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Figure 17. Spectrum of the GCE emission, together with statistical and systematical errors, for
model F (cf. figure 14). We show fits to the GCE with various spectral models. We emphasize that
the shown systematic errors are correlated, and that the spectral models actually do provide a good
fit to the data in most cases. We show the best-fit model parameters, along with indicators for the
fit quality, in table 4 (cf. figures 18 and 20). See text for details on the fitting procedure.

parametric fits to the data.
In the previous section, we found that theoretical and empirical model uncertainties

affect the GCE spectrum at a similar level (see figure 14). However, theoretical model
uncertainties in the way we discussed them here are difficult to interpret in a purely statistical
sense, since the TS values that we find for fits with our 60 GDE models differ typically by
> O(100) values (see appendix A), and even our best-fit model for the GDE gives formally
a poor fit to the data. This is a generic problem of modeling the GDE [58], as we discussed
at the end of section 4.1. On the other hand, the empirical model uncertainties are simple
to interpret statistically and give by construction a realistic account for typical systematics
of state-of-the-art GDE modeling.

We will hence adopt the following strategy : We will use the GCE spectrum and associ-
ated statistical errors from model F only, which gives formally the best-fit to the Fermi -LAT
data in our ROI. In fits to the GCE spectrum we then only consider the empirical model
systematics, and neglect the theoretical ones. Given the small scatter for the GCE spec-
trum that we find for different GDE models, this is well justified. We checked explicitly that
using different GDE model as starting point in the spectral fits would not alter our results
significantly (see appendix C.2). Hence, we consider our approach as statistically sound and
sufficiently robust to derive meaningful results.

We will introduce general aspects of fits with correlated errors in subsection 5.1, and
then test the most common interpretations of the GCE emission in terms of a number of DM
and astrophysical toy models in subsection 5.2 and 5.3.
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Figure 17. Spectrum of the GCE emission, together with statistical and systematical errors, for
model F (cf. figure 14). We show fits to the GCE with various spectral models. We emphasize that
the shown systematic errors are correlated, and that the spectral models actually do provide a good
fit to the data in most cases. We show the best-fit model parameters, along with indicators for the
fit quality, in table 4 (cf. figures 18 and 20). See text for details on the fitting procedure.

parametric fits to the data.
In the previous section, we found that theoretical and empirical model uncertainties

affect the GCE spectrum at a similar level (see figure 14). However, theoretical model
uncertainties in the way we discussed them here are difficult to interpret in a purely statistical
sense, since the TS values that we find for fits with our 60 GDE models differ typically by
> O(100) values (see appendix A), and even our best-fit model for the GDE gives formally
a poor fit to the data. This is a generic problem of modeling the GDE [58], as we discussed
at the end of section 4.1. On the other hand, the empirical model uncertainties are simple
to interpret statistically and give by construction a realistic account for typical systematics
of state-of-the-art GDE modeling.

We will hence adopt the following strategy : We will use the GCE spectrum and associ-
ated statistical errors from model F only, which gives formally the best-fit to the Fermi -LAT
data in our ROI. In fits to the GCE spectrum we then only consider the empirical model
systematics, and neglect the theoretical ones. Given the small scatter for the GCE spec-
trum that we find for different GDE models, this is well justified. We checked explicitly that
using different GDE model as starting point in the spectral fits would not alter our results
significantly (see appendix C.2). Hence, we consider our approach as statistically sound and
sufficiently robust to derive meaningful results.

We will introduce general aspects of fits with correlated errors in subsection 5.1, and
then test the most common interpretations of the GCE emission in terms of a number of DM
and astrophysical toy models in subsection 5.2 and 5.3.
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Figure 17. Spectrum of the GCE emission, together with statistical and systematical errors, for
model F (cf. figure 14). We show fits to the GCE with various spectral models. We emphasize that
the shown systematic errors are correlated, and that the spectral models actually do provide a good
fit to the data in most cases. We show the best-fit model parameters, along with indicators for the
fit quality, in table 4 (cf. figures 18 and 20). See text for details on the fitting procedure.

parametric fits to the data.
In the previous section, we found that theoretical and empirical model uncertainties

affect the GCE spectrum at a similar level (see figure 14). However, theoretical model
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Figure 17. Spectrum of the GCE emission, together with statistical and systematical errors, for
model F (cf. figure 14). We show fits to the GCE with various spectral models. We emphasize that
the shown systematic errors are correlated, and that the spectral models actually do provide a good
fit to the data in most cases. We show the best-fit model parameters, along with indicators for the
fit quality, in table 4 (cf. figures 18 and 20). See text for details on the fitting procedure.

parametric fits to the data.
In the previous section, we found that theoretical and empirical model uncertainties

affect the GCE spectrum at a similar level (see figure 14). However, theoretical model
uncertainties in the way we discussed them here are difficult to interpret in a purely statistical
sense, since the TS values that we find for fits with our 60 GDE models differ typically by
> O(100) values (see appendix A), and even our best-fit model for the GDE gives formally
a poor fit to the data. This is a generic problem of modeling the GDE [58], as we discussed
at the end of section 4.1. On the other hand, the empirical model uncertainties are simple
to interpret statistically and give by construction a realistic account for typical systematics
of state-of-the-art GDE modeling.

We will hence adopt the following strategy : We will use the GCE spectrum and associ-
ated statistical errors from model F only, which gives formally the best-fit to the Fermi -LAT
data in our ROI. In fits to the GCE spectrum we then only consider the empirical model
systematics, and neglect the theoretical ones. Given the small scatter for the GCE spec-
trum that we find for different GDE models, this is well justified. We checked explicitly that
using different GDE model as starting point in the spectral fits would not alter our results
significantly (see appendix C.2). Hence, we consider our approach as statistically sound and
sufficiently robust to derive meaningful results.

We will introduce general aspects of fits with correlated errors in subsection 5.1, and
then test the most common interpretations of the GCE emission in terms of a number of DM
and astrophysical toy models in subsection 5.2 and 5.3.
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while the possibility to drive inflation through a non-minimal coupling of the scalar to gravity

has been analysed in [37] in light of current constraints.

3 The galactic center excess

3.1 The Fermi-LAT observation

Description of the observation. → Alessandro

GCE data from [19].

3.2 Annihilation cross section and photon spectrum

Dark matter annihilation in the scalar Higgs portal model proceeds through s-channel Higgs,

t-channel scalar exchange, and the S2h2 interactions, see Fig. 1.
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Figure 1: Feynman diagrams for all WIMP annihilation processes, SM = t, h, Z,W, b, τ, c, g, γ. Below mS = mh

only processes of type a) are present. Above the hh threshold all three diagrams contribute.

Annihilation cross section mechanism, relative contributions of different channels, energy

spectrum for two masses. → Jan, Benedikt If photons are not produced directly in the loop

supressed process SS → h → γγ , they are generated at all steps in the hadronization and decay

processes of possible SM final state particles. Thereby, the main contribution of high energetic

photons stem from the decay of π0
-states originating from the cascade.

[ ( 90%) in a bb event @ 100GeV c.o.m]
[Possible commentary on Bremsstrahlung, electroweak Corrections (1009.0224v1:Weak Cor-

rections are Relevant for Dark Matter Indirect Detection)]
The resulting γ-ray spectra are generated with the PYTHIA [38] event generator (version

8.209) for each final state separately by simulating the production of SM+SM at a center of

mass energy of 2mS . All spectra are then combined in a model dependent way according to

Fig. 2 to yield the gamma ray flux of annihilating dark matter:

dΦ

dΩdE
=

1

2mS

�

FS

dNFS

dE
(σv)FS ·

R2

4π

�

l.o.s

dsρ2 (3)

The resulting spectra per annihilation
�

FS
dNFS
dE

(σv)FS
σv composed in this way are shown exem-

plarily in Fig. (ref to Spectra). Here, R denotes the fraction of annihilating dark matter to the

total dark matter content which is discussed in section 3.4. The integral over the line of sight

is discussed further in section 3.3.

Reference to Fig. 2.

R = ρWIMP/ρDM, total

Σij → Σij +Σijδijt
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1 Introduction

Weakly interacting massive particles (WIMPs) are promising candidates for dark matter, and

can be searched for at colliders and through direct and indirect detection experiments [1–3]. The

simplest WIMP dark matter model comprises the Standard Model (SM) with a real singlet scalar

dark matter field, S, which interacts with the SM Higgs field H through the operator S
2
H

†
H [4–

6]. Such so-called Higgs portal models can accommodate the dark matter relic density, would

contribute to the invisible Higgs width, and they can be detected in direct and indirect dark

matter searches.

The Large Area Telescope (LAT) on the Fermi satellite, has recently reported an excess

in the γ-ray emission from the center of our Galaxy [7]. While there are various potential

astrophysical explanations of such an excess, see e.g. [8–10], it is intriguing that the Fermi-LAT

γ-ray spectrum and spatial distribution are consistent with a signal expected from dark matter

annihilation [11–21]. We will thus explore if the galactic center excess (GCE) can be explained in

terms of dark matter annihilation within the minimal singlet scalar Higgs portal model, taking

into account the constraints from invisible Higgs decays, direct dark matter searches and limits

from other γ-ray searches.

