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3.3 Dark matter density profile and uncertainties
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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 indirect detection searches:
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Uncertainties in the PAMELA eraAntiprotons DM limits 
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•  Until now, DM constraints from antiprotons have suffered large 
uncertainties due to the unknowns in the CR propagation scenario. 

•  The precise AMS02 data allow to tackle also this issue. 

Fornengo, Maccione, Vittino, JCAP 2014 

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 

 4  

•  Until now, DM constraints from antiprotons have suffered large 
uncertainties due to the unknowns in the CR propagation scenario. 

•  The precise AMS02 data allow to tackle also this issue. 

Fornengo, Maccione, Vittino, JCAP 2014 

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 

[Fornengo, Maccione, Vittino, 2014]

MIN/MED/MAX scenario: Large uncertainties in limits
on dark matter annihilation cross section
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Figure 2: The combined total uncertainty on the predicted secondary p̄/p ratio, superim-
posed to the older Pamela data [53] and the new Ams-02 data. The curve labelled ‘fiducial’ assumes
the reference values for the di↵erent contributions to the uncertainties: best fit proton and helium
fluxes, central values for the cross sections, Med propagation and central value for the Fisk potential.
We stress however that the whole uncertainty band can be spanned within the errors.

than primary, p̄/p flux. Notice that the shaded yellow area does not coincide with the Min-
Med-Max envelope (see in particular between 50 and 100 GeV): this is not surprising, as it
just reflects the fact that the choices of the parameters which minimize and maximize the p̄/p
secondaries are slightly di↵erent from those of the primaries. However, the discrepancy is not
very large. We also notice for completeness that an additional source of uncertainty a↵ects the
energy loss processes. Among these, the most relevant ones are the energy distribution in the
outcome of inelastic but non-annihilating interactions or elastic scatterings to the extent they
do not fully peak in the forward direction, as commonly assumed [55]. Although no detailed
assessment of these uncertainties exists in the literature, they should a↵ect only the sub-GeV
energy range, where however experimental errors are significantly larger, and which lies outside
the main domain of interest of this article.

Finally, p̄’s have to penetrate into the heliosphere, where they are subject to the phenomenon
of Solar modulation (abbreviated with ‘SMod’ when needed in the following figures). We de-
scribe this process in the usual force field approximation [52], parameterized by the Fisk po-
tential �F , expressed in GV. As already mentioned in the introduction, the value taken by �F

is uncertain, as it depends on several complex parameters of the Solar activity and therefore
ultimately on the epoch of observation. In order to be conservative, we let �F vary in a wide
interval roughly centered around the value of the fixed Fisk potential for protons �p

F (analo-
gously to what done in [25], approach ‘B’). Namely, �F = [0.3, 1.0] GV ' �p

F ± 50% �p
F . In

fig. 1, bottom right panel, we show the computation of the ratio with the uncertainties related

6

[Giesen, Boudaud, Genolini,  
Poulin, Cirelli, Salati, Serpico 2015]

Figure 4: Antiproton fraction predicted from pure secondary production compared to the
AMS-02 data. The inner band encompasses propagation uncertainties (see text), the full band
also includes uncertainties in the p̄ production cross sections. The antiproton fraction for the
propagation configuration (within our sample) which yields the best fit to B/C (table 3) and
for the configuration which yields the best fit to the p̄/p data are indicated by the dotted and
the dashed line, respectively.

propagation uncertainties. The corresponding p̄/p ratio after accounting for solar modulation
(� = 0.57 GV) is shown with the AMS-02 data in figure 4. The broader band in the same
figure is obtained by including the uncertainties in the antiproton production cross sections
from [13]. The p̄/p ratio for the configuration of table 3 is also shown.

It can be seen that the secondary antiproton background is in good agreement with the
data, primary sources of antiprotons are not favored. To make this more explicit, we have
performed a �2 test against the AMS-02 p̄/p data for each configuration within our sample.
Even before taking into account the uncertainties in the antiproton production cross section,
we find a configuration with �2/d.o.f. as low as 0.5. The p̄/p ratio for this configuration is also
shown in figure 4.

In figure 5, which shows � and Vc for the sample of configurations selected in the B/C
analysis, we have marked those which are also consistent with the p̄/p data. As a criterion we
again required4 �2/d.o.f. < 2.

There is a trend that the AMS-02 p̄/p data favor those sets of propagation parameters with
smaller �. This is a consequence of the almost flat shape of the AMS-02 p̄/p ratio at high

4We also took into account the uncertainty in the production cross section. For each set of propagation
parameters, we calculated the minimal, medium and maximal flux within the cross section uncertainty band.
Then, we defined a parameter which smoothly interpolates between the three fluxes and selected the parameter
which minimizes �2. If for this optimal choice of the production cross section �2/d.o.f. < 2 the configuration is
taken to be consistent with the p̄/p data of AMS-02.
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FIG. 1. (a): Constraints on the (MDM-h�vi) plane. The black solid lines show the predicted annihilation cross sections for the
wino and Higgsino. Red solid, blue dashed and green dotted lines show the upper-bounds on the annihilation cross section at
95% C.L. for MIN, MED and MAX propagation models, respectively. The shaded regions with same color show the best-fitted
regions. The constraint from the Fermi is shown with the orange bands. The yellow vertical shaded region indicates the wino
mass range where the wino thermal relic abundance is the observed dark matter density. (b): Predicted antiproton to proton
ratio with experimental data. The solid (dashed) lines show the case with (without) the dark matter contributions.

uncertainty of the constraint from the ultra-faint dSphs
which comes from the uncertainties of the dark matter
density profile of the ultra-faint dSphs. According to
Ref. [44], we adopt a factor 5 as an uncertainty of the
Fermi-LAT constraints. We show the cross section of the
wino and the Higgsino annihilation to the weak bosons
(upper and lower black solid line, respectively). The yel-
low vertical band shows the mass range in which the
thermal relic abundance of the wino is the observed dark
matter density [24].

