
Constraining TeV-scale dark matter 
with cosmic-ray antiprotons

This work has been accomplished at the Institute for Theoretical Particle Physics and
Cosmology (TTK) at RWTH Aachen University in Aachen through the Graduate School
Program “Particle and Astroparticle physics in the Light of the LHC” financed by the
Deutsche Forschungsgemeinschaft (DFG, German Research Foundation).

Cover
Compilation of own photograph and an image of a fixie bicycle from eluxemagazine.com.

May 24, 2015
This work is available under the Creative Commons Attribution 4.0 International
(CC BY 4.0) License.
See for more information: http://creativecommons.org/licenses/by/4.0/legalcode

.

Jan Heisig (RWTH Aachen University)

[based on Cuoco, JH, Korsmeier, Krämer, 1711.05274, JCAP] 

June 26, Annecy-le-Vieux, France



Dark matter indirect detection:

⇧2
GCE = 28.3 , �2 logLfit = 28.8

⇥ = ln(J̄/J̄nom)

W±, t, b, ...

3.3 Dark matter density profile and uncertainties

Our treatment of the J-factor. ⌅ Benedikt, Alessandro
Reference to Fig. 4.
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Figure 4: [Probably we should split it up as the right panel will only be discussed later.]

3.4 WIMP contribution to dark matter

In this study we allow for the situation that the dark sector is more complicated than containing
just one particle species. We could imagine a second non-WIMP dark matter component (such
as axions or primordial black holes) which do not annihilate today and are recognized by their
gravitational interaction only. [footnote/comment on axion searches?] Hence we consider the
case that the WIMP dark matter density is a certain fraction, R ⇥ 1, of the total (gravitationally
interacting) dark matter:

⇤WIMP = R ⇤total . (5)

The annihilation signal today thus scales as ⌅ ⇧ R2. We will consider R as a free parameter
in the fit of the GCE signal. As the fit depends on the overall flux and on the spectrum for
mS > mh where both quantities depend on �HS we obtain a non-trivial implication for R from
the fit to the GCE only. [⇤ Maybe the last sentence should go to the discussion]

[I think the original text I wrote regarding the R-factor (following text) contains some more
useful aspects but it rather touches the interplay between relic density constraints and GCE
and should therefore probably be located after we introduced the relic density constrain. Maybe
in the results and discussion section.] [The requirement that the WIMP relic density from
thermal freeze-out matches the measured DM density imposes a very strong constraints on the
model parameter only allowing for a thin hypersurface in parameter space. There are usually
two situations considered that relax this constraint. The first situation is that we have a non-
standard cosmological history containing out-of-equilibrium process like a late decay of a heavier
particle. This could lead to both an increase or a decrease of the WIMP relic density depending
on whether the heavier particle decays into the WIMP or into SM particles (producing entropy
and hence decreasing the WIMP yield). If we do not specify the physics of these processes
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▪ Dark matter searches joint effort
▪ Indirect detection probes annihilation
▪ AMS-02: cosmic-ray precision era
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▪ Indirect detection probes annihilation
▪ AMS-02: cosmic-ray precision era

main uncertainty: J-factors
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▪ Dark matter searches joint effort
▪ Indirect detection probes annihilation
▪ AMS-02: cosmic-ray precision era

main uncertainty: J-factors

main uncertainty: 
cosmic-ray propagation

Jan Heisig (Aachen University)                                               1                                                           DSU 2018,  June 26th



Searches for dark matter in cosmic-rays

[see e.g. L. Bergstrom, J. Edsjo, and P. Ullio, ApJ,526,215 
(1999); F. Donato, N. Fornengo, D. Maurin, and P. Salati, 
PRD69, 063501 (2004); T. Bringmann and P. Salati, 
PRD75, 083006 (2007); F. Donato, D. Maurin, P. Brun, T. 
Delahaye, and P. Salati, PRL. 102, 071301 (2009); N. 
Fornengo, L. Maccione, and A. Vittino, JCAP1404,003; 
D. Hooper, T. Linden, and P. Mertsch, JCAP 1503, 021; V. 
Pettorino, G. Busoni, A. De Simone, E. Morgante, A. 
Riotto, and W. Xue, JCAP 1410, 078 (2014); M. 
Boudaud, M. Cirelli, G. Giesen, and P. Salati, JCAP1505, 
013 (2015); J. A. R. Cembranos, V. Gammaldi, and A. L. 
Maroto, JCAP 1503, 041 (2015); M. Cirelli, D. Gaggero, 
G. Giesen, M. Taoso, and A. Urbano, JCAP 1412, 045 
(2014); T. Bringmann, M. Vollmann, and C.Weniger, Phys. 
Rev. D90, 123001 (2014); G. Giesen, M. Boudaud, Y. 
Genolini, V. Poulin, M. Cirelli, P. Salati, and P. D. Serpico, 
JCAP 1509, 023 (2015); C. Evoli, D. Gaggero, and D. 
Grasso, JCAP 1512, 039]

Antiprotons DM limits 
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▪ MIN/MED/MAX scenario: Large uncertainties
⇒ Joint fit of propagation parameters using precise AMS-02 data
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Fit parameters: zh

zh, �1,p, �2,p, �1, �2

3

▪ Numerically solve diffusion equation: 
   [using Galprop (or Dragon)] 

Cosmic-ray propagation in the Galaxy
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Cosmic-ray propagation in the Galaxy
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Source term - primaries:
▪ Astrophysical Sources:
   SNR or Pulsars
   ⇒ p, He, …

   Injection spectrum:

AMS-02 requires individual
slopes for p, He!