As compared to previous Higgs portal model interpretations of the GCE [20, 22, 23], we

provide a detailed numerical fit of the GCE signal within the scalar Higgs portal model, taking

properly into account the theoretical uncertainty from the dark matter distribution. Further-

more, we allow for unspecified additional dark matter components beyond the scalar WIMP of

our minimal model. With this freedom one can reconcile the annihilation signal required to

describe the GCE and the thermal relic density constraint, in particularly if the dark matter

annihilation proceeds through a resonance such that the annihilation cross section has a signif-

icant velocity dependence. We shall demonstrate this feature for the scalar Higgs portal model

1

where annihilation proceeds via a resonant s-channel Higgs boson if the WIMP mass is about
half of the Higgs boson mass.

We include constraints on the model space from invisible Higgs decays, direct dark matter
searches, searches for dark matter annihilation from dwarf spheroidal galaxies, and searches for
mono-energetic spectral γ-lines from the Milky Way halo.

The paper is organised as follows. In section 2 we introduce the scalar Higgs portal model
and briefly review previous collider and astroparticle analyses of this model. The dark matter
annihilation γ-ray signatures of the scalar Higgs portal model are presented in section 3, to-
gether with a discussion of the galactic center excess signal. We demonstrate through a detailed
numerical fit that the strength and shape of the GCE γ-ray spectrum can indeed be described
by the scalar Higgs portal model in various regions of parameter space, including in particular
the resonance and threshold regions where mS ≈ mh/2, mS ≈ mW and mS ≈ mh, respectively.
However, most regions of parameter space are in conflict with other constraints, as we demon-
strate in section 4, where we present numerical fits including limits from the Higgs invisible
width, direct detection, indirect detection and the dark matter relic density. We conclude in
section 6.

2 The scalar singlet Higgs portal model

The scalar singlet Higgs portal model [4–6] is the simplest UV-complete WIMP dark matter
model. The model comprises the Standard Model and a real scalar field, S, which is a singlet
under all SM gauge groups. Imposing an additional Z2 symmetry, S → −S, the scalar particle
is stable and thus a WIMP dark matter candidate. The Lagrangian of the scalar Higgs portal
model reads

L = LSM +
1

2
∂µS∂

µ
S − 1

2
m

2
S,0S

2 − 1

4
λSS

4 − 1

2
λHS S

2
H

†
H . (1)

After electroweak symmetry breaking, the last three terms of the above Lagrangian become

L ⊃ −1

2
m

2
S S

2 − 1

4
λS S

4 − 1

4
λHS h

2
S
2 − 1

4
λHS vhS

2
, (2)

with H = (h+v, 0)/
√
2 , v = 246GeV, and where we introduced the physical mass of the singlet

field, m2
S
= m

2
S,0 + λHSv

2
/2. The scalar self coupling, λS , is of importance for the stability of

the electroweak vacuum and the perturbativity of the model, see e.g. [24], but does not affect
dark matter phenomenology. For the purpose of this paper, the model is thus fully specified by
only two parameters beyond those of the SM: the mass of the scalar dark matter particle, mS ,
and the strength of the coupling between the dark matter and Higgs particles, λHS .

While the scalar singlet Higgs portal model defined in eq.(1) is certainly minimal, and possi-
bly too simplistic, a coupling between a new gauge singlet sector and the SM through the Higgs
bilinear H

†
H should be expected in a large class of extensions of the SM, as H

†
H is the only

SM gauge singlet operator of mass dimension two. Even within the minimal scalar Higgs portal
model, eq.(1), the S

2
H

†
H interaction term gives rise to a rich phenomenology, including invisi-

ble Higgs decays, h → SS, a dark matter-nucleon interaction through the exchange of a Higgs
particle, and dark matter annihilation through s-channel Higgs, t-channel scalar exchange, and
the S

2
h
2 interactions, see section 3.

The phenomenology of the singlet Higgs portal model has been extensively studied in the
literature, see e.g. the recent reviews [22, 25] and references therein. Other recent general
analyses of the model have been presented in [26, 27], while [28–31] have specifically explored
the constraints from searches at the Large Hadron Collider (LHC). Astrophysical constraints,
in particular from γ-lines, have been studied in [32–35, 23]. Constraints on the scalar Higgs
portal model from perturbativity and electroweak vacuum stability have been revisited in [36],
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1 Introduction

Weakly interacting massive particles (WIMPs) are promising candidates for dark matter, and

can be searched for at colliders and through direct and indirect detection experiments [1–3]. The

simplest WIMP dark matter model comprises the Standard Model (SM) with a real singlet scalar

dark matter field, S, which interacts with the SM Higgs field H through the operator S
2
H

†
H [4–

6]. Such so-called Higgs portal models can accommodate the dark matter relic density, would

contribute to the invisible Higgs width, and they can be detected in direct and indirect dark

matter searches.

The Large Area Telescope (LAT) on the Fermi satellite, has recently reported an excess

in the γ-ray emission from the center of our Galaxy [7]. While there are various potential

astrophysical explanations of such an excess, see e.g. [8–10], it is intriguing that the Fermi-LAT

γ-ray spectrum and spatial distribution are consistent with a signal expected from dark matter

annihilation [11–21]. We will thus explore if the galactic center excess (GCE) can be explained in

terms of dark matter annihilation within the minimal singlet scalar Higgs portal model, taking

into account the constraints from invisible Higgs decays, direct dark matter searches and limits

from other γ-ray searches.

As compared to previous Higgs portal model interpretations of the GCE [20, 22, 23], we

provide a detailed numerical fit of the GCE signal within the scalar Higgs portal model, taking

properly into account the theoretical uncertainty from the dark matter distribution. Further-

more, we allow for unspecified additional dark matter components beyond the scalar WIMP of

our minimal model. With this freedom one can reconcile the annihilation signal required to

describe the GCE and the thermal relic density constraint, in particularly if the dark matter

annihilation proceeds through a resonance such that the annihilation cross section has a signif-

icant velocity dependence. We shall demonstrate this feature for the scalar Higgs portal model

1

where

where annihilation proceeds via a resonant s-channel Higgs boson if the WIMP mass is about
half of the Higgs boson mass.

We include constraints on the model space from invisible Higgs decays, direct dark matter
searches, searches for dark matter annihilation from dwarf spheroidal galaxies, and searches for
mono-energetic spectral γ-lines from the Milky Way halo.

The paper is organised as follows. In section 2 we introduce the scalar Higgs portal model
and briefly review previous collider and astroparticle analyses of this model. The dark matter
annihilation γ-ray signatures of the scalar Higgs portal model are presented in section 3, to-
gether with a discussion of the galactic center excess signal. We demonstrate through a detailed
numerical fit that the strength and shape of the GCE γ-ray spectrum can indeed be described
by the scalar Higgs portal model in various regions of parameter space, including in particular
the resonance and threshold regions where mS ≈ mh/2, mS ≈ mW and mS ≈ mh, respectively.
However, most regions of parameter space are in conflict with other constraints, as we demon-
strate in section 4, where we present numerical fits including limits from the Higgs invisible
width, direct detection, indirect detection and the dark matter relic density. We conclude in
section 6.

2 The scalar singlet Higgs portal model

The scalar singlet Higgs portal model [4–6] is the simplest UV-complete WIMP dark matter
model. The model comprises the Standard Model and a real scalar field, S, which is a singlet
under all SM gauge groups. Imposing an additional Z2 symmetry, S → −S, the scalar particle
is stable and thus a WIMP dark matter candidate. The Lagrangian of the scalar Higgs portal
model reads

L = LSM +
1

2
∂µS∂

µ
S − 1

2
m

2
S,0S

2 − 1

4
λSS

4 − 1

2
λHS S

2
H

†
H . (1)

After electroweak symmetry breaking, the last three terms of the above Lagrangian become

L ⊃ −1

2
m

2
S S

2 − 1

4
λS S

4 − 1

4
λHS h

2
S
2 − 1

4
λHS vhS

2
, (2)

with H = (h+v, 0)/
√
2 , v = 246GeV, and where we introduced the physical mass of the singlet

field, m2
S
= m

2
S,0 + λHSv

2
/2. The scalar self coupling, λS , is of importance for the stability of

the electroweak vacuum and the perturbativity of the model, see e.g. [24], but does not affect
dark matter phenomenology. For the purpose of this paper, the model is thus fully specified by
only two parameters beyond those of the SM: the mass of the scalar dark matter particle, mS ,
and the strength of the coupling between the dark matter and Higgs particles, λHS .

While the scalar singlet Higgs portal model defined in eq.(1) is certainly minimal, and possi-
bly too simplistic, a coupling between a new gauge singlet sector and the SM through the Higgs
bilinear H

†
H should be expected in a large class of extensions of the SM, as H

†
H is the only

SM gauge singlet operator of mass dimension two. Even within the minimal scalar Higgs portal
model, eq.(1), the S

2
H

†
H interaction term gives rise to a rich phenomenology, including invisi-

ble Higgs decays, h → SS, a dark matter-nucleon interaction through the exchange of a Higgs
particle, and dark matter annihilation through s-channel Higgs, t-channel scalar exchange, and
the S

2
h
2 interactions, see section 3.

The phenomenology of the singlet Higgs portal model has been extensively studied in the
literature, see e.g. the recent reviews [22, 25] and references therein. Other recent general
analyses of the model have been presented in [26, 27], while [28–31] have specifically explored
the constraints from searches at the Large Hadron Collider (LHC). Astrophysical constraints,
in particular from γ-lines, have been studied in [32–35, 23]. Constraints on the scalar Higgs
portal model from perturbativity and electroweak vacuum stability have been revisited in [36],

2

annihilation γ-ray signatures of the scalar Higgs portal model are presented in section 3, together
with a discussion of the galactic center excess signal and the astrophysical uncertainties due to
the dark matter distribution. We present a detailed numerical fit of the strength and shape of
the GCE γ-ray spectrum, including in particular the astrophysical uncertainties and allowing for
unspecified additional DM components. Constraints on the model parameters from the Higgs
invisible width, direct detection searches, independent searches for γ-rays and from the dark
matter relic density are discussed in section 4. In section 5 we finally present a global fit of the
GCE within the scalar Higgs portal model, taking into account the above-mentioned constraints.
We conclude in section 6.