In Fig. 1b, we show the antiproton to proton ratio with
the wino dark matter contributions. Here we take the
wino mass 2.5 TeV for MIN (red), 2.9 TeV for MED
(blue) and 3.2 TeV for MAX (green), which give the best
fits. The dashed lines show the best fit result without
the dark matter contributions [2].

Note that the estimation of the antiproton flux have
various uncertainties [45]. The most important uncer-
tainty is the propagation model as seen in Fig. 1a. An-
other significant e↵ect comes from the dark matter halo
model. For instance, if we adopt the Burkert halo
profile [46], a few times larger cross section is needed
for the best fit, depending on the propagation model.
The uncertainty of the local dark matter density also
a↵ects the predicted cross section, which is scaled as
(⇢�/0.4 GeV · cm�3)�2. The higher order corrections to
the annihilation process [47, 48] and uncertainty of the
hadronization a↵ect the prediction of the antiproton flux
by O(10)%.

In this analysis, we have fixed astrophysical back-
grounds to the best-fitted ones of Ref. [2]. Let us here

comment on the case that we fully fit the spectrum with
both the background and the dark matter contributions.
In the low-energy region Tp < O(10) GeV, the contribu-
tions from the dark matter get tiny and the antiproton
to proton ratio in this region determined almost solely
by the background contributions. For the higher energy
region, on the other hand, both the background and dark
matter contributions are comparable for the background
we took in our analysis. Thus, for a smaller background
antiproton flux, the larger dark matter contributions are
required to compensate the spectrum. Therefore, we ex-
pect that full fitting (including background flux) leads to
a larger best fit region towards a larger cross section and
a smaller mass region, so that the dark matter contribu-
tion can be enhanced.

With these uncertainties, it is hard to conclude that
the AMS-02 result points only the 3 TeV wino re-
gion. Depending on these uncertainties, the lighter wino
(Mw̃ . 1.5 TeV), can also fit the antiproton to proton
ratio, if the non-thermal wino production realizes the ob-
served dark matter density. For instance, the 1.5 TeV
wino with the MED propagation model and the lower lo-
cal halo density e.g., 0.3 GeV · cm�3 also provides good
fitting, as seen in Fig. 1a. However we expect the 3 TeV
region is always preferred, even if we include these un-
certainties.

[Ibe, Matsumoto, Shirai, Yanagida 2015] [Kappl, Reinert, Winkler 2015]

Uncertainties in the AMS-02 era

▪ High precision data (down to 
   few percent uncertainties)
▪ Sensitive probe of CR propagation
▪ Potential to detect a DM flux
   contribution as low as 10%
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Cosmic-ray propagation: Setup 

▪ Propagation: Two-zone diffusion model with convection and   
   reacceleration using Galprop [Strong, Moskalenko, Reimer 2000]

   Free parameters:   D0, �, v0,c, vAlven, zh

▪ Injection spectra: Smoothly broken power laws 
   with separate spectral indices for p, He
   Free parameters: �1,p, �2,p, �1,He, �2,He, R0, s

▪ Minimal consistent data set: Use AMS-02 data on He, p, p/p  (no B/C)
   Diffusion constrained by p/p! [AMS 2015, 2016]

▪ p, He Voyager data to constrain Solar modulation (force-field appr.)
   - Separat Fisk-potentials for p and p, He
   - Cut data below 5GV (deviations from force-field appr. seen)

  [Stone et al. 2013]

▪ Perform joint fit of propagation parameters and dark matter 
   parameters h�vi, mDM

Jan Heisig (UCL - CP3)                                                         4                                                             Ghent, July 12, 2019
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Limit setting

Profile 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
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Constraints on heavy dark matter
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▪ Among strongest limits on DM annihilation
  for non-leptonic channels 
▪ Robust against DM density profile

[Cuoco, JH, Korsmeier, Krämer 2018]
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Hint for 100 GeV-ish dark matter
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[see also Cui, Yuan, 
Tsai, Fan, 2017]
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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

DM w/o DMFeature 
around 10GV
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Compatible with Fermi-LAT 
gamma-ray Galactic center 
excess (GCE), dwarfs galaxies:
[Cuoco, JH, Korsmeier, Krämer 2017]
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Figure 2. Joint fit to CR fluxes, the GCE and dwarf galaxies for the individual SM annihilation
channels in the mDM-h⌃vi plane. We show the 1, 2, and 3⌃ contours. For comparison we display the
thermal cross section (dashed horizontal line).
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Figure 2. Joint fit to CR fluxes, the GCE and dwarf galaxies for the individual SM annihilation
channels in the mDM-h⌃vi plane. We show the 1, 2, and 3⌃ contours. For comparison we display the
thermal cross section (dashed horizontal line).
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[Reinert, Winkler 2018]

~1.1σ (global)

▪ Considers uncertainties on production XS
   of secondary antiprotons
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How robust is this signal?

