately the same value for p0 from d̄, t̄ and 3He .
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Assuming that the Milky Way magnetic halo is an infinite slab
and that di↵usion alone is at work, we get the 1D results
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2
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⇥ qDM

B/C analyses fix the ratio L/K

L is required to get the flux of antinuclei from DM

Typical timescales for Galactic CR propagation
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A word of caution though

• In general, DM species annihilations do not produce a detectable amount of 3He.
Furthermore, since DM is at rest, the spectrum peaks at low energy 6= O(10) GeV/n.

• Recently, a new proposal based on DM coupling to b quarks.

� + � ! b + b̄ b̄ ! ⇤̄b meson ⇤b (5.6 GeV) ! 3He (4.7 GeV)

M. Winkler and T. Linden, Phys. Rev. Lett. 126 (2021) 101101

BUT

7

• Coalescence proceeds with the same pattern for DM annihilation.
In the CMF of DM annihilation, the antinuclei Ā multiplicity is
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(4⇡kĀ)A�1

� X

channel F

BF

(
dN F

p̄

dEp̄

)Z⇢
dN F

n̄

dEn̄

�A�Z

where the multiplicities dNp̄/dEp̄ and dNn̄/dEn̄ are taken at Ep̄ = En̄ = EĀ/A.
The branching ratio to channel F is defined as BF = h�annviF/h�annvitot.

• The coalescence scheme does not take into account angular correlations between
antinucleons of the final state. Such correlations can be taken into account using
an event-by-event coalescence model.

Collisions and mostly DM annihilations can be simulated with a Monte-Carlo.
generator. A coalescence condition is applied on the antinucleons of each event.
In the CMF of the A final antinucleons, we require that each antinucleon fulfills

||p⇤

i || < (A� 1)1/(3A�3)

npcoal
2

o

dNd̄

dEd̄
=

md̄

mp̄ mn̄

⇢
p3coal
6kd̄

� X

channel F

BF
dN F

p̄

dEp̄

dN F
n̄

dEn̄
@ Ep̄ = En̄ = Ed̄/2

As shown in F. Donato et al., Phys. Rev. D 62 (2000) 043003, DM antideuterons are to
be found at low energy where the flux of antideuterons produced by cosmic ray primaries
colliding on the ISM is deficient for kinematic reasons.

M. Korsmeier et al., Phys. Rev. D97 (2018) 103011

M. Winkler et al., Phys. Rev. D107 (2023) 123035

A. Cuoco et al., Phys. Rev. Lett. 118 (2017) 191102
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A word of caution though

• AMS-02 has not yet published any He analysis. An up-date should be
presented next July at COSPAR – see V. Choutko’s talk.

• But we should not refrain ourselves from exploring the consequences of
these putative events. Observation and theory nurture each other.

• Interactions of high-energy cosmic-ray protons and helium nuclei on the
ISM yield a secondary anti-He flux well below AMS-02 sensitivity.

• The same conclusion holds for DM decays or annihilations in canonical
models where the production occurs at the DM vertex. But stay tuned!

• The same conclusion holds for DM decays or annihilations although
M. Winkler and T. Linden have proposed a nice counter-example based
on ⇤̄b production if pure 3He events – Winkler+[2006.16251].

• Very recently, M. Winkler, P. De La Torre Luque and T. Linden have
proposed a scenario where DM is coupled to a dark QCD sector where
dark pions decay into t-quarks – Winkler+[2211.00025]

• The General Antiparticle Spectrometer (GAPS) is about to fly and measure
the p̄ flux below 200 MeV. GAPS has a cute way to disentangle p̄ from d̄.

• Dark Matter has triggered a hectic activity and has been systematicaly
hunted for. It may be time now to devote some attention to the possibility
of anti-matter domains in the universe – anti-clouds & anti-stars.
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• Coalescence proceeds with the same pattern for DM annihilation.
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where the multiplicities dNp̄/dEp̄ and dNn̄/dEn̄ are taken at Ep̄ = En̄ = EĀ/A.
The branching ratio to channel F is defined as BF = h�annviF/h�annvitot.

• The coalescence scheme does not take into account angular correlations between
antinucleons of the final state. Such correlations can be taken into account using
an event-by-event coalescence model.

Each collision or DM annihilation is simulated with a Monte-Carlo generator.
A coalescence condition is applied on the antinucleons of each individual event.
In the CMF of the A final antinucleons, we require that each antinucleon fulfills
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dNĀ
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2

experiment channel measurement Pythia (default) Pythia (⇤b-tune)

LEP [4, 5] f(b ! ⇤b) 0.101+0.039
�0.031 0.037 0.101

LEP [6] f(b ! ⇤b,⌅b, ⌦b) 0.117± 0.021 0.047 0.127

Tevatron CDF [7] f(b!⇤b)
f(b!B) 0.281+0.141

�0.103 0.046 0.135

LHCb [8] f(b!⇤b)
f(b!B) 0.259± 0.018 0.048 0.134

TABLE I. Measurements of ⇤b-production in various experiments compared to the prediction in default Pythia and the Pythia ⇤b-tune. The
Pythia predictions have been adjusted to the specific kinematical ranges employed in the measurements.

hint at an overestimate of the antihelium yield.
However, KOT21 fail to appreciate that an offset in a sin-

gle decay rate could point to mismodeling in any number of
relevant routines, some of which relate to diquark formation,
and others which do not. In order to test whether the offset in
⇤̄b ! ⇤̄�

c +p̄p⇡+ is linked to the mismodeling of diquark for-
mation, it is imperative to examine complementary processes
that do not include diquark formation.