2 The scalar singlet Higgs portal model

The scalar singlet Higgs portal model [4–6] is the simplest UV-complete WIMP DM model. The
model comprises the Standard Model and a real scalar field, S, which is a singlet under all SM
gauge groups. Imposing an additional Z2 symmetry, S → −S, the scalar particle is stable and
thus a WIMP DM candidate. The Lagrangian of the scalar Higgs portal model reads

L = LSM +
1

2
∂µS∂

µ
S − 1

2
m

2
S,0S

2 − 1

4
λSS

4 − 1

2
λHS S

2
H

†
H . (1)

After electroweak symmetry breaking, the last three terms of the above Lagrangian become

L ⊃ −1

2
m

2
S S

2 − 1

4
λS S

4 − 1

4
λHS h

2
S
2 − 1

2
λHS vhS

2
, (2)

with H = (h+v, 0)/
√
2 , v = 246GeV, and where we introduced the physical mass of the singlet

field, m2
S
= m

2
S,0+λHSv

2
/2. The scalar self coupling, λS , is of importance for the stability of the

electroweak vacuum and the perturbativity of the model, see e.g. [31], but does not affect DM
phenomenology.1 For the purpose of this paper, the model is thus fully specified by only two
parameters beyond those of the SM: the mass of the scalar DM particle, mS , and the strength
of the coupling between the DM and Higgs particles, λHS .

The scalar singlet Higgs portal model defined in eq. (1) is certainly minimal, and possibly
too simplistic. However, a coupling between a new gauge singlet sector and the SM through
the Higgs bilinear H

†
H should be expected in a large class of SM extensions, as H

†
H is the

only SM gauge singlet operator of mass dimension two. Even within the minimal scalar Higgs
portal model, eq. (1), the S2

H
†
H interaction term gives rise to a rich phenomenology, including

invisible Higgs decays, h → SS, a DM-nucleon interaction through the exchange of a Higgs
particle, and DM annihilation through s-channel Higgs, t-channel scalar exchange, and the S2

h
2

interactions, see section 3.
The phenomenology of the singlet Higgs portal model has been extensively studied in the

literature, see e.g. the recent reviews [29, 33] and references therein. Other recent general
analyses of the model have been presented in [34, 35], while [36–39] have specifically explored
the constraints from searches at the Large Hadron Collider (LHC). Astrophysical constraints,
in particular from γ-lines, have been studied in [40–43, 30]. Constraints on the scalar Higgs
portal model from perturbativity and electroweak vacuum stability have been revisited in [44],
while the possibility to drive inflation through a non-minimal coupling of the scalar to gravity
has been analysed in [45] in light of current constraints. Extensions of the Higgs portal model
that provide a similar phenomenology have been studied in [46–49].

1For an exception see e.g. [32] where dark matter is strongly interacting.
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1 Introduction

Weakly interacting massive particles (WIMPs) are promising candidates for dark matter, and

can be searched for at colliders and through direct and indirect detection experiments [1–3]. The

simplest WIMP dark matter model comprises the Standard Model (SM) with a real singlet scalar

dark matter field, S, which interacts with the SM Higgs field H through the operator S
2
H

†
H [4–

6]. Such so-called Higgs portal models can accommodate the dark matter relic density, would

contribute to the invisible Higgs width, and they can be detected in direct and indirect dark

matter searches.

The Large Area Telescope (LAT) on the Fermi satellite, has recently reported an excess

in the γ-ray emission from the center of our Galaxy [7]. While there are various potential

astrophysical explanations of such an excess, see e.g. [8–10], it is intriguing that the Fermi-LAT

γ-ray spectrum and spatial distribution are consistent with a signal expected from dark matter

annihilation [11–21]. We will thus explore if the galactic center excess (GCE) can be explained in

terms of dark matter annihilation within the minimal singlet scalar Higgs portal model, taking

into account the constraints from invisible Higgs decays, direct dark matter searches and limits

from other γ-ray searches.

As compared to previous Higgs portal model interpretations of the GCE [20, 22, 23], we

provide a detailed numerical fit of the GCE signal within the scalar Higgs portal model, taking

properly into account the theoretical uncertainty from the dark matter distribution. Further-

more, we allow for unspecified additional dark matter components beyond the scalar WIMP of

our minimal model. With this freedom one can reconcile the annihilation signal required to

describe the GCE and the thermal relic density constraint, in particularly if the dark matter

annihilation proceeds through a resonance such that the annihilation cross section has a signif-

icant velocity dependence. We shall demonstrate this feature for the scalar Higgs portal model

1

where

where annihilation proceeds via a resonant s-channel Higgs boson if the WIMP mass is about
half of the Higgs boson mass.

We include constraints on the model space from invisible Higgs decays, direct dark matter
searches, searches for dark matter annihilation from dwarf spheroidal galaxies, and searches for
mono-energetic spectral γ-lines from the Milky Way halo.

The paper is organised as follows. In section 2 we introduce the scalar Higgs portal model
and briefly review previous collider and astroparticle analyses of this model. The dark matter
annihilation γ-ray signatures of the scalar Higgs portal model are presented in section 3, to-
gether with a discussion of the galactic center excess signal. We demonstrate through a detailed
numerical fit that the strength and shape of the GCE γ-ray spectrum can indeed be described
by the scalar Higgs portal model in various regions of parameter space, including in particular
the resonance and threshold regions where mS ≈ mh/2, mS ≈ mW and mS ≈ mh, respectively.
However, most regions of parameter space are in conflict with other constraints, as we demon-
strate in section 4, where we present numerical fits including limits from the Higgs invisible
width, direct detection, indirect detection and the dark matter relic density. We conclude in
section 6.

2 The scalar singlet Higgs portal model

The scalar singlet Higgs portal model [4–6] is the simplest UV-complete WIMP dark matter
model. The model comprises the Standard Model and a real scalar field, S, which is a singlet
under all SM gauge groups. Imposing an additional Z2 symmetry, S → −S, the scalar particle
is stable and thus a WIMP dark matter candidate. The Lagrangian of the scalar Higgs portal
model reads

L = LSM +
1

2
∂µS∂

µ
S − 1

2
m

2
S,0S

2 − 1

4
λSS

4 − 1

2
λHS S

2
H

†
H . (1)

After electroweak symmetry breaking, the last three terms of the above Lagrangian become

L ⊃ −1

2
m

2
S S

2 − 1

4
λS S

4 − 1

4
λHS h

2
S
2 − 1

4
λHS vhS

2
, (2)

with H = (h+v, 0)/
√
2 , v = 246GeV, and where we introduced the physical mass of the singlet

field, m2
S
= m

2
S,0 + λHSv

2
/2. The scalar self coupling, λS , is of importance for the stability of

the electroweak vacuum and the perturbativity of the model, see e.g. [24], but does not affect
dark matter phenomenology. For the purpose of this paper, the model is thus fully specified by
only two parameters beyond those of the SM: the mass of the scalar dark matter particle, mS ,
and the strength of the coupling between the dark matter and Higgs particles, λHS .

While the scalar singlet Higgs portal model defined in eq.(1) is certainly minimal, and possi-
bly too simplistic, a coupling between a new gauge singlet sector and the SM through the Higgs
bilinear H

†
H should be expected in a large class of extensions of the SM, as H

†
H is the only

SM gauge singlet operator of mass dimension two. Even within the minimal scalar Higgs portal
model, eq.(1), the S

2
H

†
H interaction term gives rise to a rich phenomenology, including invisi-

ble Higgs decays, h → SS, a dark matter-nucleon interaction through the exchange of a Higgs
particle, and dark matter annihilation through s-channel Higgs, t-channel scalar exchange, and
the S

2
h
2 interactions, see section 3.

The phenomenology of the singlet Higgs portal model has been extensively studied in the
literature, see e.g. the recent reviews [22, 25] and references therein. Other recent general
analyses of the model have been presented in [26, 27], while [28–31] have specifically explored
the constraints from searches at the Large Hadron Collider (LHC). Astrophysical constraints,
in particular from γ-lines, have been studied in [32–35, 23]. Constraints on the scalar Higgs
portal model from perturbativity and electroweak vacuum stability have been revisited in [36],

2

Important for this work
⇒ Only two parameters:

where annihilation proceeds via a resonant s-channel Higgs boson if the WIMP mass is about
half of the Higgs boson mass.

We include constraints on the model space from invisible Higgs decays, direct dark matter
searches, searches for dark matter annihilation from dwarf spheroidal galaxies, and searches for
mono-energetic spectral γ-lines from the Milky Way halo.

The paper is organised as follows. In section 2 we introduce the scalar Higgs portal model
and briefly review previous collider and astroparticle analyses of this model. The dark matter
annihilation γ-ray signatures of the scalar Higgs portal model are presented in section 3, to-
gether with a discussion of the galactic center excess signal. We demonstrate through a detailed
numerical fit that the strength and shape of the GCE γ-ray spectrum can indeed be described
by the scalar Higgs portal model in various regions of parameter space, including in particular
the resonance and threshold regions where mS ≈ mh/2, mS ≈ mW and mS ≈ mh, respectively.
However, most regions of parameter space are in conflict with other constraints, as we demon-
strate in section 4, where we present numerical fits including limits from the Higgs invisible
width, direct detection, indirect detection and the dark matter relic density. We conclude in
section 6.

