
An introduction to cosmic rays

Pierre Salati – LAPTh & Université Savoie Mont Blanc
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Pierre

Outline

1) Dark matter and antimatter cosmic rays

2) Measuring the height L of the magnetic halo

3) Positrons, dark matter and TeV haloes

4) Antiprotons – Trimmed hints and robust bounds

5) Anti-He nuclei – Dark matter strikes back

1) Dark matter and antimatter cosmic rays

2) Measuring the height L of the magnetic halo

3) Positrons, dark matter and TeV haloes

4) Antiprotons – Trimmed hints and robust bounds

5) Anti-He nuclei – Dark matter strikes back

Identification of Dark Matter Conference – Vienna, Austria – July 21, 2022

1

Charged-particle
What charged cosmic rays tell us on dark matter

Pierre Salati – LAPTh & Université Savoie Mont Blanc
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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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Antimatter is already manufactured inside the Galactic disk

• 1900 – C.T.R. Wilson discovers the continuous atmospheric ionization. It is believed
to be due to the natural radiation of the Earth.

• 1911 to 1912 – V.F. Hess measures the atmospheric ionization with electroscopes
during balloon flights at various altitudes. The ionization increases.

• 1914 – These results are confirmed and extended by W. Kolhörster with flights up to
an elevation of 9200 meters.
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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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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.

Courtesy Antje Putze, TeVPA 2015
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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.
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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.
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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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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
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• SLIM ⇢ BIG is for the Gifted Amateur (K0, �, Rl, �l, L)

•
10
Be 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 10
Be/Be & 10

Be/
9
Be and

elemental ratio Be/B

Cosmic ray parameter values and
associated covariance matrix for BIG

The precision on L improves
as more data sets are combined

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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• In this context, setting limits on DM is challenging insofar as the pulsar con-
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• TeV haloes have been discovered around pulsars, with �-rays from the ICS of
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±. This indicates that pulsars accelerate these species. CR di↵usion is much
slower inside these regions.
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CR generate themselves the magnetic turbulence inside which they are trapped.
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Figure 1. Fit to the proton and helium fluxes measured by AMS-02: the black points denote
experimental data, while the blue and red solid lines represent our best fits.

to 0.43.The proton and Helium fluxes for this best-fit configuration are shown, together with
the AMS-02 measurements in Fig. 1.

Concerning the inclusive production cross sections d�/dEe, for the case of p-p collisions
we use the parameterization described in Ref. [31], while to model processes involving Helium
nuclei, either as the incoming particle or the target, we resort to the empirical prescriptions
illustrated in Ref. [32].

2.2 Supernova Remnants

SNRs are usually thought to play the dominant role in accelerating charged cosmic rays
within the Galaxy. This acceleration is realised through the propagation of non-relativistic
shock waves that are produced by the star explosion. The typical SNR injected spectra have
the shape of a power-law with a cut-o↵ at large energies:

Q(E) = Q0,SNRs

✓
E

E0

◆��SNRs

exp

✓
� E

Ec

◆
, (2.3)

being Q0,SNRs the normalization of the spectrum, �SNRs the spectral index and Ec the cut-o↵
energy. As it has been extensively discussed in [28], the parameters Q0,SNRs and �SNRs can
be inferred from the study of the radio emission measured in the region of the sky that hosts
the SNR, while Ec is expected to lie at the TeV range [33–37]. In the analysis that will
be described in the following Sections of the paper, we assume Ec = 2 TeV. Let us remark
that, however, as far as Ec is beyond the maximal energy that is measured by AMS-02, the
exact value of this parameter does not a↵ect our results. Finally, every time that, in our
investigations, we will need to use SNRs parameters we will resort to the Green catalogue
[38], which is the most complete catalogue of Galactic SNRs.
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2.3 Pulsar Wind Nebulae

Also pulsars are expected to generate a flux of electrons and positrons through a mechanism
known as spin-down emission (for a description of which we address the reader to Refs. [39–
47]). In a few simple words, this mechanism is a consequence of electrons and positrons being
torn away from the surface of the neutron star by the strong electric field genarated by the
pulsar spinning. These charged particles gather in a sort of wind that surrounds the pulsar
and then are released in the ISM at the disruption of this nebula. Because of this injection
mechanism, which is fast and followed by a weak residual energy emission, PWNe can be
considered as burst-like sources of e±.

The spectrum of the e± injected by a PWN in the ISM has the same expression as the
one in Eq. 2.3 associated to SNRs. As outlined in [28], the normalization of this spectrum is
related to the e�ciency ⌘PWNe with which the PWN can convert its spin down energy into
the production of e± pairs:

Z 1

Emin

dE E Q(E) = ⌘PWNeW0, (2.4)

where the quantity W0 represents the total spin-down energy which, in terms of the present
age of the pulsar t⇤ and the typical pulsar decay time ⌧0 can be expressed as:

W0 ⇡ ⌧0Ė

✓
1 +

t⇤
⌧0

◆2

. (2.5)

The most complete list of PWNe is represented by the ATNF catalogue [48]. As it will
be widely discussed in the following, we will use it as a reference for all the PWN parameters.

2.4 Dark Matter

Positrons and electrons can also be the result of the pair annihilation or decay of DM particles.
The source terms associated to these contributions are:

Qann(~x,E) = ✏

✓
⇢(~x)

mDM

◆2X

f

h�vif
dNf

e±

dE
,

Qdec(~x,E) =

✓
⇢(~x)

mDM

◆X

f

�f
dNf

e±

dE
,

(2.6)

where ~x denotes Galactic position, ✏ being a factor that takes the value 1/2 or 1/4 for, re-
spectively, a self-conjugate or non self-conjugate DM particle, while f denotes the Standard
Model particles that can be produced in the annihilation or decay process and the functions
dNf

e±/dE represent the e± energy spectrum generated in a single annihilation or decay pro-
cess. The galactic DM halo, filled with particles with mass mDM , follows a spatial density
⇢(~x). We perform a model independent analysis which consists in assuming that the DM
annihilation/decay occurs in a single channel. In particular, we will focus our attention on

the five channels e+e�, µ+µ�, ⌧+⌧�, bb̄, W+W�. We model the energy spectra dNf
e±/dE

from Ref. [49]: we remind that these spectra have been computed by taking into account
electroweak correction which, as stressed in [50] can play a non-negligible role in shaping the
e± emission when the DM mass is above the electroweak scale.