Fit parameters:

▪ Numerically solve diffusion equation: 
   [using Galprop (or Dragon)] 
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Cosmic-ray propagation in the Galaxy

▪ Diffusion

Fit parameters:

▪ Numerically solve diffusion equation: 
   [using Galprop (or Dragon)] 

Dxx =  D0 β (R/4GV)δ  

RD
iff

us
io

n 
C

on
st

an
t

▪ Astrophysical Sources

Fi
gu

re
s: 

C
re

di
t 

to
 M

ic
ha

el
 K

or
sm

ei
er

Jan Heisig (Aachen University)                                               3                                                           DSU 2018,  June 26th



!"##$%

C)2'-. %$12

.512/<>##B!08=<5<0 C

!"
#
D"
C
E
B

F

<

#G

D840!:2A851/>#E!;01<8F
! E)(#!0#G;>8/08
! 0%-'$%14CH2F##

!*#H<*#&*#I

J74<0/145!7#K542#JE.F
! L0/M=<74/45!7#!0#

:0!9;145!7
! ;".)(7$%14CH2F##

!"*#N5*#O*#I##

!342)8%."I
!"#:0!659<8#/7#
5=:!04/74#40/1<0

!"#$

!%"##$

!

!

#G

i

!"##$%

C)2'-. %$12

.512/<>##B!08=<5<0 C

!"
#
D"
C
E
B

F

<

#G

D840!:2A851/>#E!;01<8F
! E)(#!0#G;>8/08
! 0%-'$%14CH2F##

!*#H<*#&*#I

J74<0/145!7#K542#JE.F
! L0/M=<74/45!7#!0#

:0!9;145!7
! ;".)(7$%14CH2F##

!"*#N5*#O*#I##

!342)8%."I
!"#:0!659<8#/7#
5=:!04/74#40/1<0

!"#$

!%"##$

!

!

#G

i
i i

i i i i

zh

zh, �1,p, �2,p, �1, �2, R0, s

zh, �1,p, �2,p, �1, �2, R0, s,D0, ⇥

zh, �1,p, �2,p, �1, �2, R0, s,D0, ⇥, v0,c

zh, �1,p, �2,p, �1, �2, R0, s,D0, ⇥, v0,c, vAlfen

zh, �1,p, �2,p, �1, �2, R0, s,D0, ⇥, v0,c, vAlfen,⇤AMS

zh, �1,p, �2,p, �1, �2, R0, s,D0, ⇥, v0,c, vAlfen,⇤AMS

3

2 zh

Cosmic-ray propagation in the Galaxy

▪ Diffusion

Fit parameters:

▪ Numerically solve diffusion equation: 
   [using Galprop (or Dragon)] ▪ Astrophysical Sources

▪ Convection
Winds perpendicular to 
the galactic plane
V =  v0,c sign(z) ez
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Cosmic-ray propagation in the Galaxy

▪ Diffusion

Fit parameters:
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Cosmic-ray propagation in the Galaxy

▪ Diffusion

Fit parameters:

▪ Numerically solve diffusion equation: 
   [using Galprop (or Dragon)] ▪ Astrophysical Sources

▪ Convection
▪ Reacceleration
▪ Energy loss

B

p̅

▪ Fragmentation and decay
Loss for one species is
gain for the other

Secondaries: 
p̅, (Li, B, …)
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Fit parameters:

▪ Numerically solve diffusion equation: 
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⇧2
GCE = 28.3 , �2 logLfit = 28.8

⇥ = ln(J̄/J̄nom)

W±, t, b, ...

3.3 Dark matter density profile and uncertainties

Our treatment of the J-factor. ⌅ Benedikt, Alessandro
Reference to Fig. 4.
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Figure 4: [Probably we should split it up as the right panel will only be discussed later.]