2 The scalar singlet Higgs portal model

The scalar singlet Higgs portal model [4–6] is the simplest UV-complete WIMP dark matter
model. The model comprises the Standard Model and a real scalar field, S, which is a singlet
under all SM gauge groups. Imposing an additional Z2 symmetry, S → −S, the scalar particle
is stable and thus a WIMP dark matter candidate. The Lagrangian of the scalar Higgs portal
model reads

L = LSM +
1

2
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µ
S − 1

2
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2
S,0S

2 − 1

4
λSS

4 − 1
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λHS S

2
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After electroweak symmetry breaking, the last three terms of the above Lagrangian become

L ⊃ −1

2
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2
S S

2 − 1

4
λS S

4 − 1

4
λHS h

2
S
2 − 1

4
λHS vhS

2
, (2)

with H = (h+v, 0)/
√
2 , v = 246GeV, and where we introduced the physical mass of the singlet

field, m2
S
= m

2
S,0 + λHSv

2
/2. The scalar self coupling, λS , is of importance for the stability of

the electroweak vacuum and the perturbativity of the model, see e.g. [24], but does not affect
dark matter phenomenology. For the purpose of this paper, the model is thus fully specified by
only two parameters beyond those of the SM: the mass of the scalar dark matter particle, mS ,
and the strength of the coupling between the dark matter and Higgs particles, λHS .

While the scalar singlet Higgs portal model defined in eq.(1) is certainly minimal, and possi-
bly too simplistic, a coupling between a new gauge singlet sector and the SM through the Higgs
bilinear H

†
H should be expected in a large class of extensions of the SM, as H

†
H is the only

SM gauge singlet operator of mass dimension two. Even within the minimal scalar Higgs portal
model, eq.(1), the S

2
H

†
H interaction term gives rise to a rich phenomenology, including invisi-

ble Higgs decays, h → SS, a dark matter-nucleon interaction through the exchange of a Higgs
particle, and dark matter annihilation through s-channel Higgs, t-channel scalar exchange, and
the S

2
h
2 interactions, see section 3.

The phenomenology of the singlet Higgs portal model has been extensively studied in the
literature, see e.g. the recent reviews [22, 25] and references therein. Other recent general
analyses of the model have been presented in [26, 27], while [28–31] have specifically explored
the constraints from searches at the Large Hadron Collider (LHC). Astrophysical constraints,
in particular from γ-lines, have been studied in [32–35, 23]. Constraints on the scalar Higgs
portal model from perturbativity and electroweak vacuum stability have been revisited in [36],
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where annihilation proceeds via a resonant s-channel Higgs boson if the WIMP mass is about
half of the Higgs boson mass.

We include constraints on the model space from invisible Higgs decays, direct dark matter
searches, searches for dark matter annihilation from dwarf spheroidal galaxies, and searches for
mono-energetic spectral γ-lines from the Milky Way halo.

The paper is organised as follows. In section 2 we introduce the scalar Higgs portal model
and briefly review previous collider and astroparticle analyses of this model. The dark matter
annihilation γ-ray signatures of the scalar Higgs portal model are presented in section 3, to-
gether with a discussion of the galactic center excess signal. We demonstrate through a detailed
numerical fit that the strength and shape of the GCE γ-ray spectrum can indeed be described
by the scalar Higgs portal model in various regions of parameter space, including in particular
the resonance and threshold regions where mS ≈ mh/2, mS ≈ mW and mS ≈ mh, respectively.
However, most regions of parameter space are in conflict with other constraints, as we demon-
strate in section 4, where we present numerical fits including limits from the Higgs invisible
width, direct detection, indirect detection and the dark matter relic density. We conclude in
section 6.

2 The scalar singlet Higgs portal model

The scalar singlet Higgs portal model [4–6] is the simplest UV-complete WIMP dark matter
model. The model comprises the Standard Model and a real scalar field, S, which is a singlet
under all SM gauge groups. Imposing an additional Z2 symmetry, S → −S, the scalar particle
is stable and thus a WIMP dark matter candidate. The Lagrangian of the scalar Higgs portal
model reads
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with H = (h+v, 0)/
√
2 , v = 246GeV, and where we introduced the physical mass of the singlet

field, m2
S
= m

2
S,0 + λHSv

2
/2. The scalar self coupling, λS , is of importance for the stability of

the electroweak vacuum and the perturbativity of the model, see e.g. [24], but does not affect
dark matter phenomenology. For the purpose of this paper, the model is thus fully specified by
only two parameters beyond those of the SM: the mass of the scalar dark matter particle, mS ,
and the strength of the coupling between the dark matter and Higgs particles, λHS .

While the scalar singlet Higgs portal model defined in eq.(1) is certainly minimal, and possi-
bly too simplistic, a coupling between a new gauge singlet sector and the SM through the Higgs
bilinear H

†
H should be expected in a large class of extensions of the SM, as H

†
H is the only

SM gauge singlet operator of mass dimension two. Even within the minimal scalar Higgs portal
model, eq.(1), the S

2
H

†
H interaction term gives rise to a rich phenomenology, including invisi-

ble Higgs decays, h → SS, a dark matter-nucleon interaction through the exchange of a Higgs
particle, and dark matter annihilation through s-channel Higgs, t-channel scalar exchange, and
the S

2
h
2 interactions, see section 3.

The phenomenology of the singlet Higgs portal model has been extensively studied in the
literature, see e.g. the recent reviews [22, 25] and references therein. Other recent general
analyses of the model have been presented in [26, 27], while [28–31] have specifically explored
the constraints from searches at the Large Hadron Collider (LHC). Astrophysical constraints,
in particular from γ-lines, have been studied in [32–35, 23]. Constraints on the scalar Higgs
portal model from perturbativity and electroweak vacuum stability have been revisited in [36],
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annihilation γ-ray signatures of the scalar Higgs portal model are presented in section 3, together
with a discussion of the galactic center excess signal and the astrophysical uncertainties due to
the dark matter distribution. We present a detailed numerical fit of the strength and shape of
the GCE γ-ray spectrum, including in particular the astrophysical uncertainties and allowing for
unspecified additional DM components. Constraints on the model parameters from the Higgs
invisible width, direct detection searches, independent searches for γ-rays and from the dark
matter relic density are discussed in section 4. In section 5 we finally present a global fit of the
GCE within the scalar Higgs portal model, taking into account the above-mentioned constraints.
We conclude in section 6.

2 The scalar singlet Higgs portal model

The scalar singlet Higgs portal model [4–6] is the simplest UV-complete WIMP DM model. The
model comprises the Standard Model and a real scalar field, S, which is a singlet under all SM
gauge groups. Imposing an additional Z2 symmetry, S → −S, the scalar particle is stable and
thus a WIMP DM candidate. The Lagrangian of the scalar Higgs portal model reads

L = LSM +
1

2
∂µS∂

µ
S − 1

2
m

2
S,0S

2 − 1

4
λSS

4 − 1

2
λHS S

2
H

†
H . (1)

After electroweak symmetry breaking, the last three terms of the above Lagrangian become

L ⊃ −1

2
m

2
S S

2 − 1

4
λS S

4 − 1

4
λHS h

2
S
2 − 1

2
λHS vhS

2
, (2)

with H = (h+v, 0)/
√
2 , v = 246GeV, and where we introduced the physical mass of the singlet

field, m2
S
= m

2
S,0+λHSv

2
/2. The scalar self coupling, λS , is of importance for the stability of the

electroweak vacuum and the perturbativity of the model, see e.g. [31], but does not affect DM
phenomenology.1 For the purpose of this paper, the model is thus fully specified by only two
parameters beyond those of the SM: the mass of the scalar DM particle, mS , and the strength
of the coupling between the DM and Higgs particles, λHS .

The scalar singlet Higgs portal model defined in eq. (1) is certainly minimal, and possibly
too simplistic. However, a coupling between a new gauge singlet sector and the SM through
the Higgs bilinear H

†
H should be expected in a large class of SM extensions, as H

†
H is the

only SM gauge singlet operator of mass dimension two. Even within the minimal scalar Higgs
portal model, eq. (1), the S2

H
†
H interaction term gives rise to a rich phenomenology, including

invisible Higgs decays, h → SS, a DM-nucleon interaction through the exchange of a Higgs
particle, and DM annihilation through s-channel Higgs, t-channel scalar exchange, and the S2

h
2

interactions, see section 3.
The phenomenology of the singlet Higgs portal model has been extensively studied in the

literature, see e.g. the recent reviews [29, 33] and references therein. Other recent general
analyses of the model have been presented in [34, 35], while [36–39] have specifically explored
the constraints from searches at the Large Hadron Collider (LHC). Astrophysical constraints,
in particular from γ-lines, have been studied in [40–43, 30]. Constraints on the scalar Higgs
portal model from perturbativity and electroweak vacuum stability have been revisited in [44],
while the possibility to drive inflation through a non-minimal coupling of the scalar to gravity
has been analysed in [45] in light of current constraints. Extensions of the Higgs portal model
that provide a similar phenomenology have been studied in [46–49].

1For an exception see e.g. [32] where dark matter is strongly interacting.