– 4 –

parameter all 4 datasets only PF and SUM only e+ and e� fluxes

⌘PWNe 0.037+0.001
�0.001 0.036+0.002

�0.001 0.037+0.001
�0.002

�PWNe 1.95+0.03
�0.02 1.94+0.04

�0.02 1.95+0.2
�0.2

Q0,SNRs[1050 erg/s] 1.23+0.01
�0.03 1.10+0.15

�0.05 1.26+0.06
�0.09

�SNRs 2.24+0.02
�0.01 2.22+0.02

�0.01 2.24+0.01
�0.01

NVela 0.98+0.03
�0.13 1.00+0.23

�0.19 0.93+0.14
�0.16

�2
tot/d.o.f 1.03 1.35 0.76

�2
pf (43 data pts) 81.7 80.4 -

�2
sum (50 data pts) 36.0 37.2 -

�2
e+ (49 data pts) 39.7 - 40.4

�2
e� (49 data pts) 33.6 - 28.9

Table 1. Best-fit parameters for the astro model, together with the �2 associated to the di↵erent
datasets, for di↵erent combinations of the datasets.
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Figure 3. Astrophysical fit (astro model) to the AMS-02 positron fraction and total flux datasets
[57, 58, 62]. The fit refers to the second column of Table 1. We display also Fermi-LAT [63, 64],
PAMELA [1, 65, 66], and HESS data [33, 67]. The styles and colors used to represent the various
contributions are described in the insets.

right panel of Fig. 5. It is quite evident that deviations of �PWNe from the best-fit value
1.95 are strongly constrained by the large number of data points between 20 and 100 GeV.
And obviously, once that �PWNe is set, fluctuations in the normalization ⌘PWNe away from
the best fit value 0.037 are not possible.

To illustrate how small variations in these two parameters a↵ect the quality of the fit, we
plot in the bottom panel of Fig. 5, for each data point of the positron fraction, the chi-square
that is associated with the best-fit configuration of the astro model (for the combined fit of
the positron fraction and of the total flux) together with the chi-square for slightly di↵erent
values of the parameters of the PWNe. As it can be seen, the data points giving the maximal
contribution to the total chi-square are the two at the lowest energies and the two at 77.1
GeV and 123.31 GeV (this arises from the wiggly features that the positron fraction possesses
at these energies). It is evident that, in the astro model, every change of parameters that

– 9 –
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• TeV haloes have been discovered around pulsars, with �-rays from the ICS of
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±. This indicates that pulsars accelerate these species. CR di↵usion is much
slower inside these regions.
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CR generate themselves the magnetic turbulence inside which they are trapped.
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Over the past few years, many analyses concluded that �p̄ hints at DM

•We use the likelihood ratio LR which provides a powerful estimator for testing
the null-hypothesis and deriving DM contraints.

LR(null) = �2 ln

(
sup�2⇤L(�)

sup{�,µ}2⇤[ML(�, µ)

)
while LR(µ0) = �2 ln

(
sup�2⇤ L(�, µ0)

sup{�,µ}2⇤[M L(�, µ)

)

Here � 2 ⇤ stands for the CR parameters while µ ⌘ {m�, h�vi, channel}.

• Defining the likelihood function L(�, µ) requires some care. In principle, we
could define it through a global �2 measuring the distance of both nuclear and
antiproton data to theory.

�2 lnL(�, µ) ⌘ �
2
LiBeB(�) + �

2
p̄(�, µ)

• This would be extremely CPU-time and resources consuming. A close inspec-
tion to the p̄ flux is mandatory to define a more tractable yet robust likelihood.

�p̄ = �sec
p̄
(�) + �DM

p̄
(�, µ)

�sec
p̄ dominates over �DM

p̄ and behaves like stable secondary nuclear species.

CR parameters L̂ and �̂i minimizing �
2
LiBeB should also minimize �

2
p̄.

Actually L̂ = 4.96 kpc vs Lsec = 5.00 kpc – see also Boudaud et al., [1906.07119].
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• We replace �
2
LiBeB(�) by the posterior probability ⇧(�) yielded by the LiBeB

analysis on CR parameters � ⌘ {L,�i}. We consider this posterior PDF as a
prior for the p̄ analysis. Several possibilities to incorporate it.

P(µ) /
Z
L(p̄ |µ,�) ⇧(�) d� Bayesian, see Cui+[1805.11590]

• Another option is to generate the multivariate normal distribution of �p̄(�)
with covariance matrix Cmodel calculated from

Cmodel
ij =

⌦
�th

p̄,i�
th
p̄,j

↵
�
⌦
�th

p̄,i

↵⌦
�th

p̄,j

↵
see Boudaud+[1906.07119]

• We also remark that �DM
p̄ / L

2
/K / L is very sensitive to halo size L.

We split CR parameters. Halo size goes in the definition of L while �i are
incorporated in Cmodel. This leads to the definition

�2 lnL(�, µ) ⌘ �2 lnL(L, µ) =
(
logL� log L̂

�logL

)2

+
�
�
2
p̄ ⌘ xi (C�1)ij xj

 

• The CR parameters �i are set at their LiBeB maximum likelihood values
for each halo size L.

parameter �i(L) = Ai

⇢
L

5 kpc

�Bi

Weinrich+2004.00441]
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Cmodel
ij =

⌦
�th

p̄,i�
th
p̄,j

↵
�
⌦
�th

p̄,i

↵⌦
�th

p̄,j

↵
see Boudaud+[1906.07119]

• We also remark that �DM
p̄ / L

2
/K / L is very sensitive to halo size L.

