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Pierre

Outline

1) Dark matter and antimatter cosmic rays

2) Measuring the height L of the magnetic halo

3) Defining the new MIN, MED and MAX models

4) New MIN-MED-MAX fluxes on selected examples

5) Bracketing down uncertainties

1) Dark matter and antimatter cosmic rays

2) Measuring the height L of the magnetic halo

3) Defining the new MIN, MED and MAX models

4) New MIN-MED-MAX fluxes on selected examples

5) Bracketing down uncertainties

Online ICRC 2021 – Berlin, Germany – July 15, 2021

1

New cosmic ray MIN-MED-MAX benchmark models
for dark matter indirect signatures

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) Defining the new MIN, MED and MAX models

4) New MIN-MED-MAX fluxes on selected examples

5) Bracketing down uncertainties

1) Dark matter and antimatter cosmic rays

2) Measuring the height L of the magnetic halo

3) Defining the new MIN, MED and MAX models

4) New MIN-MED-MAX fluxes on selected examples

5) Bracketing down uncertainties

Online ICRC 2021 – Berlin, Germany – July 15, 2021

1

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

2



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 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

Uncertainties from cosmic ray propagation need to be ascertained.
MIN-MED-MAX benchmark configurations allow to bracket them.

Courtesy Antje Putze, TeVPA 2015
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primaries

secondaries

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
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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.

� + � ! 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

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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Pierre

Outline

1) Dark matter and antimatter cosmic rays

2) Measuring the height L of the magnetic halo

3) Defining the new MIN, MED and MAX models

4) New MIN-MED-MAX fluxes on selected examples

5) Bracketing down uncertainties

1) Dark matter and antimatter cosmic rays

2) Measuring the height L of the magnetic halo

3) Defining the new MIN, MED and MAX models

4) New MIN-MED-MAX fluxes on selected examples

5) Bracketing down uncertainties

Online ICRC 2021 – Berlin, Germany – July 15, 2021

1

New cosmic ray MIN-MED-MAX benchmark models for dark matter indirect signatures Pierre Salati

sets allows to bracket down the uncertainty on !.
Using all these observations together, we fit [7] the CR propagation parameters within a 2D

model via a chi-squared minimisation including nuisance terms for the nuclear cross sections and
Solar modulation (treated within the force-field approximation). This minimisation is performed
with the ������ package [9], its ����� algorithm also providing accurate asymmetric error bars
even if the problem is very non-linear. We checked that the covariance matrix of uncertainties which
we derive in the SLIM scheme without nuisance terms is in excellent agreement with the results of
a Markov chain Monte Carlo analysis. The results of the full ������ analysis are showed in Tab. 1.
In particular, the determination at the 2f level of the magnetic halo height is ! = 4.66+2.94

�1.80 kpc.

log10 ! X log10  0 'l Xl

[kpc] [kpc2 Myr�1] [GV]
0.668 0.499 �1.444 4.482 �1.110

©≠≠≠≠≠
´

+1.13e-2 �2.05e-4 +1.10e-2 +1.96e-3 +2.41e-3
�2.05e-4 +1.06e-4 �3.91e-4 +1.03e-6 �3.38e-4
+1.10e-2 �3.91e-4 +1.12e-2 +1.79e-3 +3.28e-3
+1.96e-3 +1.03e-6 +1.79e-3 +2.80e-2 +1.42e-2
+2.41e-3 �3.38e-4 +3.28e-3 +1.42e-2 +1.88e-2

™ÆÆÆÆÆ
¨

Table 1: Cosmic ray parameter values and associated covariance matrix for the SLIM scheme.

3. Defining the new MIN, MED and MAX models

The DM signal is produced all over the magnetic halo and not solely inside the Galactic disk.
It is approximately proportional to the ratio !2/ where the di�usion coe�cient is taken at the
rigidity of interest. From a few GV upward, B/C and Li/C data constrain the ratio !/ so that the
DM signal is merely proportional to !. The thicker the magnetic halo, the stronger the signal. At
lower rigidities, ! and  become independent. The more negative the low-energy index Xl, the
larger  at sub-GeV energies and the weaker the antiproton and positron fluxes. The CR parameters
that crucially control the intensity of the DM signal are ! and Xl.

From the best-fit values and covariance matrix of Tab. 1, we draw a collection of 105 SLIM
(correlated) propagation parameters. This sample is displayed in the (!, Xl) plot of Fig. 2. Each
blue point stands for a particular model within the SLIM propagation scheme. The constellation of
dots is nearly circular, indicating that the CR parameters log10 ! and Xl are not correlated with each
other.