2

Jan Heisig (Aachen University)                                               4                                          TeVPA16, CERN, September 15th



while the possibility to drive inflation through a non-minimal coupling of the scalar to gravity
has been analysed in [37] in light of current constraints.

3 The galactic center excess

3.1 The Fermi-LAT observation

Description of the observation. → Alessandro
GCE data from [19].

3.2 Annihilation cross section and photon spectrum

Dark matter annihilation in the scalar Higgs portal model proceeds through s-channel Higgs,
t-channel scalar exchange, and the S2h2 interactions, see Fig. 1.
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Figure 1: Feynman diagrams for all WIMP annihilation processes, SM = t, h, Z,W, b, τ, c, g, γ. Below mS = mh

only processes of type a) are present. Above the hh threshold all three diagrams contribute.

Annihilation cross section mechanism, relative contributions of different channels, energy
spectrum for two masses. → Jan, Benedikt If photons are not produced directly in the loop
supressed process SS → h → γγ , they are generated at all steps in the hadronization and decay
processes of possible SM final state particles. Thereby, the main contribution of high energetic
photons stem from the decay of π0-states originating from the cascade.

[ ( 90%) in a bb event @ 100GeV c.o.m]
[Possible commentary on Bremsstrahlung, electroweak Corrections (1009.0224v1:Weak Cor-

rections are Relevant for Dark Matter Indirect Detection)]
The resulting γ-ray spectra are generated with the PYTHIA [38] event generator (version

8.209) for each final state separately by simulating the production of SM+SM at a center of
mass energy of 2mS . All spectra are then combined in a model dependent way according to
Fig. 2 to yield the gamma ray flux of annihilating dark matter:

dΦ

dΩdE
=

1

2mS

�

FS

dNFS

dE
(σv)FS ·

R2

4π

�

l.o.s

dsρ2 (3)

The resulting spectra per annihilation
�

FS
dNFS
dE

(σv)FS
σv composed in this way are shown exem-

plarily in Fig. (ref to Spectra). Here, R denotes the fraction of annihilating dark matter to the
total dark matter content which is discussed in section 3.4. The integral over the line of sight
is discussed further in section 3.3.

Reference to Fig. 2.

3.3 Dark matter density profile and uncertainties

Our treatment of the J-factor. → Benedikt, Alessandro
Reference to Fig. 3.
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Figure 2: Relative contribution to the dark matter annihilation cross section today, for two choices of the Higgs-

scalar coupling λHS = 1 (left panel) and λHS = 0.01 (right panel). Below mS = mh the relative contribution is

independent of λHS .

2-body final states to those presented in Ref. [63]. We find very good agreement in general, with

some small deviations in the flux from annihilation into gg and cc̄ final states.

The spectra from the various final states, f = t, h, Z,W, b, τ, c, g, are combined, weighted by

their relative strength as predicted within the scalar Higgs portal model as a function of the

DM mass, mS , and the Higgs-scalar coupling, λHS , see figure 2. The resulting γ-ray flux per

unit solid angle at a photon energy Eγ is

dΦ

dΩdE
=

1

2m2
S

�

f

dNf

dE

�σv�f
4π

�

l.o.s

ds ρ2 (r(s, θ)) , (8)

where dNf/dE is the photon spectrum per annihilation for a given final state f , �σv�f is the

corresponding velocity-averaged annihilation cross section, and ρ is the DM density. The integral

has to be evaluated along the line-of-sight (l.o.s.) at an observational angle θ towards the galactic
center. The l.o.s. integral of the DM density-squared over the solid angle dΩ is called the J-
factor, and is discussed in more detail in section 3.3.

The scalar Higgs portal model prediction for the γ-ray spectrum per annihilation,
�

f
dNf/dE

×�σv�f/�σv�, is shown in figure 3 for different choices of λHS and for dark matter masses mS

that are of particular relevance in describing the GCE, as discussed below.

3.3 Dark matter density profile and uncertainties

The DM density in the Milky Way is only directly measured in the vicinity of the solar system,

and only with a quite large uncertainty, mostly systematic in nature. In the inner galaxy no

direct measurements are available since the gravitational potential is dominated by the baryonic

matter. Extrapolations are thus necessary together with assumptions about the shape of the

DM density profile, which is typically parameterized as a cored or cuspy profile. However, in

the particular case of this analysis, where we are studying the DM interpretation of the GCE,

we can limit the study to the DM profiles which are compatible with the measured shape of the

GCE itself, i.e., cuspy profiles.

We will thus parameterize the DM profile as a generalized Navarro-Frenk-White (NFW)

profile [65]:

ρ(r) = ρs

�
r

rs

�−γ �
1 +

r

rs

�−3+γ

, (9)

5

[see also e.g. 
Cline, Scott, Kainulainen, Weniger '13;
Duerr, Pérez, Smirnov '15;
Beniwal et al. '15]
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where dNf/dE is the photon spectrum per annihilation for a given final state f , �σv�f is the

corresponding velocity-averaged annihilation cross section, and ρ is the DM density. The integral

has to be evaluated along the line-of-sight (l.o.s.) at an observational angle θ towards the galactic
center. The l.o.s. integral of the DM density-squared over the solid angle dΩ is called the J-
factor, and is discussed in more detail in section 3.3.

The scalar Higgs portal model prediction for the γ-ray spectrum per annihilation,
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×�σv�f/�σv�, is shown in figure 3 for different choices of λHS and for dark matter masses mS

that are of particular relevance in describing the GCE, as discussed below.
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The DM density in the Milky Way is only directly measured in the vicinity of the solar system,

and only with a quite large uncertainty, mostly systematic in nature. In the inner galaxy no

direct measurements are available since the gravitational potential is dominated by the baryonic

matter. Extrapolations are thus necessary together with assumptions about the shape of the

DM density profile, which is typically parameterized as a cored or cuspy profile. However, in

the particular case of this analysis, where we are studying the DM interpretation of the GCE,

we can limit the study to the DM profiles which are compatible with the measured shape of the

GCE itself, i.e., cuspy profiles.
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while the possibility to drive inflation through a non-minimal coupling of the scalar to gravity
has been analysed in [37] in light of current constraints.
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3.1 The Fermi-LAT observation
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GCE data from [19].

3.2 Annihilation cross section and photon spectrum

Dark matter annihilation in the scalar Higgs portal model proceeds through s-channel Higgs,
t-channel scalar exchange, and the S2h2 interactions, see Fig. 1.
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Figure 1: Feynman diagrams for all WIMP annihilation processes, SM = t, h, Z,W, b, τ, c, g, γ. Below mS = mh

only processes of type a) are present. Above the hh threshold all three diagrams contribute.

Annihilation cross section mechanism, relative contributions of different channels, energy
spectrum for two masses. → Jan, Benedikt If photons are not produced directly in the loop
supressed process SS → h → γγ , they are generated at all steps in the hadronization and decay
processes of possible SM final state particles. Thereby, the main contribution of high energetic
photons stem from the decay of π0-states originating from the cascade.
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rections are Relevant for Dark Matter Indirect Detection)]
The resulting γ-ray spectra are generated with the PYTHIA [38] event generator (version

8.209) for each final state separately by simulating the production of SM+SM at a center of
mass energy of 2mS . All spectra are then combined in a model dependent way according to
Fig. 2 to yield the gamma ray flux of annihilating dark matter:
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Gamma-ray spectrum

▪ Continuous photon spectrum 
▪ Slow in fit 
   ⇒ Precompute spectra for all channels 
   with MadGraph/Pythia 8
▪ During fit: Combine spectra 
   according to contribution

Photon spectra for several masses/couplings:

χ2
GCE = 28.3 , −2 logLfit = 28.8

ξ = 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:

ρWIMP = R ρtotal . (5)

The annihilation signal today thus scales as φ ∝ 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 λHS 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

5

Figure 3: The scalar Higgs portal model prediction for the γ-ray spectrum per annihilation for different choices
of mS and λHS.

where r is the spherical distance from the galactic center, and we will assume γ = 1.2 ± 0.08
(Gaussian error) as given in [19]. For ρs and rs, the scale density and scale radius of the profile,
respectively, we will use the recent results from [54] where the authors study a canonical NFW
profile (γ=1) using up-to-date measurements of the rotation velocity of the Milky Way as a
function of the galacto-centric radius. In particular they provide contours in the ρs-rs plane.
From the contours it can be seen that the single parameters are not well constrained, but they
are tightly correlated so that the contours can be simply approximated as a narrow line in
the plane. We found that the power law ρs = 42.7GeV/cm3 · (rs/kpc)−1.59 describes well the
relation among these two parameters. Formally, the above relation is valid only for γ = 1 but
we will use it for each γ within the explored uncertainty of ±0.08. This is expected to be a good
approximation since different values of γ change the profile mainly in the inner kpcs from the
galactic center, while the analysis of [54] is anyway performed for r ! 2 kpc, and is thus not
very sensitive to moderate changes in γ. We also note that the analysis of [54] provides a value
of the DM local density ρ" = 0.471+0.048

−0.061 GeV cm−3 which is thus implicit also in our analysis.
This value has a relatively small error, which is typical of analyses based on the Milky Way
rotation curve (see also [55–57]), while purely local analyses provide larger errors ρ" ∼ 0.2− 0.7
GeV cm−3 [58, 59].