We split CR parameters. Halo size goes in the definition of L while �i are
incorporated in Cmodel. This leads to the definition

�2 lnL(�, µ) ⌘ �2 lnL(L, µ) =
(
logL� log L̂

�logL

)2

+
�
�
2
p̄ ⌘ xi (C�1)ij xj

 

• The CR parameters �i are set at their LiBeB maximum likelihood values
for each halo size L.

parameter �i(L) = Ai

⇢
L

5 kpc

�Bi

Weinrich+2004.00441]
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n
Cdata or

q
�
2
stat

+ �
2
syst

or �stat
o
�
�
Cmodel or 0

 

A word of caution

Errors should be now treated correctly with covariance matrices.

The p̄ bound has a comparable strength to aggressive �-ray bounds from dSph.

The p̄ flux probes deeply into the DM parameter space and sets strong bounds.
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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
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• 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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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 although
M. Winkler and T. Linden have proposed a nice counter-example based
on ⇤̄b production if pure 3He events – Phys. Rev. Lett. 126 (2021) 101101.

• 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.

Poulin+[1808.08961]

Korsmeier+[1711.08465]
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• 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].

• 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 – See
Aramaki’s talk.
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A new scenario for 3He production from DM

• In general, DM species annihilations do not produce a detectable amount of
antihelium nuclei 3He.

• 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
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FIG. 2. (Left:) The antihelium flux from dark matter annihilation with h�vi = 2 ⇥ 10�26 cm3/s, for different choices of event generator
as described in the text. The AMS-02 10-year sensitivity taken from [29] is shown as the orange shaded region (see Appendix B). These
results show the significant boost in the number of detectable antihelium events due to ⇤b decays. (Right:) Same, but for dark matter which
annihilates through 14 GeV light mediators. For this model, Pythia does not predict any prompt events (all events are produced by ⇤b decay).

icantly increases the total event rate and predicts the detection
of O(1) antihelium event in current AMS-02 data. Interest-
ingly, while the total antihelium injection rate increases by a
factor of a few, the number of detectable antihelium events
increases by more than an order of magnitude due to the in-
creased sensitivity of AMS-02 and the decreasing effect of
solar modulation at higher energies.

In simulations using the Pythia ⇤b-tune, as well as our Her-
wig+EvtGen model, the predicted number of detected anti-
helium events increases beyond a factor of 100. However,
our default Herwig analysis does not efficiently produce an-
tihelium events through the ⇤̄b channel. At first inspection,
this is surprising because Herwig produces a ⇤̄b flux that is
4x higher than the default Pythia implementation. However,
while Br(⇤̄b ! He) ' 3 ⇥ 10�6 in Pythia, this branching
ratio resides below 10�9 in Herwig.

The significant difference between Pythia and Herwig is
rooted in the underlying hadronization models. Pythia uses an
implementation based on the Lund String Model [35], while
Herwig uses a cluster model from Ref. [36]. In both Pythia
and Herwig, the off-shell weak decay:

⇤̄b ! d̄ u ū (ud)0 (2)

Generator P P [⇤b-tune] H H+EvtGen
3He events 0.1 (0.007) 0.9 0.003 0.3

d̄ events 3.7 (3.5) 4.2 1.7 2.1

TABLE I. The expected number of 3He and d̄ events from dark mat-
ter annihilation with 10 yr of AMS-02 data, for our four choices of
event generator. For default Pythia (P), we also list prompt events
in brackets. While both instances of Pythia and the Herwig+EvtGen
model produce a significant enhancement to the antihelium flux, de-
fault Herwig (H) models predict a smaller contribution.

emerges as the dominant channel for displaced antihelium
production, where (ud)0 denotes an antidiquark state. We first
note that the branching fraction to this final state is 5⇥ smaller
in Herwig than in Pythia. However, this explains only a small
fraction of the difference between these results.

Since antihelium carries baryon number �3, two diquark-
antidiquark pairs must be acquired from the vacuum during
hadronization. In the string model such pairs may arise at each
factorization step via string breaking, whereas only quark-
antiquark pairs are created in the analogous cluster fissioning
of Herwig. In the cluster model, new diquarks can emerge in
the final decay of clusters into hadrons. However, we find that
the resulting cluster mass distribution of ⇤̄b decays strongly
suppresses multi-baryon final states kinematically. Thus, it
appears that the small phase space of antihelium formation via
⇤̄b isolates a region in which the differences between baryon
production in the string and cluster hadronization models are
most stark. We also note that Herwig produces a larger frac-
tion of events that lie above the coalescence threshold. This is
linked to a smaller probability of pion-emission associated to
the relevant ⇤̄b decays compared to Pythia.

While the detailed analysis of the applicability of these
models to ⇤b decays lies beyond the scope of this work, our
preliminary analysis indicates that reasonable changes to the
input parameters of the Herwig cluster hadronization model
do not qualitatively affect any of the conclusions presented
here. Most notably, scans of the PwtDIquark parameter
(which affects the diquark production probability in cluster
decays) and the utilization of the Kupco hadronization model
only marginally affect antihelium formation. Thus, we note
that our analysis strongly motivates observational and theo-
retical investigations into the physics of ⇤b decays.

Even in the case of the Pythia and Herwig+EvtGen anal-
yses, we note that the predicted antihelium flux still lies be-
low the tentative detection of O(10) 3He events (and poten-
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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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Takeaway

• The transport of charged particles inside the magnetic halo of the Galaxy is
better understood, especially in the light of recent AMS-02 observations. The
size of the magnetic halo L is measured to be 4.5± 1 kpc.

• Anomalies in the fluxes of antimatter charged cosmic rays could be an indirect
signature of annihilating DM particles. But caution must prevail. Positrons,
for instance, are most probably accelerated in PWNe and are detected as �-ray
TeV haloes.