To define the MAX (resp. MIN) configuration, we start selecting a sub-sample of SLIM models
whose quantiles relative to log10 ! and to Xl are both larger (resp. smaller) than a critical value of

@MAX
MIN

=
1
2

✓
1 ± erf

✓
=p
2

◆◆
where erf (G) = 2/

p
c

π G

0
4�C

2
dC . (2)

Along each of the directions log10 ! and Xl, these models are located at more than = standard
deviations from the average configuration. We have checked with the results presented in the next
section that a value of = = 2 defines MAX (resp. MIN) as a conservative two sigmas upper (res.

4

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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Figure 2: The constellation of blue dots features a sample of 105 randomly drawn SLIM models. Along each
of the directions log10 ! and Xl, the red and green models are located at more than 2 standard deviations from
the mean. The barycenters of these populations, defined with respect to all CR parameters, respectively yield
the MAX and MIN configurations, depicted by the upward and downward black triangles. The MED model
corresponds to the barycenter of the orange sub-sample.

lower) bound on the DM-produced primary fluxes, for any annihilation channel that we consider.
In Fig. 2, this sub-sample corresponds to the red dots lying in the upper-right corner (resp. green
points in the lower-left corner) of the blue constellation.

For the MED model, we proceed slightly di�erently. The orange square in Fig. 2 corresponds to
a sub-sample of models whose quantiles relative to log10 ! and to Xl are both in the range extending
from @MED � ?/2 to @MED + ?/2, with @MED = 0.5 and ? = 0.03 a width parameter. Once that
population is selected, the MED model corresponds once again to its barycentric configuration in
the multi-dimensional space of all CR parameters. It is shown as a black square lying at the center
of the orange square. The above-mentioned procedure leads to the CR parameters of Tab. 2.

SLIM ! X log10  0 'l Xl

[kpc] [kpc2 Myr�1] [GV]
MAX 8.40 0.490 -1.18 4.74 -0.776
MED 4.67 0.499 -1.44 4.48 -1.11
MIN 2.56 0.509 -1.71 4.21 -1.45

Table 2: Propagation parameters for the MIN, MED, and MAX benchmarks of the SLIM scheme.

4. New MIN-MED-MAX fluxes on selected examples

In Fig. 3, we present examples of DM-generated antimatter fluxes. The primary positron (left)
and antiproton (right) fluxes are calculated for a subset of the SLIM models derived in Sec. 3 and
a DM mass of 100 GeV. The positron flux is calculated using the so-called pinching method in
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• �p̄ calculated with USINE public code
D. Maurin, Comp. Phys. Com. 247 (2020) 106942

• �p̄ /
L
2

K
/ L above a few GV while below

curves are intertwined with one another

• All �p̄ inside the band from MIN to MAX
whose width corresponds to a factor ⇠ 4

• �e+ calculated with the pinching method
M. Boudaud et al., A&A 605 (2017) A17

• �e+ has a local origin for E ! m� and no longer
depends on CR parameters ( E losses vs di↵usion

• �e+ /
⇢
L
2

K

�3/2

/ L
3/2 down to ⇠ GeV while

below curves are intertwined with one another

• All �e+ inside the band from MIN to MAX with

width increasing @ low E (factor ⇠ 4 @ 1 GeV)
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Galactic charged cosmic rays, notably positrons, antiprotons and light antinuclei, are powerful
probes of dark matter annihilation or decay, in particular for candidates heavier than a few MeV
or tiny evaporating primordial black holes. Recent measurements by PAMELA, AMS-02, or
Voyager on positrons and antiprotons already translate into constraints on several models over a
large mass range. However, these constraints depend on Galactic transport models, in particular
the di�usive halo size !, subject to theoretical and statistical uncertainties. Using Be/B data on
top of the secondary-to-primary ratios Li/C and B/C, we have set new constraints on !. We have
derived an average value of ! = 5+3

�2 kpc at 1f. These constraints improve by a factor of 2 when
low-energy 10Be/Be and 10Be/ 9Be data are included.

Using these results, we have updated the so-called MIN-MED-MAX benchmark transport param-

eters that yield generic minimal, median, and maximal dark matter produced fluxes. We define

these benchmark configurations from a selection of models based on the di�usive halo height

! and on a specific low-energy transport parameter that depends on the cosmic-ray transport

scheme. We illustrate our results with a 100 GeV dark matter species annihilating into 11̄ quark or

electron-positron pairs, and present the positron and antiproton fluxes that these particles generate

at the Earth. With our revised MIN-MED-MAX benchmarks, the uncertainties on primary fluxes

reduce by a factor of 3-4 (positrons) and 5 (antiprotons) with respect to their former version.
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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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