3.4 WIMP contribution to dark matter

In this study we allow for the situation that the dark sector is more complicated than containing
just one particle species. We could imagine a second non-WIMP dark matter component (such
as axions or primordial black holes) which do not annihilate today and are recognized by their
gravitational interaction only. [footnote/comment on axion searches?] Hence we consider the
case that the WIMP dark matter density is a certain fraction, R ⇥ 1, of the total (gravitationally
interacting) dark matter:

⇤WIMP = R ⇤total . (5)

The annihilation signal today thus scales as ⌅ ⇧ R2. We will consider R as a free parameter
in the fit of the GCE signal. As the fit depends on the overall flux and on the spectrum for
mS > mh where both quantities depend on �HS we obtain a non-trivial implication for R from
the fit to the GCE only. [⇤ Maybe the last sentence should go to the discussion]

[I think the original text I wrote regarding the R-factor (following text) contains some more
useful aspects but it rather touches the interplay between relic density constraints and GCE
and should therefore probably be located after we introduced the relic density constrain. Maybe
in the results and discussion section.] [The requirement that the WIMP relic density from
thermal freeze-out matches the measured DM density imposes a very strong constraints on the
model parameter only allowing for a thin hypersurface in parameter space. There are usually
two situations considered that relax this constraint. The first situation is that we have a non-
standard cosmological history containing out-of-equilibrium process like a late decay of a heavier
particle. This could lead to both an increase or a decrease of the WIMP relic density depending
on whether the heavier particle decays into the WIMP or into SM particles (producing entropy
and hence decreasing the WIMP yield). If we do not specify the physics of these processes
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Cosmic-ray propagation in the Galaxy

▪ Diffusion

Fit parameters:

▪ Numerically solve diffusion equation: 
   [using Galprop (or Dragon)] ▪ Astrophysical Sources

▪ Convection
▪ Reacceleration
▪ Energy loss
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▪ Fragmentation and decay

▪ Dark Matter  

▪ Data:
▪ AMS-02: p, He, p̅
  [AMS 2015, 2016]

▪ CREAM: p, He̅
  [Yoon et al. 2011] 

▪ VOYAGER: p, He̅
  [Stone et al. 2013]
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3.4 WIMP contribution to dark matter

In this study we allow for the situation that the dark sector is more complicated than containing
just one particle species. We could imagine a second non-WIMP dark matter component (such
as axions or primordial black holes) which do not annihilate today and are recognized by their
gravitational interaction only. [footnote/comment on axion searches?] Hence we consider the
case that the WIMP dark matter density is a certain fraction, R ⇥ 1, of the total (gravitationally
interacting) dark matter:

⇤WIMP = R ⇤total . (5)

The annihilation signal today thus scales as ⌅ ⇧ R2. We will consider R as a free parameter
in the fit of the GCE signal. As the fit depends on the overall flux and on the spectrum for
mS > mh where both quantities depend on �HS we obtain a non-trivial implication for R from
the fit to the GCE only. [⇤ Maybe the last sentence should go to the discussion]

[I think the original text I wrote regarding the R-factor (following text) contains some more
useful aspects but it rather touches the interplay between relic density constraints and GCE
and should therefore probably be located after we introduced the relic density constrain. Maybe
in the results and discussion section.] [The requirement that the WIMP relic density from
thermal freeze-out matches the measured DM density imposes a very strong constraints on the
model parameter only allowing for a thin hypersurface in parameter space. There are usually
two situations considered that relax this constraint. The first situation is that we have a non-
standard cosmological history containing out-of-equilibrium process like a late decay of a heavier
particle. This could lead to both an increase or a decrease of the WIMP relic density depending
on whether the heavier particle decays into the WIMP or into SM particles (producing entropy
and hence decreasing the WIMP yield). If we do not specify the physics of these processes
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Cosmic-ray propagation in the Galaxy

▪ Diffusion

Fit parameters:

Solar modulation: ▪ Astrophysical Sources

▪ Convection
▪ Reacceleration
▪ Energy loss
▪ Fragmentation and decay

▪ Dark Matter  

▪ Data:

R

R
2.

7  F
lu

x

LIS flux fitted to VOYAGER

Modulated flux fitted to AMS

▪ Phenomenological description:
   force-field approximation with 
▪ Our approach: 
   ▪ Constrain local interstellar space (LIS) flux
      directly by VOYAGER data
   ▪ Exclude data below 5 GV in the main fit
   ▪ Marginalized over          on-the-fly for 
      each GALPROP evaluation 
 

▪ AMS-02: p, He, p̅
  [AMS 2015, 2016]

▪ CREAM: p, He̅
  [Yoon et al. 2011] 

▪ VOYAGER: p, He̅
  [Stone et al. 2013]
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Limit setting

Marginalized over all propagation 
(nuisance) parameters:

For a certain DM mass 
test-statistic:

Best-fit value for 
considered mass
(usually σv ~ 0)

��2 = �2 log
L(b⇥0,�v)

L(b⇥,c�v)

1

⇒ Propagation uncertainties taken into account

▪ Explore 13-dim. parameter space with MultiNest

��2 = �2 log
L(b⇥0,�v)

L(b⇥,c�v)

1

M

Jan Heisig (Aachen University)                                               5                                                           DSU 2018,  June 26th