• Many groups have reported a p̄ anomaly hinting at DM. But taking properly
the errors into account, i.e. including their correlations, makes the excess recede.

• AMS-02 has reported a few anti-helium events. If confirmed, this would be a
major discovery, pointing to exotic physics. If DM annihilates into bb̄ quarks,
the decay of ⇤̄b into 3He could produce an excess over secondaries.
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Takeaway

• This contribution is about the Galactic propagation models called MIN, MED

and MAX that yield minimal, median and maximal fluxes of primary antimatter

particles produced by dark matter annihilation or decay.

• These configurations have been extensively used in the astroparticle commu-

nity to bracket the uncertainties on dark matter indirect signatures that arise

from cosmic-ray propagation. As cosmic-ray data have considerably improved

in the past decade, a revision was mandatory.

• Using the latest measurements of cosmic-ray nuclei, we have revised the pa-

rameters driving the propagation of charged species throughout the Galaxy. We

have derived in particular the height L of the magnetic halo, a crucial quantity

driving the intensity of primary antiprotons and positrons fluxes produced by

dark matter.

• We obtain the new MIN-MED-MAX benchmarks for the BIG, QUAINT and

SLIM schemes, reducing theoretical uncertainties by a factor of 3-4 (positrons)

and 5 (antiprotons) with respect to their initial version.

Thanks for your attention
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Takeaway

• In this contribution, a new calculation of the p̄ flux is presented, taking
into account both secondary and primary (DM) components. We have taken
advantage of our latest analysis on CR LiBeB and magnetic halo size.

• We have performed fits of the p̄ data to explore the null hypothesis and to set
constraints on h�vi as a function of m�. To do so, we have defined a tractable
likelihood function L(�, µ) where errors, both experimental and theoretical, are
incorporated through a covariance matrix.

• We conclude that the slight improvement of the fit when including DM is not
statistically significant. Hints for DM in the p̄ signal get slimmer.

• We obtain strong bounds on h�vi as a function of m�, as aggressive as the
constraints derived from dSph and the LMC.

Thanks for your attention
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1. Sources & Acceleration 
diffusive shock acceleration

3

II. Propagation in the ISM  
diffusion, convection,  

 re-acceleration

III. Solar System & Detection  
solar modulation,  

geomagnetic cut-off

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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Takeaway

• In this contribution, a new calculation of the p̄ flux is presented, taking
into account both secondary and primary (DM) components. We have taken
advantage of our latest analysis on CR LiBeB and magnetic halo size.

• We have performed fits of the p̄ data to explore the null hypothesis and to set
constraints on h�vi as a function of m�. To do so, we have defined a tractable
likelihood function L(�, µ) where errors, both experimental and theoretical, are
incorporated through a covariance matrix.

• We conclude that the slight improvement of the fit when including DM is not
statistically significant. Hints for DM in the p̄ signal get slimmer.

• We obtain strong bounds on h�vi as a function of m�, as aggressive as the
constraints derived from dSph and the LMC.

Thanks for your attention

Back up slides

p̄ – Changing the Fisk potential
p̄ production cross section uncertainties
Fitting CR nuclei – MCMC or MINUIT/MINOS

18

Takeaway

• In this contribution, a new calculation of the p̄ flux is presented, taking
into account both secondary and primary (DM) components. We have taken
advantage of our latest analysis on CR LiBeB and magnetic halo size.

• We have performed fits of the p̄ data to explore the null hypothesis and to set
constraints on h�vi as a function of m�. To do so, we have defined a tractable
likelihood function L(�, µ) where errors, both experimental and theoretical, are
incorporated through a covariance matrix.

• We conclude that the slight improvement of the fit when including DM is not
statistically significant. Hints for DM in the p̄ signal get slimmer.

• We obtain strong bounds on h�vi as a function of m�, as aggressive as the
constraints derived from dSph and the LMC.

Thanks for your attention

Back up slides

p̄ – Changing the Fisk potential
p̄ production cross section uncertainties
Fitting CR nuclei – MCMC or MINUIT/MINOS

Génolini+[2103.04108]

18



ü
ü

ü ü

ü

ü

ü

ü

ü
ü

Ë
Ë Ë Ë

Ë

Ë

Ë
Ë
Ë

Ë
Ë Ë Ë- 0.1 0.0 0.1 0.2 0.3

0.05

0.10

0.15

0.20

xf

dn dx
f

np
,
pp
Æ
p

N IS = 1.37
N IS = 1

üü np Data
ËË pp Data

Figure 3: Di↵erential antiproton multiplicity in pp and np collisions. The di↵erence between
the two distributions can possibly be related to an isospin e↵ect (see text).

The validity of this decomposition requires the independence of target and projectile factoriza-
tion, such that the total multiplicity arises from the simple superposition of both contributions.
This assumption has been experimentally verified in other hadronic interactions (e.g. by com-
paring ⇡p and pp scattering [25]).

In the forward (xf > 0) and backward (xf < 0) region, the multiplicity is dominated by
projectile and target factorization respectively. However, there appears a small feed-over at
|xf | . 0.1, where both contributions slightly leak into the “wrong” hemisphere. One can define
the target overlap function Ftar(xf ) to project out the target contribution of the multiplicity

✓
dn

dxf

◆tar

hp!p̄

= Ftar(xf )

✓
dn

dxf

◆

pp!p̄

, (13)

where h denotes an arbitrary baryon or meson projectile. The overlap function was found to
be independent of the transverse momentum pT and of

p
s if expressed in terms of xf [25]. We

take Ftar(xf ) from table 14 in [5], the projectile overlap function is simply given as Ftar(1�xf )
and fulfills the relation Ftar(xf ) + Fpro(xf ) = 1. Using overlap functions to project out the
target and projectile components, we can express
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np!p̄

= Fpro(xf )
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= (NIS Fpro(xf ) + Ftar(xf ))
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. (15)

In the second step, we made use of the fact that proton and neutron can be understood as
doublet under an isospin symmetry which implies nnn!p̄ = npp!n̄. Further, we defined

✓
dn

dxf

◆

pp!n̄

= NIS

✓
dn

dxf

◆

pp!p̄

. (16)
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the di↵erential antiproton production cross sections. For the simulation with PYTHIA we
took into account all inelastic soft QCD processes. In the case of DPMJET, we used the
implemented standard PHOJET model without elastic collisions. GEANT was developed as
a detector simulation, but we adjusted the code to trace the event chain of single inelastic
collisions. For the hadronization, we chose the build-in FTFP model which is based on the
FRITIOF description of string fragmentation. The tool ROOT [15] was used for data analysis
and procession.