In Table II we show that Pythia, in fact, produces very sim-
ilar offsets (factor of ⇠6) in the rates ⇤̄b ! ⇤̄�

c + ⇡�⇡+⇡+

and ⇤̄b ! ⇤̄�
c + K�K+⇡+. Similarly to the process

examined by KOT21 (⇤̄b ! ⇤̄�
c + p̄p⇡+) these processes

include ⇤b ! ⇤c. However, they do not involve diquark
formation (no baryon-antibaryon pair is produced). Thus,
the similarity of these offsets hints at a mismodeling of
the ⇤b ! ⇤c transition in Pythia. While further analysis
would be necessary to prove this hypothesis, it is already
clear that – in contrast to the claim of KOT21 – the study
of ⇤̄b ! ⇤̄�

c + p̄p⇡+ can not be directly employed to draw
conclusions regarding the accuracy of antihelium formation
in Pythia.

branching ratio measurement Pythia

⇤̄b ! ⇤̄�
c + p̄ p⇡+ (2.65± 0.29)⇥ 10�4 1.5⇥ 10�3

⇤̄b ! ⇤̄�
c + ⇡�⇡+⇡+ (7.7± 1.1)⇥ 10�3 5.1⇥ 10�2

⇤̄b ! ⇤̄�
c +K�K+⇡+ (1.02± 0.12)⇥ 10�3 4.4⇥ 10�3

TABLE II. Measured branching ratios of ⇤̄b from [9–11] compared
to the Pythia prediction.

Concluding Remarks – While KOT21 make two criticisms re-
garding the usage of Pythia models within our work, their ar-
guments do not actually target any of the main conclusions of
our paper. In particular, they neither challenge the novel an-
tihelium mechanism that we examine, nor its importance for
He-formation. Rather KOT21 argues for a smaller antihelium

flux compared to the most optimistic estimate from our origi-
nal paper. The main concern applies to one particular Monte
Carlo implementation, the Pythia ⇤b-tune. While this model
predicts the highest antihelium yield, an independent Herwig
implementation (not examined by KOT21) only falls short by
a factor of 3. Hence, KOT21 boils down to a discussion of an
O(1) factor in a novel factor of ⇠100 effect.

Aside from their minor importance, the criticisms in
KOT21 are based on offsets between Pythia implementations
and measured decay rates in certain channels. We have shown
that these offsets either (i) concern decay rates that are irrel-
evant to antihelium formation, or (ii) have explicitly been ac-
counted for in our work. Therefore – contrary to the claim
of the authors – none of the arguments provided by KOT21
suggests any reduction of the antihelium yield.

As a final remark, we agree that event generators cannot
replace an actual measurement of the transition ⇤̄b ! He –
a measurement that we hope to stimulate by our simulation
work. However, our original work contains a balanced dis-
cussion of the underlying uncertainties in the antihelium pre-
dictions. In particular, we show results from two different
event generators, explore a large parameter space of potential
input parameters and modeling decisions, and show the re-
sulting antihelium flux in each model. The culmination of this
evidence supports our original claim that ⇤̄b decays may sig-
nificantly enhance the antihelium formation rate in dark mat-
ter annihilation events – an exciting possibility given recent
AMS-02 claims of a detectable antihelium flux.
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A new scenario for 3He production from DM
• A new idea has been proposed based on DM annihilating into b quarks.

• The bb̄ colored string has a non-vanishing probability to yield a ⇤̄b baryon.
This has been observed at LEP.

• Antinucleons are produced at the annihilating DM vertex (prompt)
and also at the displaced in-flight ⇤̄b decay vertex.

� + � ! b + b̄ b̄ ! ⇤̄b baryon (b̄ūd̄)

⇤̄b (5.6 GeV) ! 3He + 2p (4.7 GeV)

M. Winkler and T. Linden, Phys. Rev. Lett. 126 (2021) 101101

Counterarguments – Kachelriess+[2105.00799]

• To get the value of f(b ! ⇤b) measured at LEP, WL21 have increased the probability
probQQtoQ for diquark formation in hadronization from 0.09 to 0.24, playing havoc with
other processes.

• This implies:
(i) an over production of protons and antiprotons at LEP by a factor of 2,
(ii) an increase in proton yield with respect to kaon and pion yields dN/dy|

|y|<0.5 mea-
sured by ALICE at LHC.

• In default Pythia, Br(⇤̄b!
3He) ' 3⇥ 10�6 may already be too large. Default Pythia

overestimates branching ratios for several ⇤b decay channels. Mismodeling of diquark
formation.

p and p̄ multiplicity in e+e� annihilations

dN/dy at mid-rapidity |y| < 0.5
at LHC at

p
s = 7 TeV for p, K+ and ⇡+

Let us measure Br(⇤̄b!
3He) and see!
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• Antinuclei production in cosmic ray collisions on the ISM are modeled
using the analytic coalescence model. Values of the coalescence momenta
are extracted from accelerator data.

pcoal(d̄) = 208± 26MeV while pcoal(3He) = 238± 30MeV

• Antinuclei production in DM annihilation is simulated with Pythia 8.3
coupled to an event-by-event coalescence model. The ⇤̄b-induced fluxes
are rescaled by a factor of 2.8.

• The DM model is based on a recent fit of cosmic ray nuclei and antiproton
data – see P. De La Torre Luque at al., arXiv:2404.13114 [astro-ph.HE].

mDM = 66.3GeV and h�annvi ' 10�26 cm3s�1 through bb̄ channel
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with kp̄ = kn̄ = kĀ/A

(i) If dNp̄/dEp̄ is enhanced by a factor �, dNĀ/dEĀ should be enhanced by a factor �A.

(ii) In models where DM annihilates into Higgs pairs, subsequent hadronization of
the bb̄ pairs yields O(100) pions.

�� ! hh ! 2b̄b ! O(100) ⇡

If DM is very heavy and coupled to a dark QCD

sector, we can imagine the chain of reactions involving
dark quarks, dark gluons and dark pions eventually
yielding t̄t pairs.