Results for dark matter limits
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Figure 1. 95% C.L. upper limits on the DM annihilation cross section h�vi for all possible annihilation
channels into pairs of SM particles from CR antiprotons (solid blue curves) and from dwarf spheroidal
galaxies (dashed red curves). For the the leptonic channels the CR limits are flavor blind. Note
the di↵erent scales on the vertical axes when comparing the limits of the leptonic (upper row) and
non-leptonic annihilation channels.
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Uncertainties from DM density profile

3.3. DM DETECTION VIA CRS

Fig. 3.2: DM profiles with solar position
at r� = 8 kpc and local DM density of
0.43 GeV/cm3.

close by astrophysical objects the local density is calculated to ⇢0 = 0.43
+0.11
�0.10 GeV/cm

3 [43]. Fig. 3.2
shows a comparison of the two profiles, both are normalized to the local DM density ⇢0 = 0.43 at
the solar position r� = 8 kpc. The core radii are set to reasonable values of 20 kpc and 5 kpc for
NFW and Burkert profile, respectively.

If we assume that DM is a WIMP, which can annihilate and produce standard model particles,
they might be detected as an excess in CR energy spectra. The amount of this excess is mainly
influenced by the local DM density. In fact, CRs are not very sensitive to the shape of the DM
profile at the Galactic center, because by they typically travel only a few kpc during propagation
and diffusion smears out the exact shape information. Even large differences, as present for the
NFW and Burkert profile, do not matter. We will explicitly show this during the calculation of DM
limits in Chapter 6.

3.3 DM detection via CRs

We search for WIMP DM via indirect detection in CRs. In the case that two DM particles � meet,
they can annihilate into standard model particles. Fig. 3.1 shows the Feynman diagram for such a
process. These elementary particles themselves then shower and produce all kind of stable particles,
among them also charged particles, i. e. CRs. The idea is now to search for an excess in the CRs,
which is not explained by the known astrophysical processes. Of course, the best chances for a
detection are given for CRs with a large signal-to-background, meaning DM-to-astrophysics source
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of electroweak multiplets, and which requires DM masses in the TeV-range to provide the
observed DM relic abundance. In particular, we find that the thermal triplet model (wino
DM) is strongly disfavoured, even when taking into account a conservative estimate of the
systematic uncertainties in the antiproton limits.

The paper is organized as follows. In section 2 we present our general analysis of
DM bounds from comic ray antiprotons, as well as from gamma-ray observations of dwarf
spheroidal galaxies and gamma-ray observations towards the Galactic center. Specific min-
imal DM models, including wino, higgsino and fermion quintuplet DM are introduced in
section 3. We probe these models with cosmic ray antiprotons and compare our limits with
results obtained from �-line searches. Numerical results for the various models are presented
in section 3.4. We conclude in section 4.

2 Dark matter limits

In this section we derive generic DM limits in a model-independent way considering all
possible annihilation channels into pairs of SM particles. Limits for specific models will be
discussed in section 3.

2.1 Cosmic-ray analysis

Antiprotons can be produced through the fragmentation of the products of DM annihilation
in the Galaxy. This corresponds to a source term given by
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where ⇢(x) is the DM density distribution, mDM is the DM mass, h�vif is the thermally

averaged cross section for DM annihilation into the SM final state f , DM + DM ! ff̄ ,
and dNf

p̄ /dEkin is the antiproton energy spectrum per DM annihilation. The factor 1/2 in
eq. (2.1) has to be included for scalar or Majorana fermion DM. For the analysis, we consider
di↵erent DM distributions. As default, we use the NFW DM density profile [20],

⇢NFW(r) =
⇢h

(r/rh)(1 + r/rh)2
, (2.2)

with a halo scale radius of rh = 20 kpc, and a halo density, ⇢h, normalized to the local DM
density ⇢� = 0.43 GeV/cm3 [21] at the solar position, r� = 8kpc. Furthermore, we consider
the Burkert profile [22],

⇢Bur(r) =
⇢c

(1 + r/rc)(1 + r2/r2c )
, (2.3)

with a core radius of rc = 5kpc and rc = 10 kpc, again normalized to give ⇢� = 0.43 GeV/cm3

at the solar position. In both the NFW and Burkert case the parameters have been chosen
in agreement with the recent determination of the DM halo in [23].

The yield and energy distribution of antiprotons per DM annihilation, dNf
p̄ /dEkin, de-

pends on the SM final state f and the DM mass. We consider the channels f = q, c, b, t, g, W,
Z, h, ` and ⌫, where q = u, d, s, ` = e, µ, ⌧ and ⌫ = ⌫e, ⌫µ, ⌫⌧ , and use the results for

dNf
p̄ /dEkin presented in [24]. The authors of Ref. [24] took into account electroweak cor-

rections [25] in a model-independent way by using electroweak splitting functions [26, 27].
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Uncertainties from DM density profile
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Interpretations within DM models



Interpretation within minimal dark matter
[Cirelli, Fornengo, Strumia hep-ph/0512090, see also 0706.4071, 1507.05519, ...]

Furthermore, the limits for the leptonic channels are flavour-independent, and di↵er between
charged leptons and neutrinos by a constant factor of ⌫/` ' 0.4.