PYTHIA only deals with proton proton interactions, therefore it can only be used to
determine the dominant component of the antiproton source term. Subleading components
from processes involving helium can be obtained by use of DPMJET and GEANT. As is pointed
out in the documentation of the Monte Carlo generators, none of the three tools is suited for
the low energy regime, where the hadronization models break down. At higher energies,
however, reasonable agreement between the data-driven and Monte Carlo based evaluation of
the antiproton source term is expected.

3 Antiproton Production in Proton Proton Scattering

Proton proton scattering is the dominant source of antiprotons in our galaxy. In hadronic
collisions antiprotons are promptly produced due to the factorization of the colliding partons.
Additionally, antiprotons descend as decay products of long-lived intermediate states like an-
tineutrons or hyperons. Before we discuss the di↵erent contributions to the inclusive antiproton
production cross section, we shall turn to the energy scaling of the cross section.

3.1 Invariant Cross Section and Radial Scaling

We are interested in the inclusive production of a hadron h in the reaction pp ! h+X, where
X stands for the sum of the remaining final state particles. For this we introduce the Lorentz
invariant cross section

fpp!h = Eh
d3�

dp3h
=

Eh

⇡

d2�

dpLdp2T
, (1)

where Eh is the energy of the detected hadron and d3�/dp3h the di↵erential cross section with
respect to the three-momentum ph. The longitudinal and transverse components of ph are
denoted by pL and pT respectively. It is useful to express the invariant cross section in terms
of pT and a scaling variable. The radial and Feynman scaling variables are defined as

xR =
E⇤

E⇤
max

, xf =
p⇤
Lp
s/2

, (2)

where E⇤ and p⇤
L
denote the energy and longitudinal momentum of h in the center of mass

frame. The maximal energy is determined as E⇤
max = (s �M2

X +m2
h)/(2

p
s) with MX being

the minimal mass of the recoiling particles X.
In [16, 17] a large set of experimental data was analyzed. It was shown that the invariant

cross section approaches a radial scaling limit

fpp!h(
p
s, xR, pT) �! fpp!h(xR, pT) (3)

for
p
s & 10 GeV independent of the nature of the final state hadron. This is an enormous

simplification as – within the radial scaling regime – the cross section at all center of mass
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Takeaway

• In this contribution, a new calculation of the p̄ flux is presented, taking
into account both secondary and primary (DM) components. We have taken
advantage of our latest analysis on CR LiBeB and magnetic halo size.

• We have performed fits of the p̄ data to explore the null hypothesis and to set
constraints on h�vi as a function of m�. To do so, we have defined a tractable
likelihood function L(�, µ) where errors, both experimental and theoretical, are
incorporated through a covariance matrix.

• We conclude that the slight improvement of the fit when including DM is not
statistically significant. Hints for DM in the p̄ signal get slimmer.

• We obtain strong bounds on h�vi as a function of m�, as aggressive as the
constraints derived from dSph and the LMC.
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oration would definitively be an important improvement
to fully benefit from the precision achieved by AMS-02.
On the modelling side, the next step would be to com-
bine more secondary-to-primary ratios (Li/C, Be/C, and
B/C) to further decrease the propagation uncertainties.
Of course, better data and modelling on p̄ and n̄ produc-
tion cross sections is also required, and the sub-leading
error due to primary source parameters could be reduced
by combining AMS-02 data with higher energy data from
CREAM, TRACER and CALET [79]. In the current
state of our analysis, we can anticipate that, from the
frequentist point of view, a clear statistical preference
for an additional feature in the data is unlikely. How-
ever, this conclusion must rely on a quantitative analysis
that we postpone for a forthcoming paper.
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Appendix A: Antiproton production cross sections

Most of the p̄’s are produced via decays of antihyper-
ons and n̄’s. These contributions are not included in
the prompt p̄ cross section measured by the collider ex-
periments used in Ref. [53]. Ref [80] proposed energy-
dependent parametrisations based on the most up-to-
date collider data. The total p̄ production cross section
is

�tot

inv
= �inv(2 + �IS + 2�⇤), (A1)

where �inv is the Lorentz invariant cross section of
promptly produced p̄’s, �IS and �⇤ the isospin asym-
metry and anti-hyperon corrections, respectively.

1. Antihyperons

A sizeable fraction of p̄’s is produced via the decay of
antihyperons ⇤̄ and ⌃̄. The ratio of hyperon-induced to
promptly produced p̄’s is �⇤ = (0.81±0.04)(⇤̄/p̄), where
⇤̄/p̄ is the ratio of p̄’s produced via the decay of ⇤̄ to the

total yield. Here, it is assumed that antihyperons decay
equally into p̄’s and n̄’s. The energy dependence of ⇤̄/p̄
is given by

⇤̄/p̄ = c1 +
c2

1 + (c3/s)c4
, (A2)

where
p

s is the centre-of-mass energy, c1 = 0.31, c2 =
0.30, c3 = (146GeV)2, and c4 = 0.9. We determine the
uncertainty by randomly drawing 10000 realisations of
the parameters from the covariance matrix. This method
enables us to reproduce the median and the 1� CL ob-
tained in Ref.[80]. They are shown in the top panel of
Fig. 3.