We investigate: 
▪ Antiproton XS uncertainties
▪ Correlation in AMS-02 data

[A.Cuoco, JH, L.Klamt, M.Korsmeier, M.Krämer 1903.01472, PRD]

[see also Cholis, Linden, Hooper 1903.02549 
Lin, Bi, Yin 1903.09545]
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precedented accuracy, often pushing uncertainties down
to few percent in a large range of energy from the GeV
to the TeV scale. The fluxes of secondary CRs, which
are produced in interactions with the ISM, depend on
the inclusive production cross sections provided by high-
energy particle experiments. In particular, this applies
to CR antiprotons whose origin is believed to be dom-
inantly secondary. Consequently, the interpretation of
the antiproton flux in terms of CR propagation or the
search for a possible primary component, such as for ex-
ample dark matter annihilation or decay, relies on the
accurate modeling of secondary production. The under-
lying cross sections should be provided at least at the
same accuracy level as CR measurements.

In this paper, we analyze the first-ever data on the
inclusive cross section p + He ! p̄ + X collected by
the LHCb collaboration at Cern, with beam protons
at Tp = 6.5 TeV and a fixed helium target. Since the
coverage of the kinematic parameter space of this data
do not allow a standalone parametrization, we apply a
rescaling from p + p ! p̄ + X cross section. There-
fore, we update the most recent parametrizations from
Di Mauro et al. (Param. I) and Winkler (Param. II)
exploiting the newly available NA61 data. Then we
determine the rescaling factor to proton-nucleus using

FIG. 9. Source terms of CR antiprotons and separate CR-
ISM contributions, grouped following the prescriptions in
Fig. 2. The shaded bands report the 2� uncertainty due to
prompt p̄ production cross sections as derived in this paper.
In the bottom panel we show the relative uncertainty on
the total source term. The grey band refers to the prompt
p̄’s only, while the outer lines quantify the additional uncer-
tainty due to isospin violation and to hyperon decay.

pHe data from LHCb and pC data from NA49 (taken
at

p
s = 110 and 17.3 GeV, respectively). The LHCb

pHe data clearly prefer Param. II. All other data result
in equally good fits for both parametrizations. More-
over, the LHCb data show for the first time how well
the rescaling from the pp channel applies to helium tar-
get. By using pp, pHe and pC data we estimate the
uncertainty on the Lorentz invariant cross section for
p + He ! p̄ + X. This uncertainty is dominated by
p + p ! p̄ + X cross section, which translates into all
channels since we derive them using the pp cross sec-
tions.

Finally, we use our cross sections to compute the
antiproton source terms and their uncertainties for all
the production channels, considering also nuclei heav-
ier than He both in CRs and the ISM. At intermedi-
ate energies from Tp̄ = 5 GeV up to a few hundred
GeV the prompt source terms derived from Param. I
and II are compatible within uncertainties, which are
at the level of ±8% at the 2� level and increase to
±15% below Tp̄ = 5 GeV. The uncertainty is domi-
nated by p+ p ! p̄+X cross section, which translates
into all channels. Antineutron- and hyperon-induced
production increases the uncertainty by an additional
5%. Overall the secondary antiproton source spectrum
is a↵ected by an uncertainty of up to ±20%. More-
over, we find that CR CNO makes up to few percent
of the total source term and should always be consid-
ered. In the Supplemental Material to this paper, we
provide the energy-di↵erential cross sections, which are
required to calculate the source spectrum, for all rele-
vant isotopes. We quantify the necessity of new data on
antiproton production cross sections, and pin down the
kinematic parameter space which should be covered by
future data.
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Exploring cross-section uncertainties

▪ Source term for secondary 
   antiprotons:

qij(Tp̄) /
Z 1

Tmin

dTi �i(Ti)
d�ij

dTp̄
(Ti, Tp̄)

▪ Sizeable uncertainties ~10-20%
   from p production XS
▪ Relevant given AMS-02 precision
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Use two XS parametrizations:

▪ Winkler et al. (MW) [Winkler 2017; Kappl,Winkler 2014]  (default)
▪ Di Mauro et al. (MD) [di Mauro, Donato, Goudelis, Serpico 2014]

with updated parameters [Korsmeier, Donato, Di Mauro 2018]

including recent data from NA61, LHCb

[A.Cuoco, JH, L.Klamt, M.Korsmeier, M.Krämer 2019]
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Exploring cross-section uncertainties
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FIG. 8. Contours of the 1� and 2� best-fit in the plane of DM mass and annihilation cross section. We overlay the result of
the two different methods to treat cross section uncertainties, the covariance matrix approach and the joint fit, with our default
fit. For comparison we show the limit for the DM annihilation cross section derived from the observation of dwarf spheroidal
galaxies [79] and the 2� best-fit region of the GCE [80].

point of view. The cross-section (shape) uncertainties are most severe at low energies, while at higher energies only
the normalization is uncertain. Therefore, it is not very surprising that the results of both methods are very similar.
If, however, we include data at low energies, the picture changes. We investigated how the best-fit parameters are
affected by the two methods and find that both methods have a still small, but similar effect on the parameter space.
Furthermore, we observe that the error contours of the covariance matrix method are a bit larger compared to the
joint fit method, in other words, the former is more conservative. We regard this as proof of concept: The covariance
matrix method, which is easier to implement and less time consuming in the fit, is a reasonable approximation to the
more complete joint fit method.