Given the above ρs-rs relation and the further constraint γ = 1.2 ± 0.08, we determine the
error on the GCE J-factor with a Monte Carlo procedure. The quantity of interest is the J-
factor integrated over the sky region analysed in [19], i.e., a 40◦ × 40◦ region centred on the
galactic center and with a stripe of ±2◦ masked along the galactic plane,

J40◦ =

∫

∆Ω

dΩ

∫

l.o.s

dsρ2(r(s, θ)) . (10)

In figure 4 we show the distribution of J40◦ that we obtain from sampling γ within its Gaussian
uncertainty and with ρs and rs uniformly distributed, taking into account their correlation.
It can be seen that J40◦ is well approximated by a log-normal distribution with a width of
σlogJ $ 0.43 (see figure 4). In the following we will use this J40◦ distribution to account for its
uncertainty. J40◦,nom is the nominal value of J40◦ for γ = 1.2 ρs = 0.74GeV/cm3, rs = 19.5 kpc,
i.e., J40◦,nom = 1.79 · 1023 GeV2cm−5. We also use r" = 8.0 kpc, although we verified that J40◦
varies very little varying r" in the range 7.5-8.5 kpc, which is the typical uncertainty on r".
Note that since the authors of [19] normalise the GCE flux dividing by the angular size of the
analysed region, we also need to divide J40◦ by the corresponding solid angle ∆Ω = 0.43 sr.
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▪ Take measured spectrum     and covariance matrix 
   from [Calore, Cholis, Weniger: 1409.0042]

▪ Additional uncertainty on the theoretical prediction 
  of the spectrum                                     

▪ Large theoretical uncertainties on DM distribution in galaxy:

χ2 =
�

i,j

(di − 10ξmi)(Σij)
−1(dj − 10ξmj) +

ξ2

(log10 2)2
(9)
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Figure 2: Relative contribution to the dark matter annihilation today, exemplarily for λHS = 1 (left panel) and
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In this study we allow for the situation that the dark sector is more complicated than containing
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as axions or primordial black holes) which do not annihilate today and are recognized by their
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while the possibility to drive inflation through a non-minimal coupling of the scalar to gravity

has been analysed in [37] in light of current constraints.

3 The galactic center excess

3.1 The Fermi-LAT observation

Description of the observation. → Alessandro

GCE data from [19].

3.2 Annihilation cross section and photon spectrum

Dark matter annihilation in the scalar Higgs portal model proceeds through s-channel Higgs,

t-channel scalar exchange, and the S2h2 interactions, see Fig. 1.
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Figure 1: Feynman diagrams for all WIMP annihilation processes, SM = t, h, Z,W, b, τ, c, g, γ. Below mS = mh

only processes of type a) are present. Above the hh threshold all three diagrams contribute.

Annihilation cross section mechanism, relative contributions of different channels, energy

spectrum for two masses. → Jan, Benedikt If photons are not produced directly in the loop

supressed process SS → h → γγ , they are generated at all steps in the hadronization and decay

processes of possible SM final state particles. Thereby, the main contribution of high energetic

photons stem from the decay of π0
-states originating from the cascade.

[ ( 90%) in a bb event @ 100GeV c.o.m]
[Possible commentary on Bremsstrahlung, electroweak Corrections (1009.0224v1:Weak Cor-

rections are Relevant for Dark Matter Indirect Detection)]
The resulting γ-ray spectra are generated with the PYTHIA [38] event generator (version

8.209) for each final state separately by simulating the production of SM+SM at a center of

mass energy of 2mS . All spectra are then combined in a model dependent way according to

Fig. 2 to yield the gamma ray flux of annihilating dark matter:
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Figure 17. Spectrum of the GCE emission, together with statistical and systematical errors, for
model F (cf. figure 14). We show fits to the GCE with various spectral models. We emphasize that
the shown systematic errors are correlated, and that the spectral models actually do provide a good
fit to the data in most cases. We show the best-fit model parameters, along with indicators for the
fit quality, in table 4 (cf. figures 18 and 20). See text for details on the fitting procedure.

parametric fits to the data.
In the previous section, we found that theoretical and empirical model uncertainties

affect the GCE spectrum at a similar level (see figure 14). However, theoretical model
uncertainties in the way we discussed them here are difficult to interpret in a purely statistical
sense, since the TS values that we find for fits with our 60 GDE models differ typically by
> O(100) values (see appendix A), and even our best-fit model for the GDE gives formally
a poor fit to the data. This is a generic problem of modeling the GDE [58], as we discussed
at the end of section 4.1. On the other hand, the empirical model uncertainties are simple
to interpret statistically and give by construction a realistic account for typical systematics
of state-of-the-art GDE modeling.

We will hence adopt the following strategy : We will use the GCE spectrum and associ-
ated statistical errors from model F only, which gives formally the best-fit to the Fermi -LAT
data in our ROI. In fits to the GCE spectrum we then only consider the empirical model
systematics, and neglect the theoretical ones. Given the small scatter for the GCE spec-
trum that we find for different GDE models, this is well justified. We checked explicitly that
using different GDE model as starting point in the spectral fits would not alter our results
significantly (see appendix C.2). Hence, we consider our approach as statistically sound and
sufficiently robust to derive meaningful results.

We will introduce general aspects of fits with correlated errors in subsection 5.1, and
then test the most common interpretations of the GCE emission in terms of a number of DM
and astrophysical toy models in subsection 5.2 and 5.3.

– 33 –

χ2 =
�

i,j

(di − 10ξmi)(Σij)
−1(dj − 10ξmj) +

ξ2

(log10 2)2
(9)
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Constraints on the 
parameter space



(i) Collider constraints: 
    Higgs invisible BR

(ii) Direct detection
     constraints: LUX '13
     log-likelihood from 
     LUXCalc [Savage et al. 1502.02667]

(iii) Dwarf Spheroidal Galaxies
     [Fermi-LAT: 1503.02641]

[ATLAS: 1509.00672]
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(iv) Gamma-lines: 
     [Fermi-LAT: 1506.00013]

    J-factor different from GCE
    almost 100% correlation

(v) Relic density constraint
     [Planck: 2013]

     Apply 10% theoretical 
     uncertainty
     [computed with micrOMEGAs] 

while the possibility to drive inflation through a non-minimal coupling of the scalar to gravity

has been analysed in [37] in light of current constraints.

3 The galactic center excess

3.1 The Fermi-LAT observation

Description of the observation. → Alessandro

GCE data from [19].

3.2 Annihilation cross section and photon spectrum

Dark matter annihilation in the scalar Higgs portal model proceeds through s-channel Higgs,
t-channel scalar exchange, and the S2h2 interactions, see Fig. 2.
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Figure 1: Feynman diagrams for all WIMP annihilation processes, SM = t, h, Z,W, b, τ, c, g, γ. Below mS = mh

only processes of type a) are present. Above the hh threshold all three diagrams contribute.
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Figure 2: Feynman diagrams for all WIMP annihilation processes, SM = t, h, Z,W, b, τ, c, g, γ. Below mS = mh

only processes of type a) are present. Above the hh threshold all three diagrams contribute.

Annihilation cross section mechanism, relative contributions of different channels, energy

spectrum for two masses. → Jan, Benedikt If photons are not produced directly in the loop

supressed process SS → h → γγ , they are generated at all steps in the hadronization and decay

processes of possible SM final state particles. Thereby, the main contribution of high energetic

photons stem from the decay of π0
-states originating from the cascade.

[ ( 90%) in a bb event @ 100GeV c.o.m]
[Possible commentary on Bremsstrahlung, electroweak Corrections (1009.0224v1:Weak Cor-

rections are Relevant for Dark Matter Indirect Detection)]
The resulting γ-ray spectra are generated with the PYTHIA [38] event generator (version

8.209) for each final state separately by simulating the production of SM+SM at a center of

mass energy of 2mS . All spectra are then combined in a model dependent way according to

Fig. 3 to yield the gamma ray flux of annihilating dark matter:
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Fit parameters and tools

while the possibility to drive inflation through a non-minimal coupling of the scalar to gravity

has been analysed in [37] in light of current constraints.
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Description of the observation. → Alessandro

GCE data from [19].

3.2 Annihilation cross section and photon spectrum

Dark matter annihilation in the scalar Higgs portal model proceeds through s-channel Higgs,

t-channel scalar exchange, and the S2h2 interactions, see Fig. 1.
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Figure 1: Feynman diagrams for all WIMP annihilation processes, SM = t, h, Z,W, b, τ, c, g, γ. Below mS = mh

only processes of type a) are present. Above the hh threshold all three diagrams contribute.

Annihilation cross section mechanism, relative contributions of different channels, energy

spectrum for two masses. → Jan, Benedikt If photons are not produced directly in the loop

supressed process SS → h → γγ , they are generated at all steps in the hadronization and decay

processes of possible SM final state particles. Thereby, the main contribution of high energetic

photons stem from the decay of π0
-states originating from the cascade.

[ ( 90%) in a bb event @ 100GeV c.o.m]
[Possible commentary on Bremsstrahlung, electroweak Corrections (1009.0224v1:Weak Cor-

rections are Relevant for Dark Matter Indirect Detection)]
The resulting γ-ray spectra are generated with the PYTHIA [38] event generator (version

8.209) for each final state separately by simulating the production of SM+SM at a center of

mass energy of 2mS . All spectra are then combined in a model dependent way according to

Fig. 2 to yield the gamma ray flux of annihilating dark matter:
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The resulting spectra per annihilation
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FS
dNFS
dE

(σv)FS
σv composed in this way are shown exem-

plarily in Fig. (ref to Spectra). Here, R denotes the fraction of annihilating dark matter to the

total dark matter content which is discussed in section 3.4. The integral over the line of sight

is discussed further in section 3.3.