2. Antineutrons

Antiprotons are preferentially produced via the decay
of n̄’s. The energy dependence of the isospin asymmetry
proposed in Ref. [80] is motivated by the fact that a pion
has to be produced when p̄’s are promptly produced. We
found that taking the parametrisation and the covariance
matrix of parameters from Ref.[80] does not allow to re-
produce the median and the 1� CL interval the authors
show in Fig. 8. Instead, we introduce the parametrisation

�IS = c0(x + c2)
c3 exp(�x/c1) (A3)

where x = log(
p

s), c0 = 0.33, c1 = 6.42, c2 = 0.5 and
c3 = 1.6. We randomly draw 10000 realisations of c0 us-
ing a Gaussian distribution with a standard deviation of
�c0 = 0.36 and with the lower bound c0 > 0.04. This
way, we recover the median and the 1� CL interval of
Fig. 8 in Ref. [80]. The results are shown in the mid-
dle panel of Fig. 3. Since we adopt the nucleon-nucleon
scaling relation determined in Ref. [53], which depends
(though slightly) on a di↵erent parametrisation of �IS,
we rescale the parameter D2 entering Eq. (17) of Ref. [53]
in order to obtain the same value of fA1A2 at the energy
of NA49.

The ratio between �tot

inv
as expressed in Eq. (A1) and

�inv is shown in the bottom panel of Fig. 3. In the case of
vanishing nonprompt contribution and isospin violation,
one would expect a constant value equal to 2. Hence,
not only the p̄ flux receives an upwards correction of ⇠
20% to 50%, but also acquires peculiar energy-dependent
features, further a↵ected by relatively large uncertainties.

Appendix B: Antiproton parents

1. AMS-02 data errors

In H, He, C, and O fluxes published by the AMS-
02 collaboration [62, 63], uncertainties are broken-down
into several contributions: statistical (Stat.), unfolding
(Unf.), rigidity scale (Scale), acceptance (Acc.), and even

The next section is devoted to the determination of �⇤ while we will discuss f 0
p̄ in

sections 5 and 6, before turning to �IS in section 8.

3 Hyperons

In hadronic scattering processes a sizable fraction of antiprotons is produced by decay
of the antihyperons ⇤̄ and ⌃̄. As hyperons have a macroscopic decay length c⌧ & cm in
the detector it is not obvious that the daughter antiprotons contribute to the cross sec-
tion measured at an accelerator experiment. Indeed, most present collider experiments
apply a feed-down correction to their data, i.e. they use precision tracking techniques to
reject antiprotons from hyperon decay. The situation is further complicated by the fact
that older experimental data from the 1970s and 80s do not contain such a feed-down
correction and, hence, a comparison is not straightforward.

In this section we aim at determining explicitly the ratio �⇤ of hyperon-induced
to promptly produced antiprotons in proton proton scattering. As experimental data
indicate that the phase space distributions of the resulting antiprotons matches between
the two production modes [7,10], we take �⇤ to be only a function of the center-of-mass
energy

p
s. We can extract it from the parent hyperon production

�⇤ =
⇤̄

p̄
⇥ Br

�
⇤̄ ! p̄+ ⇡+

�
+

⌃̄�

p̄
⇥ Br

�
⌃̄� ! p̄+ ⇡0

�
, (6)

where ⇤̄/p̄ and ⌃̄�/p̄ are the hyperon to (promptly produced) antiproton ratios. Due to
lack of experimental data on ⌃̄ production, we follow [7] and use symmetry arguments to
estimate ⌃̄/⇤̄ = 0.33. We assume a 25% uncertainty on this ratio. Taking the branching
fractions from [11] we arrive at

�⇤ = (0.81± 0.04) (⇤̄/p̄) . (7)

The following data sets are used to determine ⇤̄/p̄ as a function of energy:

• the Bonn-Hamburg-München (BHM) collaboration measured �⇤̄ = (0.021±0.007)
mb at

p
s = 6.8 GeV [12] which is combined with �p̄ = (0.086± 0.014) mb [13] to

yield ⇤̄/p̄ = 0.30 ± 0.11. There was no feed-down correction applied in [13] and
we thus used (7) to arrive at the given ratio.

• the cross sections �⇤̄ = 0.20 ± 0.10, 0.23 ± 0.10, 0.83 ± 0.39 mb were obtained
with the NAL hydrogen bubble chamber at

p
s = 11.4, 13.8, 19.6 GeV [14]. The

prompt antiproton cross section was not measured at the same energies. However,
as these energies reside in the radial scaling window, we can extract it from [7].
This leads to the ratios ⇤̄/p̄ = 0.40± 0.20, 0.29± 0.12, 0.55± 0.26.

cent from f⇤
n̄ . This small di↵erence can be neglected as hyperon-induced processes only make up a

fraction of the total antiproton cross section.

4

Taking into account the previous construction, we define the likelihood ratio as

LR(null) = �2 lnL(Lsec, h�vi ⌘ 0) + 2 lnL(L⇤
,m

⇤
, h�vi⇤)

DM best fit for bb̄ channel, NFW and BIG

dof = 54 56

Beware of a naive interpretation

We are tempted to gauge the statistical significance of

the null hypothesis by interpreting LR as a ��
2 with

2 degrees of freedom, i.e. m� and h�vi, but this is wrong.

+
In data space, m� and h�vi do not span a 2D plane since

we get the same theoretical point for h�vi ⌘ 0 for all m�.

The DM mass m� is not defined under the null hypothesis.

The global significance is determined by generating mock p̄ data under the
null hypothesis (only secondaries) to build the ��

2 distribution and gauge the
actual p-value. Heisig+[2005.04237] find 1.8 � (local) yielding 0.5 � (global).

Boudaud+[1906.07119]
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Results vary among authors. Errors on p̄ flux should be dealt with great care.

�
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p̄ ⌘ xi (C�1)ij xj where xi = �exp

p̄,i � �th

p̄,i while C = Cdata + Cmodel
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the null hypothesis by interpreting LR as a ��
2 with

2 degrees of freedom, i.e. m� and h�vi, but this is wrong.