The above results are somehow at odds with the results of [15], where flat p̄ residuals are achieved down to 1 GV
and no significant preference for a DM signal (a global significance of 1.1�) was found. The authors of this study
use a covariance matrix method to account for the cross-section uncertainties. They conclude that the inclusion of
these uncertainties is the main reason why their analysis does not provide a hint for DM. Nonetheless, the results
shown above indicate that the cross-section uncertainties do not have such a strong impact. An important difference
is that in [15] only the p̄ spectrum is fitted, with the source terms for p̄ being fixed using the observed p and He
spectra corrected for solar modulation. This has the advantage that the injection parameters do not need to be fitted,
although it requires some assumption on how to extrapolate the observed local p and He spectra to the ones for the
whole Galaxy needed for the secondary source terms. Instead, in our approach p̄, p and He are fitted simultaneously
and we include p and He injection parameters in the fit. Fitting the p and He spectra provides extra constraints on the
propagation with respect to fitting p̄ only. For example, it is well known, e.g., [81], that strong reacceleration produces
a low-energy (<⇠ 10 GeV) bump in the p spectrum, which is not observed. The p spectrum, thus, provides strong
constraints on the amount of reacceleration, although this is, in part, degenerate with the break in the injection [81].
We thus suspect that in [15] it is possible to accommodate the secondary p̄ spectrum, while this is not possible
anymore when constraints from p and He are included as it is the case in our analysis. Further differences concern
a different treatment of reacceleration (which in [15] is confined to the Galactic disk only, while it is uniform over
the whole diffusion region in our case), adiabatic energy losses from convection and a two-dimensional source term
distribution used in our analysis. Therefore a direct comparison is not easily achievable and would require a substantial
modification of our setup, which is left for future work.

V. AMS-02 CORRELATIONS

With the era of space-based CR detectors the statistics and quality of collected data have significantly increased.
This also means that the relative weight of systematic uncertainties with respect to the statistical error has become
more important. For example, the error budget of the measured proton and helium spectra is now completely
dominated by systematics in most of the energy range. The question of how to assess and treat these uncertainties
in a statistically correct way has thus become more pressing. The commonly used strategy is to add statistic and

Exploring cross-section uncertainties

▪ Significance around 3σ
   (4.5σ → ~3σ mainly due to
    Tan&Ng → updated MW/MD)

▪ No significant dependence on
   treatment of uncertainties

▪ No significant correlation
   between XS and CR uncertainties
   ⇒ cov-mat. method reliable

[A.Cuoco, JH, L.Klamt, M.Korsmeier, M.Krämer 2019]
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�2 (DM) �2 (w/oDM) ��2 sign.
param. MW 22.9 35.6 12.7 3.1�
param. MD 22.2 34.2 12.0 3.0�

cov-mat. (MW) 23.0 33.9 10.9 2.9�
cov-mat. (MD) 22.0 34.2 12.2 3.1�
joint fit (MW) 814.5 825.2 10.7 2.8�
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AMS-02 p/p error budget:

Correlations in AMS-02 uncertainties

Systematic uncertainties
contain:

▪ acceptance uncertainty
▪ trigger uncertainty
▪ rigidity scale uncertainty
▪ energy unfolding (migration)

▪ Systematic uncertainties dominate in relevant region: 5~25GV
▪ Rel. error around 4%
▪ No covariance provided by AMS-02, but correlations expected!
   ⇒ Errors overestimated

[A.Cuoco, JH, L.Klamt, M.Korsmeier, M.Krämer 2019]

Jan Heisig (UCL - CP3)                                                        11                                                            Ghent, July 12, 2019



Correlations in AMS-02 uncertainties
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Correlations in AMS-02 uncertainties

19

FIG. 12. Contours of the 1–3� best-fit in the plane of DM mass and annihilation cross section. We show the result of the
default fit and two benchmark scenarios for the correlations: 1% fixed systematic uncertainties and `corr = 5. For comparison
we show the limit for the DM annihilation cross section derived from the observation of dwarf spheroidal galaxies [79] and the
2� best-fit region of the GCE [80].

As already observed in the case of the first method, we notice a shift of vA to slightly larger values although
compatible at 1–2� level. Furthermore, there is now a preference for a small halo height which converges towards
2 kpc which is the boundary of the fit range. This small value of zh is disfavored by observations of electron and
positron spectra [83], but still possible. The result also shows that with very small errors the fit becomes sensitive to
zh even without the use of cosmic clock data like 10Be/9Be. This further stresses the importance of studying in detail
the properties of the data to understand if such small uncertainties can be used and exploited. All three benchmarks
show evidence for a DM signal. The significance depends on the correlation length, namely, the improvement in the
fit quality reaches ��2 = 34 (corresponding to 5.5�) in the case of `corr = 0, while it drops to around 18 (3.8�) for
`corr = 5 and 10.10 Again, the results with the above different setups and benchmark scenarios show the importance
of modeling correlations correctly. Depending on the “true” covariance, results may be driven in different directions,
as exemplarily pointed out here for the case of the potential DM signal. In particular, typically, we see that the use
of covariance improves the significances and reduces the errors on the estimated parameters, which indicates that the
full potential of the data is not yet exploited.

The shrinking of the contours with respect to the case in which the correlation among the data-points is neglected
is also observed for the DM mass and velocity-averaged annihilation cross section. Figure 12 shows the contours of the
benchmark scenarios of 1% fixed systematic uncertainties and `corr = 5, respectively. In the latter case, the contour
is additionally shifted to slightly smaller values of the DM mass and to larger h�vi. The contours for `corr = 0 and 10
are very similar to `corr = 5. The fact that the contours do not extent to lower values of h�vi as for the default fit case
is directly related to the preference of the fit for small zh values, which give a lower DM signal. Lower values of h�vi
in the default fit are, correspondingly, associated to larger values of zh which provide an increased normalization of
the DM signal. We remark, nonetheless, that the DM contours of all our fits are compatible with each other. We also
stress that the contours are derived for a fixed value of the local DM density of ⇢� = 0.43 GeV/cm3, as mentioned in
Sec. II, and that the additional uncertainty in ⇢� (conservatively in the range 0.2–0.7 GeV/cm3 [48]) would contribute
to extend to contours to both smaller and larger values of h�vi.