Reference to Fig. 2.

mS : 5 . . . 220GeV
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−5 . . . 4π

ln(J̄/J̄nom): −4σξ . . . 4σξ
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3
▪ Use MultiNest (nested sampling algorithm)  [Feroz et al. '13]

▪ Annihilation cross sections and BRs: micrOMEGAs 
   [Bélanger et al. '14]

▪ Frequentist interpretation

▪ Allow for additional unspecified DM component 
   ➔ WIMP fraction:
▪ 4 scan parameters:
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Results



GCE only 

3.5 Fit to the GCE signal

Description of the fit, tools, likelihood, etc. → Jan, Benedikt, Alessandro
Results in form of large triangle plot with GCE only. → all

4 Constraints

[Just put it here for now:] We checked that constraints for CMB distortions [39] on the an-
nihilation cross section are less constraining than limits from dwarf spheroidal galaxies in the
relevant region of parameter space (10GeV � mS � 1TeV). Limits from CMB distortions were
considered in [22].

4.1 Higgs invisible width

→ Jan, Michael
Implement log-likelihood from ATLAS analysis [40].

4.2 Direct detection

→ Jan, Michael
LUX limits [41] log-likelihood and p-value. We compute the spin-independent WIMP nucleon

scattering cross section with [22]

σSI =
λ2
hsf

2
N

4π

µ2
rm

2
n

m4
hm

2
s
. (14)

4.3 Indirect detection: dwarf spheroidal galaxies and spectral γ lines

→ Alessandro, Benedikt
Dwarf Galaxies: Use log-likelhoods from Ref. [42]; bin spectra; implement on-the-fly marg

for J̄
Gamma lines: Use Ref. [43] – approximate log-likelihood from parabola or linear functions;

use R3 and R16; investigate correlation between J̄ for GCE and lines (formulas, plot); no big
variation from r⊙ → just take 100% correlation; use Higgs effective field theory to compute
(σv)γγ (checked against Higgs BR fromHWG).

4.4 Relic density

→ Jan, Michael

5 Results and discussion

→ all
Outlook: mention CTA , only relevant for dar makkter masses above about 100 GeV [44,

22, 25].

6 Conclusion

→ all

χ2
GCE = 19.3

7

logL contribution GCE +BRinv +LUX +dwarfs +lines +relic den. 2nd region

mS [GeV] 45.50+5.98
−5.36 61.07+2.65

−1.98 61.55+1.78
−0.85 61.35+1.90

−0.79 61.46+1.87
−0.85 62.70+0.57

−0.18 62.52+0.02
−0.01

λHS 0.17+11.67
−0.09 0.0125+7.31

−0.0125 0.0082+0.317
−0.0082 0.0087+0.312

−0.0087 0.0082+0.315
−0.0082 0.022+0.015

−0.013 0.00029+0.0078
−0.00010

R 0.68+0.32
−0.65 1.0+0.0

−1.0 0.99+0.01
−0.99 1.0+0.0

−1.0 1.0+0.0
−1.0 0.054+0.141

−0.053 0.498+0.502
−0.496

log J/Jnom 0.0+0.44
−0.44 −0.05+0.48

−0.36 0.02+0.42
−0.43 0.22+0.36

−0.35 0.12+0.31
−0.29 0.13+0.30

−0.32 0.13+0.32
−0.31

σv [10−26 cm3/s] 1.97+1034
−1.38 1.28+4.1e6

−0.61 1.23+1.7e6
−0.55 0.96+1.3e6

−0.37 1.04+1.3e6
−0.42 359+9.7e5

−327 4.3+1.6e5
−0.9

σv R2 [10−26 cm3/s] 0.91+0.53
−0.35 1.28+2.02

−0.53 1.21+0.68
−0.45 0.96+0.43

−0.31 1.04+0.39
−0.32 1.06+0.42

−0.32 1.06+0.43
−0.31
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GCE 19.3 25.3 25.6 26.0 26.0 26.8 26.7

p(χ2
GCE) 0.57 0.20 0.24 0.22 0.21 0.18 0.18

p(BRinv) 0.0 0.90 0.97 0.97 0.97 1.0 1.0

p(LUX) 0.0 0.32 0.62 0.58 0.62 0.84 1.0

p(dwarfs) 0.18 0.16 0.18 0.24 0.22 0.22 0.22

p(lines R3) 0.5 0.5 0.5 0.5 0.5 0.5 0.5

p(relic den.) 0.03 0.0 0.0 0.0 0.0 0.99 1.0

Table 2: Best fit points and corresponding 1σ error for fits to the GCE only, and including successively constraints from the invisible Higgs branching ratio, direct

detection limits, independent searches for γ-rays from dwarf satellite galaxies, searches for spectral γ lines, and from the dark matter relic density. We also display the

best fit in a second, viable region of parameter space (last column). Also shown are the χ2
GCE and the p-values of the respective best-fit points taking into account the

log-likelihood contributions of the observables given in the first line. p(χ2
GCE) represents the goodness of the GCE fit for 25 data points and 4 fitted parameters. The

remaining p-values represent the confidence level at which the best fit is compatible with the constraints coming from each extra-observable we include in the fit (see text

for more details).
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Figure 5: Results of a fit to the GCE with free parameters mS , λHS , R and log(J40◦/J40◦, nom). The white dot
denotes the best-fit point. The dark-red, red, orange and yellow points lie within the 1, 2, 3 and 4σ region around
the best-fit point, respectively. We take into account the log-likelihood from the GCE only.
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3.5 Fit to the GCE signal

Description of the fit, tools, likelihood, etc. → Jan, Benedikt, Alessandro
Results in form of large triangle plot with GCE only. → all

4 Constraints

[Just put it here for now:] We checked that constraints for CMB distortions [39] on the an-
nihilation cross section are less constraining than limits from dwarf spheroidal galaxies in the
relevant region of parameter space (10GeV � mS � 1TeV). Limits from CMB distortions were
considered in [22].

4.1 Higgs invisible width

→ Jan, Michael
Implement log-likelihood from ATLAS analysis [40].

4.2 Direct detection

→ Jan, Michael
LUX limits [41] log-likelihood and p-value. We compute the spin-independent WIMP nucleon

scattering cross section with [22]

σSI =
λ2
hsf

2
N

4π

µ2
rm

2
n

m4
hm

2
s
. (14)

4.3 Indirect detection: dwarf spheroidal galaxies and spectral γ lines

→ Alessandro, Benedikt
Dwarf Galaxies: Use log-likelhoods from Ref. [42]; bin spectra; implement on-the-fly marg

for J̄
Gamma lines: Use Ref. [43] – approximate log-likelihood from parabola or linear functions;

use R3 and R16; investigate correlation between J̄ for GCE and lines (formulas, plot); no big
variation from r⊙ → just take 100% correlation; use Higgs effective field theory to compute
(σv)γγ (checked against Higgs BR fromHWG).

4.4 Relic density

→ Jan, Michael

5 Results and discussion

→ all
Outlook: mention CTA , only relevant for dar makkter masses above about 100 GeV [44,

22, 25].

6 Conclusion

→ all

χ2
GCE = 19.3

7

logL contribution GCE +BRinv +LUX +dwarfs +lines +relic den. 2nd region

mS [GeV] 45.50+5.98
−5.36 61.07+2.65

−1.98 61.55+1.78
−0.85 61.35+1.90

−0.79 61.46+1.87
−0.85 62.70+0.57

−0.18 62.52+0.02
−0.01

λHS 0.17+11.67
−0.09 0.0125+7.31

−0.0125 0.0082+0.317
−0.0082 0.0087+0.312

−0.0087 0.0082+0.315
−0.0082 0.022+0.015

−0.013 0.00029+0.0078
−0.00010

R 0.68+0.32
−0.65 1.0+0.0

−1.0 0.99+0.01
−0.99 1.0+0.0

−1.0 1.0+0.0
−1.0 0.054+0.141

−0.053 0.498+0.502
−0.496

log J/Jnom 0.0+0.44
−0.44 −0.05+0.48

−0.36 0.02+0.42
−0.43 0.22+0.36

−0.35 0.12+0.31
−0.29 0.13+0.30

−0.32 0.13+0.32
−0.31

σv [10−26 cm3/s] 1.97+1034
−1.38 1.28+4.1e6
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−0.55 0.96+1.3e6

−0.37 1.04+1.3e6
−0.42 359+9.7e5

−327 4.3+1.6e5
−0.9

σv R2 [10−26 cm3/s] 0.91+0.53
−0.35 1.28+2.02

−0.53 1.21+0.68
−0.45 0.96+0.43

−0.31 1.04+0.39
−0.32 1.06+0.42

−0.32 1.06+0.43
−0.31

χ2
GCE 19.3 25.3 25.6 26.0 26.0 26.8 26.7

p(χ2
GCE) 0.57 0.20 0.24 0.22 0.21 0.18 0.18

p(BRinv) 0.0 0.90 0.97 0.97 0.97 1.0 1.0

p(LUX) 0.0 0.32 0.62 0.58 0.62 0.84 1.0

p(dwarfs) 0.18 0.16 0.18 0.24 0.22 0.22 0.22

p(lines R3) 0.5 0.5 0.5 0.5 0.5 0.5 0.5

p(relic den.) 0.03 0.0 0.0 0.0 0.0 0.99 1.0

Table 2: Best fit points and corresponding 1σ error for fits to the GCE only, and including successively constraints from the invisible Higgs branching ratio, direct

detection limits, independent searches for γ-rays from dwarf satellite galaxies, searches for spectral γ lines, and from the dark matter relic density. We also display the

best fit in a second, viable region of parameter space (last column). Also shown are the χ2
GCE and the p-values of the respective best-fit points taking into account the

log-likelihood contributions of the observables given in the first line. p(χ2
GCE) represents the goodness of the GCE fit for 25 data points and 4 fitted parameters. The

remaining p-values represent the confidence level at which the best fit is compatible with the constraints coming from each extra-observable we include in the fit (see text

for more details).
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the best-fit point, respectively. We take into account the log-likelihood from the GCE only.
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3.5 Fit to the GCE signal

Description of the fit, tools, likelihood, etc. → Jan, Benedikt, Alessandro
Results in form of large triangle plot with GCE only. → all

4 Constraints

[Just put it here for now:] We checked that constraints for CMB distortions [39] on the an-
nihilation cross section are less constraining than limits from dwarf spheroidal galaxies in the
relevant region of parameter space (10GeV � mS � 1TeV). Limits from CMB distortions were
considered in [22].