�� ! �� ! 2q̄0q0 ! N⇡0 ⇡0
! N⇡0 t̄t

M. Winkler et al., Phys. Rev. D107 (2023) 123035
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The dark QCD reactions can be modeled through
the decay chain involving the scalars '1, '2, ... , 'n

whose masses are fine-tuned with m'i = 2.01m'i+1.
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Cosmic Ray Antihelium from a Strongly Coupled Dark Sector
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Standard Model extensions with a strongly coupled dark sector can induce high-multiplicity states of soft
quarks. Such final states trigger extremely efficient antinucleus formation. We show that dark matter annihilation
or decay into a strongly coupled sector can dramatically enhance the cosmic-ray antinuclei flux – by six orders
of magnitude in the case of 4He. In this work, we argue that the tentative 3He and 4He events reported by the
AMS-02 collaboration could be the first sign of a strongly coupled dark sector observed in nature.

I. INTRODUCTION

Cosmic-ray (CR) antinuclei are among the most promising
targets in the indirect search for particle dark matter (DM).
While the formation of antinuclei by DM annihilation or de-
cay is strongly suppressed compared to e.g. gamma rays, the
astrophysical antinuclei backgrounds – which arise from in-
teractions of cosmic ray protons and helium with the inter-
stellar gas – are extremely low. Therefore, the unambiguous
discovery of even a single cosmic-ray antinucleus could pro-
vide smoking-gun evidence for particle DM [1, 2].

While antideuterons have long been the prime target for
cosmic-ray antinuclei searches [3–5], the antihelium chan-
nel has recently gained attention because the Alpha Magnetic
Spectrometer (AMS-02) has tentatively detected at least 8 He
events [6–8]. While 6 of the candidates are more likely 3He,
2 lie in the mass range for 4He – although a single isotopic
origin is not excluded due to the mass resolution of AMS-02.1
This observation was unexpected because (1) the astrophysi-
cal antihelium flux is expected to fall at least an order of mag-
nitude below the AMS-02 sensitivity [10–16], and (2) DM an-
nihilation seemed to predict an antihelium flux far below the
observed rate once indirect detection constraints are taken into
account [17–20], unless the dark sector is finely tuned [21].

Intriguingly, a recent study discovered a new contribution
to 3He production through intermediate ⇤̄b resonances that
generically appear in DM annihilation [22]. This can boost
the DM-induced antihelium flux enough to potentially explain
AMS-02 data. This scenario is currently being investigated
by several accelerator experiments [23].2 However, the ⇤̄b

cannot kinematically decay into 4He. If some of the AMS-
02 events are confirmed to be 4He, a different mechanism is
needed. In general, the observation of 4He is much harder
to explain because standard models predict a production ra-
tio 4He/3He <

⇠ 1/1000. One exotic production mechanism
involves antimatter clouds or antimatter stars [15]. However,
the needed segregation of matter and antimatter in the galaxy
is difficult to embed into a consistent cosmological model.
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† pedro.delatorreluque@fysik.su.se, ORCID: 0000-0002-4150-2539
‡ linden@fysik.su.se, ORCID: orcid.org/0000-0001-9888-0971
1 Recent results include 9 antihelium candidate events which are evenly dis-

tributed between 3He and 4He [9].
2 The key uncertainty in this scenario is the branching ratio ⇤̄b ! He which

can be measured in pp collisions at the Large Hadron Collider (LHC).

FIG. 1. Our model, based on the decay of the heavy scalar � into a
shower of dark quarks and dark gluons that subsequently form dark
hadrons ⇡0. The ⇡0 further decay into top quarks through portal cou-
plings to the Standard Model.

In this paper, we point out that an entire class of be-
yond Standard Model (SM) theories produces dramatically
enhanced antinuclei fluxes. Specifically, we consider SM ex-
tensions with a strongly coupled gauge sector, for instance a
(heavier) version of Quantum Chromodynamics (QCD). Such
models are popular because they induce high-multiplicity
states of soft hadrons or leptons that escape detection at par-
ticle accelerators – explaining the absence of new physics at
the LHC (see e.g. [24–30]). Furthermore, the presence of ad-
ditional strongly coupled gauge sectors is motivated by ultra-
violet theories including superstring theory (see e.g. [31–36])
and twin Higgs models [37].

Our main observation is that DM annihilation or decay into
fermions in a strongly coupled sector produces a “dark par-
ton” shower that generates a high multiplicity of the light-
est strongly-coupled bound state. The subsequent decay of
this particle into SM quarks via portal interactions [38–40]
produces hundreds of soft quarks which each trigger a QCD
shower. The high-multiplicity of the resulting hadrons effi-
ciently generate antinuclei. In particular, we show that the
He/p̄ ratio in DM annihilation/ decay is enhanced by several
orders of magnitude in the presence of a strongly coupled dark
sector, explaining the antihelium signal at AMS-02. More
strikingly, an observable 4He flux can easily be produced.
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The branching ratio to channel F is defined as BF = h�annviF/h�annvitot.

• The coalescence scheme does not take into account angular correlations between
antinucleons of the final state. Such correlations can be taken into account using
an event-by-event coalescence model.

Each collision or DM annihilation is simulated with a Monte-Carlo generator.
A coalescence condition is applied on the antinucleons of each individual event.
In the CMF of the A final antinucleons, we require that each antinucleon fulfills
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As shown in F. Donato et al., Phys. Rev. D 62 (2000) 043003, DM antideuterons are to
be found at low energy where the flux of antideuterons produced by cosmic ray primaries
colliding on the ISM is deficient for kinematic reasons.
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(4⇡kĀ)A�1

�⇢
dNp̄

dEp̄

�Z⇢dNn̄

dEn̄

�A�Z

with kp̄ = kn̄ = kĀ/A

(i) If dNp̄/dEp̄ is enhanced by a factor �, dNĀ/dEĀ should be enhanced by a factor �A.