Furthermore, we note that a combination of cross-section uncertainties and correlations in the AMS-02 data does
not significantly change the picture. We checked this by performing a fit taking into account the uncertainties of the
cross-section parametrization (following the joint fit method as introduced in Sec. IV C) as well as taking into account
the 1% uncorrelated uncertainty from AMS-02. As expected, the resulting fit is very similar to the one fixing the
cross-section parameters to their best-fit values.

Finally, we remark again that all results of this section have to be taken with caution. By guessing different possible
scenarios of the AMS-02 uncertainties and its covariances in data, we demonstrate, merely as a proof of concept, that
correlations in data can impose an important effect on the results, in particular, on the significance of the potential

10
We checked that these significances do not strongly depend on the value for zh, e.g. at a fixed value of zh = 4 kpc we get a ��2

of 36,

20, and 21 for the cases of `corr = 0, 5, and 10, respectively.

�2 (DM) �2 (w/oDM) ��2 sign.
default 35.6 22.9 12.7 3.1�

1% uncorr. 47.4 77.4 30.0 5.1�
`corr = 0 250.0 284.1 34.1 5.5�
`corr = 5 232.6 250.2 17.6 3.8�
`corr = 10 241.3 259.3 18.0 3.8�

{Rest of systematics
fully correlated

▪ Significant effect on fits
▪ More realistic χ2 given dof ~150

▪ More constraining, 
   best-fit region shrinks!
▪ Higher DM significance!

   Caution: Only 'true' covariance 
   matrix from AMS-02 allows us
   to draw solid conclusions!

[A.Cuoco, JH, L.Klamt, M.Korsmeier, M.Krämer 2019]
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▪ With AMS-02 cosmic-ray precision era started
▪ Reduce uncertainties w.r.t. benchmark scenarios:
   ⇒ Joint fit of propagation parameters and dark matter
▪ Strong limits on heavy DM, hint for DM around 100GeV
▪ Systematic uncertainties at few % level important
▪ Antiproton cross-section uncertainties (cov-mat/joint fit):
   Signal persists at the ~3σ level

▪ Correlations in AMS-02 data:
   Potentially large effect, increases DM significance
▪ Knowledge of correlations vital to fully exploit data

Conclusions

Jan Heisig (UCL - CP3)                                                                                                                        Ghent, July 12, 2019
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Fits default setup

6

FIG. 1: Comparison of our best fit proton and helium fluxes as function of rigidity with AMS-02 and VOYAGER
data. Both plots show the default setup without DM. In addition, we show the best fit before solar modulation

('� = 0). The fit range is R = 5 to 300 GV (between the dotted lines).

FIG. 2: Comparison of our best fit antiproton-over-proton ratio as function of rigidity with AMS-02 data. The left
plot show the default setup without DM, while the plot in the right panel shows the corresponding setup with DM.
In addition, we show the tertiary component, the DM component, and the best fit before solar modulation ('� = 0).

The fit range is R = 5 to 300 GV (between the dotted lines).

and Voyager. The respective plots from the fit including DM look very similar. The residuals in the lower panels show
a perfect agreement of the AMS-02 data with the Galprop model. However, they also already hint to a problem:

[A.Cuoco, JH, L.Klamt, M.Korsmeier, M.Krämer 2019]

Without dark matter: With dark matter (bb):
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FIG. 3. Triangle plot with the fit parameters of the default fit which is the baseline for the following analyses. The black
(red) contours show the 1� to 3� best-fit regions in the setup without (with) DM. On the diagonal the �2 profiles are plotted
for every fit parameter. The two additional plots show the �2 profiles of the solar modulation potential of AMS-02 p, He and
its difference to the potential of p̄, respectively.

bb̄ channel an annihilation cross section around 10�26 cm3/s and a mass around 75 GeV provides the best fit. As
already found in [19] we point out that the DM signature constitutes a spectral shape which is very different from the
astrophysical secondary or tertiary components.

Finally, we summarize the best-fit CR and DM parameters in the triangle plot displayed in Fig. 3. Note that,
compared to previous results in [19] and due to the change of the standard cross section, the value of � has increased
to 0.42 and 0.38 in the case without and with DM, respectively. These values are in much better agreement with
expectations from B/C data which points to 0.4–0.45 [67, 68]. The additional, embedded plots display the profiles
for solar modulation. There is a small but nonsignificant preference for a slightly smaller solar modulation potential
for antiprotons. From a theoretical point of view it is not exactly clear whether we expect a larger or smaller solar
modulation potential for protons or antiprotons. The behavior is expected to depend on the polarity of the solar
magnetic field. Since there is a change of polarity in 2013, which is in the middle of the period of the AMS-02

Fits default setup
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FIG. 1. Comparison of our best-fit proton and helium fluxes as a function of rigidity with AMS-02 and Voyager data. Both
plots show the default setup without DM. In addition, we show the best fit before solar modulation ('� = 0). The fit range is
R = (5�300) GV (between the dotted lines).

FIG. 2. Comparison of our best-fit antiproton-over-proton ratio as a function of rigidity with AMS-02 data. The left plot shows
the default setup without DM, while the plot in the right panel shows the corresponding setup with DM. In addition, we show
the tertiary component, the DM component, and the best fit before solar modulation ('� = 0). The fit range is R = 5 to
300 GV (between the dotted lines).

and Voyager. The respective plots from the fit including DM look very similar. The residuals in the lower panels show
a perfect agreement of the AMS-02 data with the Galprop model. However, they also already hint at a problem:
The fluctuation of data points around the best fit is much smaller that the dominating systematic uncertainty. If this
uncertainty is taken to be uncorrelated the fit results in a �2 per degree of freedom (dof) much smaller than 1. We
elaborate on possible correlation scenarios in more detail in Sec. V.