+
In data space, m� and h�vi do not span a 2D plane since

we get the same theoretical point for h�vi ⌘ 0 for all m�.

The DM mass m� is not defined under the null hypothesis.

The global significance is determined by generating mock p̄ data under the null
hypothesis (only secondaries) to build the��

2 distribution and gauge the actual
p-value. Heisig et al. [2005.04237] find 1.8 � (local) yielding 0.5 � (global).
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FIG. 4. Correlations of the AMS-02 systematic errors in the antiproton flux (left panel) and the p̄/p ratio (right panel). For
better orientation we display the rapidity of every tenth bin.

parameter `e↵. acc. from Eq. (25) and two nuisance param-
eters describing the overall size of the systematic uncer-
tainty and a pure re-normalization uncertainty. A similar
strategy was used in Ref. [11]. Profiling over the three
parameters we obtain `e↵. acc. ⇠ 0.1 which is comparable
with the result above. While we are thus confident that
we obtained a reasonable estimate of the e↵ective accep-
tance correlations from the available public information,
their precise form can only be provided by the AMS-02
collaboration. At the precision level, we also expect small
di↵erences in `e↵. acc. between di↵erent cosmic-ray species
due to specific analysis cuts. We neglect such di↵erences
in this work.

The remaining uncertainties play a subleading role.
They are always subdominant to either the two previ-
ously discussed systematic errors or the statistical error.
For those errors, we refrain from a detailed analysis and
adopt the correlation lengths estimated in Ref. [21]:

`scale = 4 , `unf = 1 , `geo = 1 ,

`selection = 0.5 , `template = 0.5 .
(27)

In the next step, we build the covariance matrix for
each sub-error by multiplying the entries of the correla-
tion matrix by the AMS-02 errors (as displayed in Fig. 2)
in the corresponding bins. The covariance matrices for
each sub-error are then added to build the AMS-02 co-
variance matrix for the full systematic error. Figure 4
illustrates the overall correlations in the AMS-02 antipro-
ton and p̄/p systematic errors as derived by our method.
It can be seen that the systematic error in the antiproton
flux is correlated on a shorter length scale compared to
the error in the p̄/p ratio. This is because the e↵ective
acceptance error, which has a relatively short correlation
length, a↵ects the antiproton flux, but not the p̄/p ratio.
The full AMS-02 covariance also containing the statisti-
cal error is provided in the ancillary files.

IV. IMPLICATIONS FOR THE AMS-02
ANTIPROTON EXCESS

The AMS-02 error correlations can now be used to gain
insights into cosmic-ray spectra. Of particular interest is
the question how the correlations a↵ect the interpreta-
tion of the antiproton excess at R = 10�20 GV. The
latter has been considered as a possible dark-matter sig-
nal in a number of studies [6–13]. At the same time, the
significance of the excess is rather controversial (ranging
from 1 to 5� within the mentioned references). The pre-
vious studies took the systematic errors in the AMS-02
antiproton flux to be uncorrelated (or modeled correla-
tions in a simplistic way).
In the following, we will reinvestigate the antiproton

excess in Sec. IVC, fully including the derived correla-
tions in the AMS-02 systematic errors. We decided to
perform two complementary likelihood analyses on the
AMS-02 data. The two analyses di↵er substantially in
the modeling of cosmic-ray propagation and in the con-
sidered species. Hence, we can directly verify the robust-
ness of the conclusions we draw on the correlations with
respect to the propagation model. Before we describe our
analysis methods in Sec. IVB we will briefly review the
production and propagation of cosmic rays in Sec. IVA.

A. Cosmic-ray production and propagation

Cosmic rays are mainly composed of galactic matter
which has been energized by supernova shock accelera-
tion. This so-called primary component includes protons,
helium and heavier nuclei like carbon and oxygen. Pri-
maries, when they propagate through the galaxy, induce
secondary cosmic rays by scattering processes in the in-
terstellar disk. The source term for a secondary a, which
denotes its di↵erential production rate per volume, time

8

B. Covariance matrices for AMS-02 errors

After splitting the AMS-02 systematic error into its
various components, we will now assign correlation ma-

trices ⇢p̄a, ⇢p̄/pa (a = unf, xs, scale, . . . ) to each of the
sub-errors. The leading uncertainty (in the regime where
the systematic error dominates over the statistical er-
ror) derives from the absorption cross sections. The re-
ported, i.e. absorption-corrected (anti)proton flux scales
inversely with the (anti)proton survival probability which
was defined in Eq. (22). Therefore, at linear order in the
cross-section error, the correlation matrices ⇢p̄xs and ⇢pxs
are identical to the correlation matrices of uncertainties
in the absorption cross sections �p̄C

abs and �pC
abs, respec-

tively, (assuming that the same rigidity bins are chosen)
which were derived in Sec. II F. Note that the correlation
matrix ⇢p̄/pxs contains the contributions from ⇢p̄xs and ⇢pxs
(weighted by the relative magnitude of the antiproton
and proton cross-section uncertainties).

For the remaining uncertainties, we follow the ap-
proach of [20, 21] and define the following correlation
matrix10

�
⇢p̄a

�
ij
= exp

"
�1

2

✓
log10(Ri/Rj)

`a

◆2
#
, (25)

for each systematic uncertainty in the antiproton flux.
Here, Ri denotes the (mean) rigidity of the i-th bin. The
correlation lengths (in units of energy decade) depend
on the error under consideration. The correlation matri-
ces