(ii) In models where DM annihilates into Higgs pairs, subsequent hadronization of
the bb̄ pairs yields O(100) pions.

�� ! hh ! 2b̄b ! O(100) ⇡

If DM is very heavy and coupled to a dark QCD

sector, we can imagine the chain of reactions involving
dark quarks, dark gluons and dark pions eventually
yielding t̄t pairs.

�� ! �� ! 2q̄0q0 ! N⇡0 ⇡0
! N⇡0 t̄t

M. Winkler et al., Phys. Rev. D107 (2023) 123035
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(4⇡kĀ)A�1

�⇢
dNp̄

dEp̄

�Z⇢dNn̄

dEn̄

�A�Z

with kp̄ = kn̄ = kĀ/A
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(ii) In models where DM annihilates into Higgs pairs, subsequent hadronization of
the bb̄ pairs yields O(100) pions.

�� ! hh ! 2b̄b ! O(100) ⇡

If DM is very heavy and coupled to a dark QCD

sector, we can imagine the chain of reactions involving
dark quarks, dark gluons and dark pions eventually
yielding t̄t pairs.

�� ! �� ! 2q̄0q0 ! N⇡0 ⇡0
! N⇡0 t̄t

The dark QCD reactions can be modeled through
the decay chain involving the scalars '1, '2, ... , 'n

whose masses are fine-tuned with m'i = 2.01m'i+1.

� ! 2'1 ! 4'2 ! 2n'n ! 2n+1⇡0
! 2n+1t̄t
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DM type Annihilating Decaying

Input Parameters

m� [TeV] 150 5000
m� [TeV] 50.4 375
m⇡0 [GeV] 380 700

N⇡0 256 1024

h�vi [cm3s�1] 6.6⇥ 10�24 �
� [s�1] � 9⇥ 10�30

Antinuclei Events at AMS-02
3He 15.6 20.3
4He 1.0 3.1

d̄ 19.3 1.2

Antinuclei Events at GAPS

d̄ 0.7 0

TABLE I. Input parameters of one annihilating and one decaying DM
benchmark scenario. Also given are the predicted antihelium and
antideuteron event numbers at AMS-02 (per ten years) and GAPS.

in [50, 51] (specifically we choose propagation parameters
from Table V in [51] adjusted to a diffusion halo of L =
10kpc). For propagation in the heliosphere we apply the force-
field approximation [60] with a Fisk potential of � = 600MV
– which is typical for AMS-02 data (see e.g. [61]).

VI. RESULTS

We now present results for the DM-induced antinuclei
fluxes for two versions of the strongly-coupled dark sector
model: one assuming DM annihilation through the process
in Eq. (9) and the other assuming DM decay through the same
process with �� replaced by �. The choice of the model pa-
rameters – the masses m�, m�, m⇡0 , the multiplicity N⇡0 ,
and the annihilation cross section h�vi or decay rate � – are
listed in Tab. I. Note that we are considering very heavy DM
particles with m� = 150 TeV or m� = 5000 TeV. This is
required by kinematics since the dark parton showers induce
final states with 100� 1000 ⇡0 that decay into tops with mass
mt = 172 GeV. Because the number density of DM scales
as n� / m�1

� , these heavy masses suppress standard indirect
searches for �-rays and antiprotons (e.g. [62]).

For the example of annihilating DM we, therefore, choose
a DM annihilation cross section close to the unitarity limit10,

(�v)unit. =
4⇡

m2
�v

, (12)

in order to maximize antinuclei fluxes. We note that the rel-
ative DM velocity v at freeze out (v ⇠ 0.3) is very different

10 We state the unitarity limit for s-wave annihilation. The general bound
contains an extra factor of (2J+1) with J denoting the angular momentum.

from the galactic halo velocity, v ⇠ 10�3. Thus, our annihi-
lating DM model (with a cross section from Tab. I) is com-
patible with a thermal origin of DM if we assume �v / 1/v.
Such a cross section scaling is commonly obtained in scenar-
ios with Sommerfeld enhancement [63, 64].11

While the unitarity limit imposes an upper bound on the
observable cosmic-ray flux, we should emphasize that several
loopholes exist (see e.g. [66]). For instance, the unitarity limit
does not apply to composite DM [67] – a natural possibility in
strongly coupled dark sectors – for which the maximal cross
section is set by the geometric size.

Furthermore, no such theoretical constraints apply to de-
caying DM, for which the unitarity limit is irrelevant. In this
case, the leading constraint arises from the antiproton chan-
nel (which we include in our analysis) and requires a life-
time considerably longer than the age of the universe. Such
a long lifetime can be ensured by an approximate symme-
try.12. As an example, we consider m� = 5000 TeV. While
such ultra-heavy DM particles cannot have a thermal origin,
many plausible non-thermal production mechanisms exist (in-
cluding production during reheating, gravitational production,
production in a first-order phase transition) [68].

Let us now compare the antinuclei production in the
strongly coupled dark sector model with standard scenarios.
For the annihilating DM benchmark example, our Pythia sim-
ulations indicate production ratios of

p̄ : d̄ : 3He : 4He = 3⇥ 104 : 3⇥ 102 : 18 : 1 . (13)

In comparison, the ratios achieved in astrophysical processes
and in standard WIMP DM annihilation are roughly

p̄ : d̄ : 3He : 4He = 1010 : 107 : 104 : 1 . (14)

The enhancement of 4He-production relative to p̄ thus reaches
six orders of magnitude in the strongly coupled dark sector
models compared to standard processes. In fact the enhance-
ment is even a bit larger in the decaying DM example.