For comparison, we also show the limits derived from the Fermi-LAT observations of
dwarf spheroidal galaxies. For DM annihilation into quarks or gauge bosons, the antiproton
limits are significantly stronger than those derived from dwarf galaxies. For DM annihilating
into Higgs particles or top quarks, the antiproton limits become comparable to those from
dwarf galaxies for DM masses below about 300 GeV, i.e. in the mass region consistent with
a potential DM signal in the antiproton spectrum [17].

Even for the leptonic channels, where antiprotons only arise from electroweak radiation,
we find competitive constraints from our analysis of the AMS-02 antiproton data, in particular
for large DM masses where electroweak radiation is logarithmically enhanced, see also [50].
Note that the limits on annihilation into leptonic finals states are in general considerably
weaker then those on annihilation into gluons, quarks, gauge or Higgs bosons.

It is important to quantify the uncertainty on the antiproton limits arising from our de-
scription of cosmic ray propagation, the DM density profile and the antiproton cross section.
We have thus repeated our analysis with a di↵usion model without convection and with a
fixed Galaxy half-height of zh = 10 and 2, respectively. We have also studied the impact of
extending the range of rigidities included in our fit down to 1 GV (see the discussion in [36]).
To quantify the dependence of the limits on the DM density profile we have compared the
results for the default NFW profile with those obtained from a Burkert profile with core radii
of rc = 5kpc and rc = 10 kpc, respectively. Finally, to estimate the uncertainty introduced by
the antiproton cross section, we adopt di↵erent parametrizations as provided in Refs. [42–47].
The DM limits corresponding to the di↵erent setups are displayed in figure 2 (left panel) for
annihilation into W/Z, which is the final state relevant for the specific DM models studied
in section 3. As the overall systematic uncertainty on the cross-section limit we consider the
envelope of the various limits, as indicated by the dark blue shaded region in figure 2. In
addition, we display the uncertainty from the local DM density, ⇢� = (0.43±0.15) GeV/cm3,
which we add linearly to the other systematic uncertainties (light blue shaded region).

In figure 2, right panel, we compare the limits obtained for the annihilation into W/Z
with those into gluons, quarks or Higgs particles. The limits are quite similar above DM
masses of about 500 GeV, in particular in comparison with the systematic uncertainty in-
dicated by the blue shaded region. Thus, it is a good and conservative approximation to
use the DM annihilation cross-section limits derived for W/Z final states for probing DM
models with annihilation into gluons, quarks or Higgs bosons, as long as the DM mass is
above approximately 500 GeV.

3 Constraints on minimal dark matter models

In this section we derive constraints on minimal DM models from cosmic ray antiproton fluxes
and compare these to other constraints from indirect detection. We consider SM extensions
with an electroweak multiplet fermion, �, where

L = LSM + �̄(iD/ + M)� . (3.1)

The interactions of the fermion multiplet with the SM are determined by the covariant
derivative, Dµ. The only free parameter of such models is the tree-level mass of the fermion
multiplet, M . Radiative corrections induce a mass splitting such that the lightest component

– 6 –

Quantum numbers DM can DM mass mDM± − mDM Events at LHC σSI in
SU(2)L U(1)Y Spin decay into in TeV in MeV

!

L dt =100/fb 10−45 cm2

2 1/2 0 EL 0.54 ± 0.01 350 320 ÷ 510 0.2
2 1/2 1/2 EH 1.1 ± 0.03 341 160 ÷ 330 0.2
3 0 0 HH∗ 2.0 ± 0.05 166 0.2 ÷ 1.0 1.3
3 0 1/2 LH 2.4 ± 0.06 166 0.8 ÷ 4.0 1.3
3 1 0 HH, LL 1.6 ± 0.04 540 3.0 ÷ 10 1.7
3 1 1/2 LH 1.8 ± 0.05 525 27 ÷ 90 1.7
4 1/2 0 HHH∗ 2.4 ± 0.06 353 0.10 ÷ 0.6 1.6
4 1/2 1/2 (LHH∗) 2.4 ± 0.06 347 5.3 ÷ 25 1.6
4 3/2 0 HHH 2.9 ± 0.07 729 0.01 ÷ 0.10 7.5
4 3/2 1/2 (LHH) 2.6 ± 0.07 712 1.7 ÷ 9.5 7.5
5 0 0 (HHH∗H∗) 5.0 ± 0.1 166 ≪ 1 12
5 0 1/2 − 4.4 ± 0.1 166 ≪ 1 12
7 0 0 − 8.5 ± 0.2 166 ≪ 1 46

Table 1: Summary of the main properties of Minimal DM candidates. Quantum num-
bers are listed in the first 3 columns; candidates with Y ≠ 0 are allowed by direct DM searches
only if appropriate non-minimalities are introduced. The 4th column indicates dangerous decay
modes, that need to be suppressed (see sec. 2 for discussion). The 5th column gives the DM
mass such that the thermal relic abundance equals the observed DM abundance (section 4). The
6th column gives the loop-induced mass splitting between neutral and charged DM components
(section 3); for scalar candidates a coupling with the Higgs can give a small extra contribution,
that we neglect. The 7th column gives the 3σ range for the number of events expected at LHC
(section 6). The last column gives the spin-independent cross section, assuming a sample vale
f = 1/3 for the uncertain nuclear matrix elements (section 5).