Figure 2 shows the best fit of the antiproton-to-proton ratio. Considering the fit regime from 5 to 300 GV there is
a clearly visible improvement in the residuals, if DM is included in the fit. The significance in terms of �2 difference
between the fits excluding and including DM is ��2

' 12.7 which formally corresponds to 3.1�. For the considered
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the tertiary component, the DM component, and the best fit before solar modulation ('� = 0). The fit range is R = 5 to
300 GV (between the dotted lines).

and Voyager. The respective plots from the fit including DM look very similar. The residuals in the lower panels show
a perfect agreement of the AMS-02 data with the Galprop model. However, they also already hint at a problem:
The fluctuation of data points around the best fit is much smaller that the dominating systematic uncertainty. If this
uncertainty is taken to be uncorrelated the fit results in a �2 per degree of freedom (dof) much smaller than 1. We
elaborate on possible correlation scenarios in more detail in Sec. V.

Figure 2 shows the best fit of the antiproton-to-proton ratio. Considering the fit regime from 5 to 300 GV there is
a clearly visible improvement in the residuals, if DM is included in the fit. The significance in terms of �2 difference
between the fits excluding and including DM is ��2

' 12.7 which formally corresponds to 3.1�. For the considered
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FIG. 6. Correlation of the CR propagation parameters with the antiproton production cross-section parameters in the joint
fit without DM. The black contours show the 1� to 3� region. The plot on the very right contain the �2 profiles of the
cross-section parameters. The y-axis ranges from ��2 = 0 to 10; cf. Fig. 7 for more details.

FIG. 7. The three panels show the �2 profiles of the cross-section parameter (cf. Eq. (15)) included in the joint fit of CR and
cross-section data. The black solid (red dashed) line shows the profile from the fit without (with) DM. For comparison we
show the �2 profile from cross-section data only (blue dotted line).

parametrization are correlated. In the extreme case, one might even imagine that the very precise CR data could
constrain the cross-section parametrization. Figure 6 displays the part of the parameter triangle which shows the
correlation of the cross-section parameters with all CR parameters. We conclude that there is no significant correlation
between the CR and cross-section fit parameter. Consequently, we expect that the cross-section parametrization is
not affected by the CR data. This is confirmed in Fig. 7, which shows the ��2-profiles of the three cross-section
parameters varied in the fit. We compare the profile of the total likelihood with the profile of a fit to only the cross-
section data: Both profiles agree well within their respective uncertainties. In fact, only C5 is shifted to slightly lower
values in the joint fit. This absence of correlation likely explains also why the covariance matrix method performs
reasonably well and gives similar results.

The impact of the cross-section uncertainty on the possible DM hint in the antiproton spectrum can be understood
looking at the residuals in Fig. 4 for the case of the fits with DM. In all scenarios the flattening of the residuals is
similar. In terms of �2s the improvement of the fit with DM compared to the fit without DM was ��2 = 12.7 for
the case of a fixed MW parametrization (default setup). The covariance matrix and joint fit methods decrease the
��2 to 10.9 and 10.7, respectively, indicating that the evidence for DM is not strongly affected by the cross-section
uncertainties. Furthermore, the result of the best-fit DM mass and velocity-averaged annihilation cross section is not
strongly affected by the uncertainties. We show the comparison of the best-fit contours in Fig. 8. For comparison
we also show the cross-section limit derived from gamma-ray observations of dwarf spheroidal galaxies [79] and the
best-fit region of the GCE [80] for the considered bb̄ channel. All observations are compatible, in particular, since
they are affected by astrophysical uncertainties in different ways providing additional freedom to alleviate a certain
tension among them, see [21] for a detailed analysis of the subject.

Above, we have focused on fits and results where we exclude data below 5 GeV, since as argued in the introduction,
the results using data down to 1 GV are more prone to further systematic uncertainties, especially solar modulation.
Nonetheless, it is interesting to have a look at the fit results including the low-energy data from a methodological
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Obviously, this method has one weakness: Error propagation in terms of a covariance matrix assumes that the like-
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For nonproton nuclei in the projectile CR or target ISM state we rescale the pp cross section as described in [31].
Furthermore, the total antiproton source term includes antiprotons produced by the decay of intermediate antineutrons
or antihyperons. We apply the scalings from [30]. The total likelihood for the joint fit is given by the product of the
CR and cross-section likelihoods:

log(Ljoint) = log(LCR,SM) + log(LXS) . (18)

The procedure to fit the cross-section data follows [31]. We fit to the same datasets (NA49 [73], NA61 [74], Dekkers
et al. [75], NA49 (pC) [76], LHCb (pHe) [77]7) and use the same likelihood definition:

�2 log(LXS) =
X

e

X

i

 
!e�

(e)
inv,i � �(m)

inv (
p
si, xRi, pTi)

!e��(e)
inv,i

!2

+
X

e

✓
1� !e

�!e

◆2

. (19)

7
During our analysis LHCb published the final analysis [78] of the cross section. They differ from the preliminary results by a scale factor

of about 10%. However, since we include a scale uncertainty of 10% in our analysis, we do not expect a significant effect on the results.
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TABLE I. Fit quality for the best-fit parameter points without (second column) and with (third column) DM for various choices
of the rigidity cut. The last column shows the absolute ��2 between the respective fits with and without DM.