In Fig. 2 we present the cosmic ray fluxes of p̄, d̄, 3He and
4He obtained in the annihilating and decaying DM scenar-
ios of Tab. I. Furthermore, we show the AMS-02 antiproton
data [59] and projected antinuclei sensitivities [22, 69].13 We
also include the GAPS sensitivity to antideuterons [5]. The
number of expected antinucleus events is given in Tab. I.

Strikingly, the expected antihelium fluxes are above AMS-
02 sensitivity in the annihilating and decaying DM examples.
Both scenarios predict ⇠ 20 antihelium events per ten years,
consistent with the tentative antihelium signal at AMS-02 [6–
8] (which features 8 events in the first ⇠ 5 years of data). A

11 The correct relic abundance of a 150 TeV DM particle with a unitary anni-
hilation cross section is implied by the unitarity limit on the DM mass [65].

12 For instance, the stability of � can be protected by a classical symmetry
which is broken by quantum effects. In such a case � decays at an expo-
nentially suppressed rate.

13 The depicted AMS-02 antinuclei sensitivities rely on pre-launch estimates
provided by the AMS-02 collaboration [69, 70]. They may not fully reflect
later changes in the detector configuration and analysis details.
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ment is even a bit larger in the decaying DM example.

In Fig. 2 we present the cosmic ray fluxes of p̄, d̄, 3He and
4He obtained in the annihilating and decaying DM scenar-
ios of Tab. I. Furthermore, we show the AMS-02 antiproton
data [59] and projected antinuclei sensitivities [22, 69].13 We
also include the GAPS sensitivity to antideuterons [5]. The
number of expected antinucleus events is given in Tab. I.

Strikingly, the expected antihelium fluxes are above AMS-
02 sensitivity in the annihilating and decaying DM examples.
Both scenarios predict ⇠ 20 antihelium events per ten years,
consistent with the tentative antihelium signal at AMS-02 [6–
8] (which features 8 events in the first ⇠ 5 years of data). A

11 The correct relic abundance of a 150 TeV DM particle with a unitary anni-
hilation cross section is implied by the unitarity limit on the DM mass [65].
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A word of caution though

• In general, DM species annihilations do not produce a detectable amount of 3He.
Furthermore, since DM is at rest, the spectrum peaks at low energy 6= O(10) GeV/n.

• Recently, a new proposal based on DM coupling to b quarks.

� + � ! b + b̄ b̄ ! ⇤̄b meson ⇤b (5.6 GeV) ! 3He (4.7 GeV)

M. Winkler and T. Linden, Phys. Rev. Lett. 126 (2021) 101101

M. Winkler, P. De La Torre Luque and T. Linden, arXiv:2211.00025

Benchmark models for enhanced 4He production

instead of the conventional ratios
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data [59] and projected antinuclei sensitivities [22, 69].13 We
also include the GAPS sensitivity to antideuterons [5]. The
number of expected antinucleus events is given in Tab. I.

Strikingly, the expected antihelium fluxes are above AMS-
02 sensitivity in the annihilating and decaying DM examples.
Both scenarios predict ⇠ 20 antihelium events per ten years,
consistent with the tentative antihelium signal at AMS-02 [6–
8] (which features 8 events in the first ⇠ 5 years of data). A

11 The correct relic abundance of a 150 TeV DM particle with a unitary anni-
hilation cross section is implied by the unitarity limit on the DM mass [65].

12 For instance, the stability of � can be protected by a classical symmetry
which is broken by quantum effects. In such a case � decays at an expo-
nentially suppressed rate.

13 The depicted AMS-02 antinuclei sensitivities rely on pre-launch estimates
provided by the AMS-02 collaboration [69, 70]. They may not fully reflect
later changes in the detector configuration and analysis details.
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• Coalescence proceeds with the same pattern for DM annihilation.
In the CMF of DM annihilation, the antinuclei Ā multiplicity is

dNĀ
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= BA
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(4⇡kĀ)A�1

� X

channel F

BF

(
dN F

p̄

dEp̄

)Z⇢
dN F

n̄

dEn̄

�A�Z

where the multiplicities dNp̄/dEp̄ and dNn̄/dEn̄ are taken at Ep̄ = En̄ = EĀ/A.
The branching ratio to channel F is defined as BF = h�annviF/h�annvitot.

• The coalescence scheme does not take into account angular correlations between
antinucleons of the final state. Such correlations can be taken into account using
an event-by-event coalescence model.

Each collision or DM annihilation is simulated with a Monte-Carlo generator.
A coalescence condition is applied on the antinucleons of each individual event.
In the CMF of the A final antinucleons, we require that each antinucleon fulfills

||p⇤

i || < (A� 1)1/(3A�3)

npcoal
2

o

dNd̄

dEd̄
=

md̄

mp̄ mn̄

⇢
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6kd̄

� X

channel F

BF
dN F

p̄

dEp̄

dN F
n̄

dEn̄
@ Ep̄ = En̄ = Ed̄/2

As shown in F. Donato et al., Phys. Rev. D 62 (2000) 043003, DM antideuterons are to
be found at low energy where the flux of antideuterons produced by cosmic ray primaries
colliding on the ISM is deficient for kinematic reasons.

M. Korsmeier et al., Phys. Rev. D97 (2018) 103011

M. Winkler et al., Phys. Rev. D107 (2023) 123035

A. Cuoco et al., Phys. Rev. Lett. 118 (2017) 191102

pcoal = 160 MeV and pcoal = 248 MeV and CuKrKo and MED

dNHe

dEHe

=
3mHe

m2
p̄ mn̄

⇢
p3coal
8kHe

�2 X

channel F

BF

(
dN F

p̄

dEp̄

)2
dN F

n̄

dEn̄
@ Ep̄ = En̄ = EHe/3
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A word of caution though

• In general, DM species annihilations do not produce a detectable amount of 3He.
Furthermore, since DM is at rest, the spectrum peaks at low energy 6= O(10) GeV/n.