For each potentially successful assignment of quantum numbers we list in table 1 the main
properties of the DM candidates.

The ‘decay’ column lists the decay modes into SM particles that are allowed by renormaliz-
ability, using a compact notation. For instance, the scalar doublet in the first row can couple as
XiLjβEαεijεαβ where L is a SM lepton doublet, E is the corresponding lepton singlet, i, j are
SU(2)L-indices, α, β are spinor indices, and ε is the permutation tensor; therefore the neutral
component of X can decay as X0 → eē. For another instance, the fermion doublet in the second
row can couple as XαiEβHjεijεαβ, where H is the Higgs doublet: its neutral component can
decay as X0 → eh.

In general, one expects also non-renormalizable couplings suppressed by 1/Λp (where Λ
is an unspecified heavy cut-off scale, possibly related to GUT-scale or Planck-scale physics).
These give a typical lifetime τ ∼ Λ2p TeV−1−2p for a particle with TeV-scale mass. In order to
make τ longer than the age of the universe1, dimension-5 terms (i.e. p = 1) must be effectively

1 We note that a τ comfortably longer than the age of the Universe already also prevents a decaying dark
matter particle from having an impact on a number of cosmological and astrophysical observations (galaxy and
cluster formation, type Ia supernovae, X–ray emissions from clusters, mass–to–light ratios in clusters, cosmic

3
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Figure 3. 95% CL exclusion limit on minimal wino dark matter. The blue curve shows the upper
limit from AMS-02 antiprotons. The dark and light blue shaded error bands display the CR systematic
uncertainties (see text for details) and the uncertainties from the variation of ⇢� (added linearly),
respectively. The vertical green shaded band around 2850GeV corresponds to the DM mass range
where the thermal relic density matches the measured one. The brown shaded band on the left denotes
the mass range excluded by LHC searches. Upper panels: Limits on the annihilation cross section
into vector bosons for two cases: 100% wino DM (left panel) and a wino DM fraction according to
the thermal production (right panel). The red dashed curve shows the Fermi-Lat �-ray limits from
dwarf spheroidal galaxies. The solid black curves show the cross section prediction. Lower panel:
Upper limits in terms of the wino DM fraction R, i.e. the ratio of minimal DM to all of DM. For
comparison we show the H.E.S.S. limits from searches for �-lines from Galactic center observations
(red dot-dashed curves). The limit extending over the whole mass range above 500 GeV assumes the
NFW profile. To reduce clutter the respective limits for the Burkert 10 kpc, Burkert 5 kpc and Einasto
profiles (from top to bottom) are only displayed on the very right of the mass range. The relative
di↵erence between these choices is a constant factor. The two black dotted curves illustrate the two
cases considered in the upper panels, i.e. 100% wino DM (R = 1) and R according to the thermal
production, ⌦� = ⌦therm.

wino and quintuplet are due to a resonance e↵ect in the relic density calculation including
Sommerfeld corrections.

In the lower panels of Figs. 3, 4 and 5 we compare the derived limits from antiprotons
to those from �-line observations of the Galactic center. As the cross section predictions for
antiproton and �-lines are di↵erent we choose to present our results in a way that allows
for a direct comparison. We provide an upper limit on the fraction of minimal DM, i.e.
the ratio of minimal DM to all of DM, by demanding R 

p
h�vipred./h�vilimit. Values of

R larger than one are, of course, not possible. The spikes in the limits are again due to a
resonant Sommerfeld enhancement of the annihilation cross sections. Assuming a thermal
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Figure 3. 95% CL exclusion limit on minimal wino dark matter. The blue curve shows the upper
limit from AMS-02 antiprotons. The dark and light blue shaded error bands display the CR systematic
uncertainties (see text for details) and the uncertainties from the variation of ⇢� (added linearly),
respectively. The vertical green shaded band around 2850GeV corresponds to the DM mass range
where the thermal relic density matches the measured one. The brown shaded band on the left denotes
the mass range excluded by LHC searches. Upper panels: Limits on the annihilation cross section
into vector bosons for two cases: 100% wino DM (left panel) and a wino DM fraction according to
the thermal production (right panel). The red dashed curve shows the Fermi-Lat �-ray limits from
dwarf spheroidal galaxies. The solid black curves show the cross section prediction. Lower panel:
Upper limits in terms of the wino DM fraction R, i.e. the ratio of minimal DM to all of DM. For
comparison we show the H.E.S.S. limits from searches for �-lines from Galactic center observations
(red dot-dashed curves). The limit extending over the whole mass range above 500 GeV assumes the
NFW profile. To reduce clutter the respective limits for the Burkert 10 kpc, Burkert 5 kpc and Einasto
profiles (from top to bottom) are only displayed on the very right of the mass range. The relative
di↵erence between these choices is a constant factor. The two black dotted curves illustrate the two
cases considered in the upper panels, i.e. 100% wino DM (R = 1) and R according to the thermal
production, ⌦� = ⌦therm.

wino and quintuplet are due to a resonance e↵ect in the relic density calculation including
Sommerfeld corrections.