�2/ndf
rigidity cut [GV] excl. DM incl. DM ��2 DM significance

5 35.6/145 = 0.245 22.9/143 = 0.160 12.7 3.1�

3 52.7/160 = 0.329 34.2/158 = 0.216 18.5 3.9�

2 68.2/172 = 0.396 57.1/170 = 0.336 11.1 2.9�

1 105.4/182 = 0.579 105.6/180 = 0.586 -0.2 –

CR antiprotons in our Galaxy are dominantly produced by the interaction of CR protons and helium with the ISM
in the Galactic disk. The source term for the CR projectile nucleus i and the ISM nuclei component j is given by

qij(x, Tp̄) =

1Z

Tth

dTi 4⇡ nISM,j(x)�i(Ti)
d�ij

dTp̄
(Ti, Tp̄) . (11)

Here �i is the CR flux, nISM,j is the density of the ISM, and d�i,j/dTp̄ is the energy-differential cross section for
antiproton production. The parameters Ti and Tp̄ denote the kinetic energy of the CR projectile and antiproton,
respectively. High-energy experiments measure the fully differential cross sections which are usually stated in the
Lorentz-invariant form, Ep̄ d�/dp3p̄. There are two different strategies to extract the energy-differential cross section
from the experimental data. On the one hand, Monte Carlo generators are tuned to the data and afterwards used to
extract the required cross section [70, 71]. However, at the moment these approaches lack consistency with data at
either low or high energies, depending on the specific generator [72]. On the other hand, an analytic parametrization
of the Lorentz-invariant cross section is fitted to the experimental data. In this case, the energy-differential cross
section is obtained by, first, performing a Lorentz transformation to the frame where the ISM component is at rest
and, secondly, an angular integration [30, 31, 49, 66]. This approach works reasonably well throughout the whole
energy range of AMS-02, namely, from a rigidity of 1 to 400 GV. Therefore, we rely on the parametrization approach
in the following. More details are given in [31, 72]. We exploit the two parametrizations, param. MW [30] (used in
the default setup above) and param. MD [49], for which we use the parameters updated to the most recent data from
NA61 and LHCb as presented in [31]. The uncertainty on the antiproton source term, solely due to cross sections, is
at about 5% above Tp̄ = 5 GeV and increases to 10% below. To take this uncertainty properly into account we apply
two different methods.

B. Covariance matrix method

In the first method, we propagate the error of the cross-section parametrization to the flux of the CR antiprotons.
This method was already suggested and applied in Ref. [15]. The procedure works as follows. We use the covariance
matrix of the cross-section fits from Ref. [31] and sample N = 1000 random parameter combinations k and the
corresponding antiproton source terms q(k)p̄ . From these we determine the covariance matrix of the relative source
term q(k)p̄ (Ri)/q

(best fit)
p̄ (Ri) at rigidities Ri of AMS-02 data points i. It is given by:

V
(qp̄,rel)
XS,ij =

1

N � 1

NX

k=1

 
q(k)p̄ (Ri)

q(best fit)
p̄ (Ri)

� 1

! 
q(k)p̄ (Rj)

q(best fit)
p̄ (Rj)

� 1

!
. (12)

(In formulas, tables and figures we abbreviate cross section with XS.) We assume that the covariance matrices of the
relative source term and of the relative flux are identical.6 In other words, the covariance matrix of the antiproton
flux is given by

V
(�AMS-02

p̄/p )
XS,ij = V

(qp̄,rel)
XS,ij �(AMS-02)

p̄/p,i �(AMS-02)
p̄/p,j . (13)

6
This is a good approximation since the relative uncertainty is invariant under propagation which is described by a linear differential

equation.
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however, has only a minor impact on our results, since, as we show below, the results of the
fits are dominated by the GCE and CR signals.

On the basis of the likelihoods obtained in the CR fit described in section 2 we now
perform a joint fit of CR antiprotons and of gamma-rays from the Galactic center and from
dwarf galaxies. The gamma-ray fit follows the methodology described in [56]. The fit contains
four input parameters, the model parameters, ⇥⇥v⇤ and mDM, as well as the J-factor for
the Galactic center, log J , and the local DM density �⇤. The latter two parameters are,
in principle, not independent. However, as already mentioned above, CRs and gamma-rays
probes di�erent parts of the DM distribution in the Galaxy and it is thus reasonable to explore
the uncertainties in these two parameters as independent. We use a gaussian distribution for
log J (log-normal in J) with mean 53.54 and error 0.43, i.e., log(J/GeV2cm�5) = 53.54±0.43
as derived in [56] and, similarly, Gaussian errors for the local DM density, �⇤ = 0.43 ±
0.15 [32]. Figure 2 shows the preferred range of DM masses and annihilation cross sections,
where we have marginalized over log J and �⇤. We present 1, 2, and 3⇥ contours for a fit
to the GCE (blue), CR (red), CR+GCE (green) and CR+GCE+dwarfs (black) for the six
annihilation channels gg, bb̄, WW (⇥), ZZ(⇥), hh and tt̄. Note that the fits to the CR fluxes
in figure 2 show a wider spread in ⇥⇥v⇤ than those displayed in figure 1, because in figure 2
we marginalize over the local DM density, �⇤ = 0.43 ± 0.15, while in figure 1 a fixed value
�⇤ = 0.43 is used.