• Recently, a new proposal based on DM coupling to b quarks.

� + � ! b + b̄ b̄ ! ⇤̄b meson ⇤b (5.6 GeV) ! 3He (4.7 GeV)

M. Winkler and T. Linden, Phys. Rev. Lett. 126 (2021) 101101

M. Winkler, P. De La Torre Luque and T. Linden, arXiv:2211.00025

Benchmark models for enhanced 4He production

instead of the conventional ratios

The message from heavy ion collisions

S. Acharya et al., JHEP 01 (2022) 106
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The conventional hierarchy is not much modified when the multiplicity increases
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Assume isolated, catastrophic injections of large quantities of energetic
SM anti-quarks in our Galaxy by BSM physics (yet to be determined)

• R0 between 0.1 mm and 1 m

• T0 below ⇤QCD ⇠ 200MeV

• Antibaryon-to-photon ratio ⌘̄ ⇠ 10�2

M. Fedderke et al., Phys. Rev. D109 (2024) 123028
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• Weak interactions are frozen given the short expansion timescale.
p̄ and n̄ are transmuted into each other through the strong reactions

n̄+ ⇡�
$ p̄+ ⇡0 (Q = 3.3MeV)

p̄+ ⇡+
$ n̄+ ⇡0 (Q = 5.9MeV).

• The equilibrium between antiprotons and antineutrons freezes out
at T 0

' 6 to 8MeV.

• Nucleosynthesis starts when antideuterium stops to be photodissociated
at T 0

' 140 to 170 keV and takes place during the spreading phase.

• The essential di↵erence with BBN stems from the much larger rate with
which the fireball temperature drops. The synthesis of elements heavier than
antideuterium barely starts as the fireball rapidly expands, and is far from being
complete when the plasma is released in interstellar space.
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Outline

1) Cosmic ray Galactic propagation

2) Antinuclei production through coalescence

3) Antideuterons and the canonical approach

4) Exotic scenarios for antihelium DM production

4)
3He nuclei and beautiful dark matter

4)
4He nuclei, truth and cosmic hedgehogs

4) Antinucleosynthesis inside cosmic BSM fireballs

1) Cosmic ray Galactic propagation

2) Antinuclei production through coalescence

3) Antideuterons and the canonical approach

4) Exotic scenarios for antihelium DM production

JENAA workshop on Nuclear Physics at the LHC and connections to astrophysics – August 19, 2024

1

Assume isolated, catastrophic injections of large quantities of energetic
SM anti-quarks in our Galaxy by BSM physics (yet to be determined)

• R0 between 0.1 mm and 1 m

• T0 below ⇤QCD ⇠ 200MeV

• Antibaryon-to-photon ratio ⌘̄ ⇠ 10�2

M. Fedderke et al., Phys. Rev. D109 (2024) 123028

The comoving expansion timescale ⌧ 0 is plotted as a function of the comoving
temperature T 0 for a fireball with T0 = 100MeV, R0 = 1mm and ⌘̄ = 10�2.

RD MD � ⇠ T0/⌘̄mp

• Weak interactions are frozen given the short expansion timescale.
p̄ and n̄ are transmuted into each other through the strong reactions

n̄+ ⇡�
$ p̄+ ⇡0 (Q = 3.3MeV)

p̄+ ⇡+
$ n̄+ ⇡0 (Q = 5.9MeV).

• The equilibrium between antiprotons and antineutrons freezes out
at T 0

' 6 to 8MeV.

• Nucleosynthesis starts when antideuterium stops to be photodissociated
at T 0

' 140 to 170 keV and takes place during the spreading phase.

• The essential di↵erence with BBN stems from the much larger rate with
which the fireball temperature drops. The synthesis of elements heavier than
antideuterium barely starts as the fireball rapidly expands, and is far from being
complete when the plasma is released in interstellar space.

• The antideuterium abundance is approximately that generated by n̄-p̄ fusion
reactions operating in a single dynamical expansion timescale at the point
where antideuterium photodissociation freezes-out.

XD̄ ' n0

B̄ h�vin̄p̄ ⌧ 0D̄Xn̄Xp̄

XT̄ / X3

D̄
while X4He

/ X5

D̄
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12

The region of parameter space for which AMS-02 would be expected to observe 3 events
of 4He and 6 events of 3He in 10 years where �inj is the injection rate of antinuclei in the
Milky Way.
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Takeaway

• D events
Antideuterium is expected to be detected in the cosmic radiation.
Conventional processes yield a flux peaking at ⇠ 10 GeV.
Events below ⇠ 1 GeV would point toward annihilating DM.

•
3He events
Unless CR propagation and coalescence are very di↵erent from expected,
AMS-02 should not see secondary CR 3He.
Interesting possibility from DM annihilating into ⇤̄b baryons.
The branching ratio Br(⇤̄b!

3He) is a measurement of great importance.

•
4He events
There is no hope to detect a single event from CR spallation.
If confirmed, a single 4He would require an exotic explanation.
A QCD dark sector for instance, or BSM fireballs all over the Milky Way.

• Observation of 3He and 4He events would definitely imply a drastic revision
of cosmology, whose modeling would require the precise measurement of the fluxes
of the various nuclear species.

Thanks for your attention
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3He) is a measurement of great importance.

•
4He events
There is no hope to detect a single event from CR spallation.
A detection would require an exotic explanation.
A QCD dark sector for instance, or BSM fireballs all over the Milky Way.

• Observation of 3He and 4He events would definitely be a major discovery,
whose decipherment would require a precise measurement of the various
CR antinuclei fluxes.