In the lower panels of Figs. 3, 4 and 5 we compare the derived limits from antiprotons
to those from �-line observations of the Galactic center. As the cross section predictions for
antiproton and �-lines are di↵erent we choose to present our results in a way that allows
for a direct comparison. We provide an upper limit on the fraction of minimal DM, i.e.
the ratio of minimal DM to all of DM, by demanding R 

p
h�vipred./h�vilimit. Values of

R larger than one are, of course, not possible. The spikes in the limits are again due to a
resonant Sommerfeld enhancement of the annihilation cross sections. Assuming a thermal
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Constraints on minimal dark matter: higgsino
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Figure 4. Same as figure 3 but for higgsino dark matter.

As already pointed out in section 2, the analysis of the antiproton flux provides a more
stringent test of DM models annihilating into gauge bosons than current �-ray searches from
dwarf galaxies. Comparing the antiproton limit with the predicted annihilation cross section
h�viV V = h�viWW + h�viZZ + 1

2h�viZ� (solid black line), we can exclude minimal DM for
masses below approximately 2.8, 0.3 and 7 TeV for the case of a wino, higgsino and quin-
tuplet, respectively, even when conservatively considering the upper edge of the uncertainty
band including the local DM density error.

In the upper right panels of figs. 3, 4 and 5 we assume that the minimal DM relic density
is equal to its thermal value (⌦� = ⌦therm). Dark matter masses to the left of the vertical
green band result in thermal relic densities below the measured value and therefore correspond
to scenarios where the minimal DM candidate does not constitute all of DM, while masses
above the green band lead to an over-abundance and are, hence, excluded. In the region to
the left of the vertical green band we rescale the indirect detection limits accordingly, i.e. by
the square of the ratio of minimal DM to all of DM, R = ⌦�/⌦meas. As the predicted relic
density decreases with smaller masses, the resulting limits become significantly weaker for
lighter DM. We can exclude wino DM with a thermal relic density between around 2 and
2.8 TeV, see Fig. 3. For a thermal quintuplet we can exclude a number of narrow windows
in the DM mass, while for the thermal higgsino we cannot establish any bound from CR
antiprotons, see Figs. 5 and 4, respectively. The spikes in the indirect detection limits for the
wino and quintuplet are due to a resonance e↵ect in the relic density calculation including
Sommerfeld corrections.

In the lower panels of Figs. 3, 4 and 5 we compare the derived limits from antiprotons
to those from �-line observations of the Galactic center. As the cross section predictions for
antiproton and �-lines are di↵erent we choose to present our results in a way that allows
for a direct comparison. We provide an upper limit on the fraction of minimal DM, i.e.
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Figure 5. Same as figure 3 but for quintuplet fermion dark matter.

the ratio of minimal DM to all of DM, by demanding R 
p

h�vipred./h�vilimit. Values of
R larger than one are, of course, not possible. The spikes in the limits are again due to a
resonant Sommerfeld enhancement of the annihilation cross sections. Assuming a thermal
DM scenario, ⌦� = ⌦therm, the DM fraction R = ⌦�/⌦meas is a prediction of the model
and shown as the black dashed line. The �-line limits are displayed for four benchmark DM
profiles, the Einasto and NFW profile as well as the Burkert profile with a core radius of
rc = 5kpc and rc = 10 kpc (red dot-dashed lines; from below to above). To reduce clutter we
only show the result for the NFW profile over the whole mass range and restrict the other
curves to the region in and above the thermal mass region. Their relative di↵erence amounts
to a constant factor. As discussed before, the �-ray limits, which are based on searches in
the central Galactic halo region, are subject to large uncertainties from the corresponding
J-factors. In particular, �-line limits cannot exclude any of the three cases in the thermal
mass range (green bands) if the DM profile has a sizeable core, i.e. for a Burkert profile
with a core radius of 5 or 10 kpc. In contrast, CR antiproton limits are more robust against
uncertainties in the DM profile and, hence, provide stronger constraints without assuming a
specific profile. In particular, our results strongly disfavor a wino DM in the thermal mass
range around 2.8 TeV taking into account a wide range of uncertainties from systematics in
CR propagation, the DM profile and the local DM density.