For most SM annihilation channels, we observe very good agreement between the DM
interpretation of the CR antiprotons and the GCE gamma-ray flux. The preferred region
in ⇥⇥v⇤ and mDM is consistent when comparing the CR and GCE fits individually, and
the combined CR+GCE fit. However, as can be seen in the upper left panel of figure 2,
annihilation into gluons (or light quarks) is disfavored as a explanation of both the CR
antiproton flux and the GCE, as both signal individually prefer di�erent regions of DM
mass. Annihilation into t quarks is also disfavored since it does not provide a good fit to
either the GCE and antiprotons. Adding the constraints from dwarf galaxies disfavors large
values for ⇥⇥v⇤, but hardly a�ects the combined CR+GCE fit. Numerical values of the
best-fit ⇤2 are reported in Table 1.

From the figure we note also that CR prefers a somewhat larger ⇥⇥v⇤ than the GCE
and, hence, the joint fit pushes �⇤ towards slightly larger values with respect to the assumed
prior from [32]. This is further discussed in the next section within the Higgs portal fit.

individual fits joint fit

channel ⇤2
CR ⇤2

GCE ⇤2
CR ⇤2

GCE

gg 50.3 20.8 52.0 31.6

bb̄ 45.8 21.2 47.9 23.5

WW (⇥) 50.4 25.6 54.6 25.6

ZZ(⇥) 45.6 25.0 45.8 25.9

hh 47.6 25.8 48.4 25.8

tt̄ 59.5 41.1 59.5 41.1

Table 1. ⇤2 for the individual fits to CR and GCE as well as for the joint fit. The number of degrees
of freedom for the CR and GCE fit is 163 and 22, respectively.
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Figure 2. Joint fit to CR fluxes, the GCE and dwarf galaxies for the individual SM annihilation
channels in the mDM-��v⇥ plane. We show the 1, 2, and 3� contours. For comparison we display the
thermal cross section (dashed horizontal line).
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in principle, not independent. However, as already mentioned above, CRs and gamma-rays
probes di�erent parts of the DM distribution in the Galaxy and it is thus reasonable to explore
the uncertainties in these two parameters as independent. We use a gaussian distribution for
log J (log-normal in J) with mean 53.54 and error 0.43, i.e., log(J/GeV2cm�5) = 53.54±0.43
as derived in [56] and, similarly, Gaussian errors for the local DM density, �⇤ = 0.43 ±
0.15 [32]. Figure 2 shows the preferred range of DM masses and annihilation cross sections,
where we have marginalized over log J and �⇤. We present 1, 2, and 3⇥ contours for a fit
to the GCE (blue), CR (red), CR+GCE (green) and CR+GCE+dwarfs (black) for the six
annihilation channels gg, bb̄, WW (⇥), ZZ(⇥), hh and tt̄. Note that the fits to the CR fluxes
in figure 2 show a wider spread in ⇥⇥v⇤ than those displayed in figure 1, because in figure 2
we marginalize over the local DM density, �⇤ = 0.43 ± 0.15, while in figure 1 a fixed value
�⇤ = 0.43 is used.

For most SM annihilation channels, we observe very good agreement between the DM
interpretation of the CR antiprotons and the GCE gamma-ray flux. The preferred region
in ⇥⇥v⇤ and mDM is consistent when comparing the CR and GCE fits individually, and
the combined CR+GCE fit. However, as can be seen in the upper left panel of figure 2,
annihilation into gluons (or light quarks) is disfavored as a explanation of both the CR
antiproton flux and the GCE, as both signal individually prefer di�erent regions of DM
mass. Annihilation into t quarks is also disfavored since it does not provide a good fit to
either the GCE and antiprotons. Adding the constraints from dwarf galaxies disfavors large
values for ⇥⇥v⇤, but hardly a�ects the combined CR+GCE fit. Numerical values of the
best-fit ⇤2 are reported in Table 1.

From the figure we note also that CR prefers a somewhat larger ⇥⇥v⇤ than the GCE
and, hence, the joint fit pushes �⇤ towards slightly larger values with respect to the assumed
prior from [32]. This is further discussed in the next section within the Higgs portal fit.

individual fits joint fit

channel ⇤2
CR ⇤2

GCE ⇤2
CR ⇤2

GCE

gg 50.3 20.8 52.0 31.6

bb̄ 45.8 21.2 47.9 23.5

WW (⇥) 50.4 25.6 54.6 25.6

ZZ(⇥) 45.6 25.0 45.8 25.9

hh 47.6 25.8 48.4 25.8

tt̄ 59.5 41.1 59.5 41.1

Table 1. ⇤2 for the individual fits to CR and GCE as well as for the joint fit. The number of degrees
of freedom for the CR and GCE fit is 163 and 22, respectively.
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Joint fit with Fermi-LAT gamma-ray data

▪ Limits from dwarfs galaxies 

- Used spectrum and covariance matrix
  from [Calore, Cholis, Weniger 2015]
- J-factor from [Cuoco, Einteneuer, JH, 
  Krämer, 2016]

Used public likelihoods [Fermi-LAT 2017]

▪ Dark matter interpretation of
   Galactic center excess (GCE)

- Local DM density [Salucci, Nesti, Gentile, 
  Martins, 2010] 
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values for ⇥⇥v⇤, but hardly a�ects the combined CR+GCE fit. Numerical values of the
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▪ Numerically solve diffusion equation: 
   [using Galprop (or Dragon)] 

Cosmic-ray propagation in the Galaxy
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  Injection spectra: Diffusion: Convection+Reaccelaration:

Fit parameters:

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, h⇤viDM,mDM

zh, �1,p, �2,p, �1, �2, R0, s,D0, ⇥, v0,c, vAlfen, h⇤viDM,mDM,⌅AMS

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