Thanks for your attention
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FIG. 8: Same as in Fig. 1 for the BIG (up) and QUAINT
(down) declensions of CR propagation models. The constel-
lations of blue dots contain each 105 randomly drawn models.
The MIN, MED, and MAX sub-samples together with their
barycentric configurations are defined as explained in Sec IV.
For BIG, the selection is still built on the parameters log10 L
and �l whereas for QUAINT, it is based on the couple log10 L
and Va. In the latter case, an additional skimming of the MED
and MAX populations is performed, requiring that the sec-
ondary positron flux does not exceed the observations [118].
The configurations which actually pass this test are shown in
dark-green.

locity Vc to recover more easily the behavior of the B/C
ratio in the GeV range. Actually, the low-energy parame-
ters �l and Rl are enough to reach a good agreement with
data. That is why the values of Va and Vc provided by
the fits to CR nuclei are small, as showed in Table V. In
order to define the MIN, MED, and MAX models for the
BIG benchmark, we have proceeded as in the SLIM case,
using the parameters log10 L and �l. The result is showed
in the top panel of Fig. 8. The values of the quantiles
qMIN, qMED and qMAX and of the width parameter p are
the same as those of Sec. IV.

The QUAINT benchmark makes use of the low-energy
parameters Va, Vc and ⌘ and disregards Rl and �l. Re-
producing the B/C GeV bump requires fairly large values

TABLE V: Propagation parameters for the MIN, MED, and
MAX configurations of the BIG models.

BIG L � log10 K0 Va Rl �l Vc

[kpc] [kpc2/Myr] [km/s] [GV] [km/s]

MAX 6.637 0.529 -1.286 6.002 4.755 -1.455 1.819
MED 4.645 0.498 -1.446 4.741 4.490 -1.102 0.459
MIN 3.206 0.465 -1.616 4.277 4.208 -0.742 0.066

TABLE VI: Propagation parameters for the MIN, MED, and
MAX configurations of the QUAINT models.

QUAINT L � log10 K0 Va Vc ⌘
[kpc] [kpc2/Myr] [km/s] [km/s]

MAX 6.840 0.504 -1.092 83.929 0.469 -1.001
MED 4.080 0.451 -1.367 52.066 0.239 -2.156
MIN 2.630 0.403 -1.643 18.389 0.151 -3.412

of the Alfvénic speed Va as can be appreciated from Ta-
ble VI. This parameter controls di↵usive reacceleration
which pushes sub-GeV CR species upward in the GeV
energy region. We have used it together with log10 L to
define the MIN, MED, and MAX sub-samples extracted
from a population of 105 randomly drawn QUAINT mod-
els. The procedure is the same as before except that �l
has been replaced by Va as showed in the bottom panel
of Fig. 8.

There is however a slight complication that arises be-
cause the Alfvénic speed is high. For large values of Va,
the secondary positron flux exhibits, like the B/C ratio,
a bump at a few GeV. In some cases, it even exceeds
the observations. To remove these pathological models
from the MAX and MED sub-samples, where they tend
to appear, we have required the secondary positron flux
not to overshoot by more than 3 standard deviations the
lowest Ams-02 data point [118]. To be conservative, we
have used a Fisk potential �F of 750MV. The red and
orange populations in the right panel of Fig. 8 are the
result of this skimming.

Finally, the theoretical uncertainties arising from CR
propagation are summarized in Fig. 9 for the three bench-
marks SLIM, BIG, and QUAINT. The pink and blue strips
respectively stand for bb̄ and e+e� channels. Antiproton
primary fluxes are presented in the right panel while the
left and middle ones are devoted to positrons. This plot
summarizes our entire analysis. The various bands over-
lap each other, indicating that in spite of their di↵erences,
the three benchmarks supply similar predictions for pri-
mary fluxes.
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Typical timescales for Galactic CR propagation

• From ⌧inel = (�ine vCRnISM)�1, ⌧di↵ = hL/K and ⌧conv = h/VC , we build the
typical timescale for the disk

1
⌧disk

= 1
⌧inel

+ 1
⌧conv{1�e�⌧di↵/⌧conv}

• Energy losses and di↵usive reacceleration are respectively associated to the
timescales ⌧loss = T/|b| and ⌧DR = T 2/DEE.

3
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Ā

dEĀ
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Assuming that the Milky Way magnetic halo is an infinite slab
and that di↵usion alone is at work, we get the 1D results
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K
⇥ qsec while  prim =
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2
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B/C analyses fix the ratio L/K

L is required to get the flux of antinuclei from DM
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(down) declensions of CR propagation models. The constel-
lations of blue dots contain each 105 randomly drawn models.
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barycentric configurations are defined as explained in Sec IV.
For BIG, the selection is still built on the parameters log10 L
and �l whereas for QUAINT, it is based on the couple log10 L
and Va. In the latter case, an additional skimming of the MED
and MAX populations is performed, requiring that the sec-
ondary positron flux does not exceed the observations [118].
The configurations which actually pass this test are shown in
dark-green.

locity Vc to recover more easily the behavior of the B/C
ratio in the GeV range. Actually, the low-energy parame-
ters �l and Rl are enough to reach a good agreement with
data. That is why the values of Va and Vc provided by
the fits to CR nuclei are small, as showed in Table V. In
order to define the MIN, MED, and MAX models for the
BIG benchmark, we have proceeded as in the SLIM case,
using the parameters log10 L and �l. The result is showed
in the top panel of Fig. 8. The values of the quantiles
qMIN, qMED and qMAX and of the width parameter p are
the same as those of Sec. IV.

The QUAINT benchmark makes use of the low-energy
parameters Va, Vc and ⌘ and disregards Rl and �l. Re-
producing the B/C GeV bump requires fairly large values

TABLE V: Propagation parameters for the MIN, MED, and
MAX configurations of the BIG models.

BIG L � log10 K0 Va Rl �l Vc

[kpc] [kpc2/Myr] [km/s] [GV] [km/s]

MAX 6.637 0.529 -1.286 6.002 4.755 -1.455 1.819
MED 4.645 0.498 -1.446 4.741 4.490 -1.102 0.459
MIN 3.206 0.465 -1.616 4.277 4.208 -0.742 0.066

TABLE VI: Propagation parameters for the MIN, MED, and
MAX configurations of the QUAINT models.