Finally, we note that additional theoretical uncertainties arise from the prediction of
the shape of the antiproton spectra. As stated above, our default choice are the predictions
from [24] which include electroweak corrections in a model-independent way using electroweak
splitting functions [25]. For the case of wino DM we have compared our limits with those
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What about lighter dark matter?
▪ Constrain much weaker
▪ Possible signal around ~100GeV
▪ More difficult to establish DM signal than excluding DM
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[see also Cui, Yuan, Tsai, Fan, 2017]

▪ Antiproton xs errors [see e.g.  Winkler 2017; Korsmeier, Donato, Di Mauro 2018]

▪ Solar modulation uncertainties
▪ Missing information on correlations in AMS-02 data

[cf. Reinert, Winkler 2018]
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Figure 13: Constraints on dark matter annihilation into bb̄ and WW derived from the antiproton and
B/C data of AMS-02. Expected limits are also shown.
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▪ With AMS-02 cosmic-ray precision era started
▪ Reduce uncertainties w.r.t. MIN/MED/MAX scenario:
   ⇒ Joint fit of propagation parameters and dark matter

▪ Strong limits on heavy dark matter
▪ Robust w.r.t. choice of DM profile

▪ Minimal DM: wino scenario strongly disfavored
▪ Possible hint for dark matter, future investigations:
   ▪ Antiproton cross sections
   ▪ Solar modulation
   ▪ Correlations in AMS data

Conclusions
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Cosmic-ray fit results
3

FIG. 1: Comparison of the best fit of the p̄/p ratio to the AMS-02 data [14], with a DM component (left panel) and
without DM (right panel). The lower panels show the corresponding residuals. The fit is performed between the

dotted lines, i.e., for rigidities 5GV ⇥ R ⇥ 10TV. The grey bands around the best fit indicate the 1 and 2⇥
uncertainty, respectively. The dashed black line (labeled “⇤⇥ = 0 MV”) shows the best fit without correction for

solar modulation. The solid red line shows the best fit DM contribution. We also show, for comparison, the
contribution from astrophysical tertiary antiprotons denoted by the dot-dashed line.

not reduce the evidence for a DM matter component in
the antiproton flux, and modifies only slightly the pre-
ferred ranges of DM mass and annihilation cross-section,

FIG. 2: Best fit regions (1, 2 and 3⇥) for a DM
component of the antiproton flux, using the antiproton
cross-section models of [40] (Tan & Ng), [41] (di Mauro
et al.), and [42] (Kachelriess et al.). For comparison, we
also show the best fit region of the DM interpretation of

the Galactic center gamma-ray excess [38], and the
thermal value of the annihilation cross-section,

⌅⇥v⇧ ⇤ 3� 10�26 cm3s�1.

see FIG. 2. This represents an important test, since the
cross-sections used are quite di�erent in nature. While
those of [40, 41] are based on a phenomenological param-
eterization of the available cross-section data, the cross
section of [42] is based on a physical model implemented
through Monte Carlo generators. While this check does
not exhaust the range of possible systematics related to
the antiproton cross-section, a more robust assessment
of this issue requires more accurate and comprehensive
experimental antiproton cross-section measurements.

From TABLE I we note that including a DM compo-
nent induces a shift in some of the propagation param-
eters. In particular the slope of the di�usion coe�cient,
�, changes by about 30% from a value of � ⇤ 0.36 with-
out DM to � ⇤ 0.25 when DM is included. This stresses
the importance of fitting at the same time DM and CR
background. The changes induced by a DM component
in the other CR propagation parameters are less than
about 10%. More details are reported in the supplemen-
tary material.

As a further estimate of systematic uncertainties, we
have extended the fit range down to a rigidity of R =
1GV. In this case, the fit excludes a significant DM com-
ponent in the antiproton flux. This can be understood
from the residuals for this case, which are very similar to
the ones shown in the right panel of FIG. 1. Clearly, the
excess feature at R ⇤ 18GV, responsible for the DM pref-
erence in the default case, still remains. The reason why
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FIG. 5: Triangle plot for the cosmic-ray propagation and dark matter fit parameters for the two fits in which DM is
included (black contours) or not included (red contours).

MAIN FIT EXTENDED RESULTS

FIG. 5 present the full triangle plot summarizing the
results of the main fit with (black contours) and without
(red contours) DM. We can see, as already described in
the main text, that the main e✓ect when including DM
is a shift of the parameter ⇥ by about ⇥30%. This shift
is accompanied by a corresponding shift in �2 and �2,p.
This is expected since the quantity ⇥+ � has to be equal
to the observed slope of the spectra of the primary species
p and He at high rigidities.

RESULTS FOR W+W� ANNIHILATION

In FIG. 6 we show the DM preferred region, and limits
on the annihilation cross-section, for W+W� final states,
in comparison to bb̄ final states. For mDM � mW , where
annihilation into W+W� is kinematically accessible, the
DM preferred region, and the limits on the annihilation
cross-section, are very similar to those obtained for bb̄.
This is expected since the antiproton spectrum per anni-
hilation is very similar in each hadronic channel, includ-
ing Z0Z0 as well as u, d, s, c, t quarks and gluons.
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