�
⇢p̄/pa

�
ij

of uncertainties in the p̄/p ratio are defined

analogously.
Apart from the cross-section error, the e↵ective accep-

tance error plays a significant role. It is derived from
a data versus Monte Carlo comparison and may receive
contributions from mismodeling of e�ciencies in various
detector parts or from small errors in the detector compo-
sition model. Since it amounts to a collection of di↵erent
residual errors, it is di�cult to gain any intuitive insights
into the corresponding error correlations. However, a re-
alistic estimate of the correlation length can be obtained
by analyzing the ‘wiggliness’ of the data/MC correction
function employed by AMS-02. In the AMS-02 analy-
sis, the latter is determined from proton data and then
assumed to be identical for antiprotons (this is why the

from those in Ref. [21] as we choose to include additional infor-

mation provided in Ref. [79].
10

In Ref. [21] the covariance function approach has also been em-

ployed to model antiproton absorption cross-section uncertain-

ties and a correlation length `xs = 1 was chosen. In contrast, the

correlations we employ in this work – derived from our fit within

the Glauber-Gribov theory – do not reduce to simple correlation

function. If we e.g. separate our antiproton correlation matrix

into five sub-blocks of equal size and fit each subblock to the

form Eq. (25), we find that the correlation length varies in the

range `xs ⇠ 0.5�3 (with `xs increasing towards high rigidity).

FIG. 3. E↵ective acceptance correction function extracted
from [80]. The ‘wiggliness’ of the function provides a measure
for correlation length of the e↵ective acceptance error in the
AMS-02 antiproton data.

e↵ective acceptance correction and the corresponding er-
ror cancel in the p̄/p ratio). We extract the data/MC
correction function from the proton flux analysis in the
Ph.D. thesis [80] by taking the ratio of e↵ective and ge-
ometric e�ciency.11 In Fig. 3, we fit a polynomial of
12th degree in log10 R to the error function which well
reproduces its overall shape.12

From this fit, we can directly extract the correlations
in the e↵ective acceptance error. By a subsequent fit of
the correlations to the form Eq. (25), we finally obtain13

`e↵. acc. = 0.15 . (26)

As an alternative approach to derive the correlation
length of the e↵ective acceptance, we have considered
the correction function shown in Fig. 3 to be an estimate
for the systematic uncertainty of the e↵ective acceptance
itself. To this end, we have defined a likelihood for the

11
We note that the systematic errors derived in Ref. [80] di↵er

somewhat from the o�cial AMS-02 proton analysis [81]. How-

ever, we only use [80] to extract the correlation length of the ef-

fective acceptance error which should be hardly a↵ected by small

analysis di↵erences compared to [81]. We validated that our de-

termination of `e↵. acc. is not particularly sensitive to the analysis

choices of [80] by a comparison with the (ino�cial) AMS-02 he-

lium analysis presented in Ref. [82]. The e↵ective acceptance

error correlation length obtained from Fig. 3.31 in Ref. [82] dif-

fers by less than 20% from the value obtained from Fig. 3 in the

main text.
12

We have tested polynomial fits of lower and higher degree,

but found that they do either not reproduce the shape of the

data/MC correction function well or induce unphysical wiggles.
13

To perform a �2
-fit, we have to assign an error in each rigidity

bin shown in Fig. 3. For definiteness we have chosen this error to

be be 5%. We note, however, that this error cancels out in the

calculation of the correlations. Therefore, the choice of error does

not a↵ect our determination of the correlation length `e↵. acc..

Results vary among authors. Errors on p̄ flux should be dealt with great care.
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p̄ ⌘ xi (C�1)ij xj where xi = �exp

p̄,i � �th
p̄,i while C = Cdata + Cmodel

Covariance matrix Cmodel =
X

↵

C↵ = Cxs + Ctransport + Cparents

Each component is obtained from C↵
ij =

1

N

NX

n=1

�
�↵

i,n � µ
↵
i

� �
�↵

j,n � µ
↵
j

�

The correlation matrix is defined as c↵ij =
C↵
ijp

C↵
ii

p
C↵
jj

with
��c↵ij

��  1

data correlation matrix defined as c↵ij ⌘ ⇢
↵
ij = exp

"
�1

2

⇢
log10(Ri/Rj)

l↵

�2
#

Significance of the fit w/wo Cdata and Cmodel

No statistical significance in favour of a DM signal in p̄ flux
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Taking into account the previous construction, we define the likelihood ratio as

LR(null) = �2 lnL(Lsec, h�vi ⌘ 0) + 2 lnL(L⇤
,m

⇤
, h�vi⇤)

DM best fit for bb̄ channel, NFW and BIG

dof = 54 56

Beware of a naive interpretation

We are tempted to gauge the statistical significance of

the null hypothesis by interpreting LR as a ��
2 with

2 degrees of freedom, i.e. m� and h�vi, but this is wrong.

+
In data space, m� and h�vi do not span a 2D plane since

we get the same theoretical point for h�vi ⌘ 0 for all m�.

The DM mass m� is not defined under the null hypothesis.

The global significance is determined by generating mock p̄ data under the
null hypothesis (only secondaries) to build the ��

2 distribution and gauge the
actual p-value. Heisig+[2005.04237] find 1.8 � (local) yielding 0.5 � (global).
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To set constraints on DM properties, we fix m� and define the likelihood ratio

LR(h�vi) = �2 lnL(Lmin, h�vi) + 2 lnL(L0
, h�vi0)

LR(h�vi)  3.84 (��
2 with 1 dof)

To constraints mildly depend on DM profile and CR propagation.
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, h�vi0)
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⇢DM(r) =
⇢s

(r/rs)� (1 + r/rs)3��
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Takeaway

• In this contribution, a new calculation of the p̄ flux is presented, taking
into account both secondary and primary (DM) components. We have taken
advantage of our latest analysis on CR LiBeB and magnetic halo size.

• We have performed fits of the p̄ data to explore the null hypothesis and to set
constraints on h�vi as a function of m�. To do so, we have defined a tractable
likelihood function L(�, µ) where errors, both experimental and theoretical, are
incorporated through a covariance matrix.

• We conclude that the slight improvement of the fit when including DM is not
statistically significant. Hints for DM in the p̄ signal get slimmer.

• We obtain strong bounds on h�vi as a function of m�, as aggressive as the
constraints derived from dSph and the LMC.

Thanks for your attention
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