QUAINT L � log10 K0 Va Vc ⌘
[kpc] [kpc2/Myr] [km/s] [km/s]

MAX 6.840 0.504 -1.092 83.929 0.469 -1.001
MED 4.080 0.451 -1.367 52.066 0.239 -2.156
MIN 2.630 0.403 -1.643 18.389 0.151 -3.412

of the Alfvénic speed Va as can be appreciated from Ta-
ble VI. This parameter controls di↵usive reacceleration
which pushes sub-GeV CR species upward in the GeV
energy region. We have used it together with log10 L to
define the MIN, MED, and MAX sub-samples extracted
from a population of 105 randomly drawn QUAINT mod-
els. The procedure is the same as before except that �l
has been replaced by Va as showed in the bottom panel
of Fig. 8.

There is however a slight complication that arises be-
cause the Alfvénic speed is high. For large values of Va,
the secondary positron flux exhibits, like the B/C ratio,
a bump at a few GeV. In some cases, it even exceeds
the observations. To remove these pathological models
from the MAX and MED sub-samples, where they tend
to appear, we have required the secondary positron flux
not to overshoot by more than 3 standard deviations the
lowest Ams-02 data point [118]. To be conservative, we
have used a Fisk potential �F of 750MV. The red and
orange populations in the right panel of Fig. 8 are the
result of this skimming.

Finally, the theoretical uncertainties arising from CR
propagation are summarized in Fig. 9 for the three bench-
marks SLIM, BIG, and QUAINT. The pink and blue strips
respectively stand for bb̄ and e+e� channels. Antiproton
primary fluxes are presented in the right panel while the
left and middle ones are devoted to positrons. This plot
summarizes our entire analysis. The various bands over-
lap each other, indicating that in spite of their di↵erences,
the three benchmarks supply similar predictions for pri-
mary fluxes.
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FIG. 8: Same as in Fig. 1 for the BIG (up) and QUAINT
(down) declensions of CR propagation models. The constel-
lations of blue dots contain each 105 randomly drawn models.
The MIN, MED, and MAX sub-samples together with their
barycentric configurations are defined as explained in Sec IV.
For BIG, the selection is still built on the parameters log10 L
and �l whereas for QUAINT, it is based on the couple log10 L
and Va. In the latter case, an additional skimming of the MED
and MAX populations is performed, requiring that the sec-
ondary positron flux does not exceed the observations [118].
The configurations which actually pass this test are shown in
dark-green.

locity Vc to recover more easily the behavior of the B/C
ratio in the GeV range. Actually, the low-energy parame-
ters �l and Rl are enough to reach a good agreement with
data. That is why the values of Va and Vc provided by
the fits to CR nuclei are small, as showed in Table V. In
order to define the MIN, MED, and MAX models for the
BIG benchmark, we have proceeded as in the SLIM case,
using the parameters log10 L and �l. The result is showed
in the top panel of Fig. 8. The values of the quantiles
qMIN, qMED and qMAX and of the width parameter p are
the same as those of Sec. IV.

The QUAINT benchmark makes use of the low-energy
parameters Va, Vc and ⌘ and disregards Rl and �l. Re-
producing the B/C GeV bump requires fairly large values

TABLE V: Propagation parameters for the MIN, MED, and
MAX configurations of the BIG models.

BIG L � log10 K0 Va Rl �l Vc

[kpc] [kpc2/Myr] [km/s] [GV] [km/s]

MAX 6.637 0.529 -1.286 6.002 4.755 -1.455 1.819
MED 4.645 0.498 -1.446 4.741 4.490 -1.102 0.459
MIN 3.206 0.465 -1.616 4.277 4.208 -0.742 0.066

TABLE VI: Propagation parameters for the MIN, MED, and
MAX configurations of the QUAINT models.

QUAINT L � log10 K0 Va Vc ⌘
[kpc] [kpc2/Myr] [km/s] [km/s]

MAX 6.840 0.504 -1.092 83.929 0.469 -1.001
MED 4.080 0.451 -1.367 52.066 0.239 -2.156
MIN 2.630 0.403 -1.643 18.389 0.151 -3.412

of the Alfvénic speed Va as can be appreciated from Ta-
ble VI. This parameter controls di↵usive reacceleration
which pushes sub-GeV CR species upward in the GeV
energy region. We have used it together with log10 L to
define the MIN, MED, and MAX sub-samples extracted
from a population of 105 randomly drawn QUAINT mod-
els. The procedure is the same as before except that �l
has been replaced by Va as showed in the bottom panel
of Fig. 8.

There is however a slight complication that arises be-
cause the Alfvénic speed is high. For large values of Va,
the secondary positron flux exhibits, like the B/C ratio,
a bump at a few GeV. In some cases, it even exceeds
the observations. To remove these pathological models
from the MAX and MED sub-samples, where they tend
to appear, we have required the secondary positron flux
not to overshoot by more than 3 standard deviations the
lowest Ams-02 data point [118]. To be conservative, we
have used a Fisk potential �F of 750MV. The red and
orange populations in the right panel of Fig. 8 are the
result of this skimming.

Finally, the theoretical uncertainties arising from CR
propagation are summarized in Fig. 9 for the three bench-
marks SLIM, BIG, and QUAINT. The pink and blue strips
respectively stand for bb̄ and e+e� channels. Antiproton
primary fluxes are presented in the right panel while the
left and middle ones are devoted to positrons. This plot
summarizes our entire analysis. The various bands over-
lap each other, indicating that in spite of their di↵erences,
the three benchmarks supply similar predictions for pri-
mary fluxes.
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