4.1 Higgs invisible width

→ Jan, Michael
Implement log-likelihood from ATLAS analysis [40].

4.2 Direct detection

→ Jan, Michael
LUX limits [41] log-likelihood and p-value. We compute the spin-independent WIMP nucleon

scattering cross section with [22]

σSI =
λ2
hsf

2
N

4π

µ2
rm

2
n

m4
hm

2
s
. (14)

4.3 Indirect detection: dwarf spheroidal galaxies and spectral γ lines

→ Alessandro, Benedikt
Dwarf Galaxies: Use log-likelhoods from Ref. [42]; bin spectra; implement on-the-fly marg

for J̄
Gamma lines: Use Ref. [43] – approximate log-likelihood from parabola or linear functions;

use R3 and R16; investigate correlation between J̄ for GCE and lines (formulas, plot); no big
variation from r⊙ → just take 100% correlation; use Higgs effective field theory to compute
(σv)γγ (checked against Higgs BR fromHWG).

4.4 Relic density

→ Jan, Michael

5 Results and discussion

→ all
Outlook: mention CTA , only relevant for dar makkter masses above about 100 GeV [44,

22, 25].

6 Conclusion

→ all

χ2
GCE = 19.3

7

logL contribution GCE +BRinv +LUX +dwarfs +lines +relic den. 2nd region

mS [GeV] 45.50+5.98
−5.36 61.07+2.65

−1.98 61.55+1.78
−0.85 61.35+1.90

−0.79 61.46+1.87
−0.85 62.70+0.57

−0.18 62.52+0.02
−0.01

λHS 0.17+11.67
−0.09 0.0125+7.31

−0.0125 0.0082+0.317
−0.0082 0.0087+0.312

−0.0087 0.0082+0.315
−0.0082 0.022+0.015

−0.013 0.00029+0.0078
−0.00010

R 0.68+0.32
−0.65 1.0+0.0

−1.0 0.99+0.01
−0.99 1.0+0.0

−1.0 1.0+0.0
−1.0 0.054+0.141

−0.053 0.498+0.502
−0.496

log J/Jnom 0.0+0.44
−0.44 −0.05+0.48

−0.36 0.02+0.42
−0.43 0.22+0.36

−0.35 0.12+0.31
−0.29 0.13+0.30

−0.32 0.13+0.32
−0.31

σv [10−26 cm3/s] 1.97+1034
−1.38 1.28+4.1e6

−0.61 1.23+1.7e6
−0.55 0.96+1.3e6

−0.37 1.04+1.3e6
−0.42 359+9.7e5

−327 4.3+1.6e5
−0.9

σv R2 [10−26 cm3/s] 0.91+0.53
−0.35 1.28+2.02

−0.53 1.21+0.68
−0.45 0.96+0.43

−0.31 1.04+0.39
−0.32 1.06+0.42

−0.32 1.06+0.43
−0.31

χ2
GCE 19.3 25.3 25.6 26.0 26.0 26.8 26.7

p(χ2
GCE) 0.57 0.20 0.24 0.22 0.21 0.18 0.18

p(BRinv) 0.0 0.90 0.97 0.97 0.97 1.0 1.0

p(LUX) 0.0 0.32 0.62 0.58 0.62 0.84 1.0

p(dwarfs) 0.18 0.16 0.18 0.24 0.22 0.22 0.22

p(lines R3) 0.5 0.5 0.5 0.5 0.5 0.5 0.5

p(relic den.) 0.03 0.0 0.0 0.0 0.0 0.99 1.0

Table 2: Best fit points and corresponding 1σ error for fits to the GCE only, and including successively constraints from the invisible Higgs branching ratio, direct

detection limits, independent searches for γ-rays from dwarf satellite galaxies, searches for spectral γ lines, and from the dark matter relic density. We also display the

best fit in a second, viable region of parameter space (last column). Also shown are the χ2
GCE and the p-values of the respective best-fit points taking into account the

log-likelihood contributions of the observables given in the first line. p(χ2
GCE) represents the goodness of the GCE fit for 25 data points and 4 fitted parameters. The

remaining p-values represent the confidence level at which the best fit is compatible with the constraints coming from each extra-observable we include in the fit (see text

for more details).
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After LUX: only Higgs-resonant 
region,                    , remains

where annihilation proceeds via a resonant s-channel Higgs boson if the WIMP mass is about
half of the Higgs boson mass.

We include constraints on the model space from invisible Higgs decays, direct dark matter
searches, searches for dark matter annihilation from dwarf spheroidal galaxies, and searches for
mono-energetic spectral γ-lines from the Milky Way halo.

The paper is organised as follows. In section 2 we introduce the scalar Higgs portal model
and briefly review previous collider and astroparticle analyses of this model. The dark matter
annihilation γ-ray signatures of the scalar Higgs portal model are presented in section 3, to-
gether with a discussion of the galactic center excess signal. We demonstrate through a detailed
numerical fit that the strength and shape of the GCE γ-ray spectrum can indeed be described
by the scalar Higgs portal model in various regions of parameter space, including in particular
the resonance and threshold regions where mS ≈ mh/2, mS ≈ mW and mS ≈ mh, respectively.
However, most regions of parameter space are in conflict with other constraints, as we demon-
strate in section 4, where we present numerical fits including limits from the Higgs invisible
width, direct detection, indirect detection and the dark matter relic density. We conclude in
section 6.

2 The scalar singlet Higgs portal model

The scalar singlet Higgs portal model [4–6] is the simplest UV-complete WIMP dark matter
model. The model comprises the Standard Model and a real scalar field, S, which is a singlet
under all SM gauge groups. Imposing an additional Z2 symmetry, S → −S, the scalar particle
is stable and thus a WIMP dark matter candidate. The Lagrangian of the scalar Higgs portal
model reads

L = LSM +
1

2
∂µS∂

µ
S − 1

2
m

2
S,0S

2 − 1

4
λSS

4 − 1

2
λHS S

2
H

†
H . (1)

After electroweak symmetry breaking, the last three terms of the above Lagrangian become

L ⊃ −1

2
m

2
S S

2 − 1

4
λS S

4 − 1

4
λHS h

2
S
2 − 1

4
λHS vhS

2
, (2)

with H = (h+v, 0)/
√
2 , v = 246GeV, and where we introduced the physical mass of the singlet

field, m2
S
= m

2
S,0 + λHSv

2
/2. The scalar self coupling, λS , is of importance for the stability of

the electroweak vacuum and the perturbativity of the model, see e.g. [24], but does not affect
dark matter phenomenology. For the purpose of this paper, the model is thus fully specified by
only two parameters beyond those of the SM: the mass of the scalar dark matter particle, mS ,
and the strength of the coupling between the dark matter and Higgs particles, λHS .

While the scalar singlet Higgs portal model defined in eq.(1) is certainly minimal, and possi-
bly too simplistic, a coupling between a new gauge singlet sector and the SM through the Higgs
bilinear H

†
H should be expected in a large class of extensions of the SM, as H

†
H is the only

SM gauge singlet operator of mass dimension two. Even within the minimal scalar Higgs portal
model, eq.(1), the S

2
H

†
H interaction term gives rise to a rich phenomenology, including invisi-

ble Higgs decays, h → SS, a dark matter-nucleon interaction through the exchange of a Higgs
particle, and dark matter annihilation through s-channel Higgs, t-channel scalar exchange, and
the S

2
h
2 interactions, see section 3.

The phenomenology of the singlet Higgs portal model has been extensively studied in the
literature, see e.g. the recent reviews [22, 25] and references therein. Other recent general
analyses of the model have been presented in [26, 27], while [28–31] have specifically explored
the constraints from searches at the Large Hadron Collider (LHC). Astrophysical constraints,
in particular from γ-lines, have been studied in [32–35, 23]. Constraints on the scalar Higgs
portal model from perturbativity and electroweak vacuum stability have been revisited in [36],
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Figure 5: Results of a fit to the GCE with free parameters mS , λHS , R and log(J40◦/J40◦, nom). The white dot
denotes the best-fit point. The dark-red, red, orange and yellow points lie within the 1, 2, 3 and 4σ region around
the best-fit point, respectively. We take into account the log-likelihood from the GCE only.
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while the possibility to drive inflation through a non-minimal coupling of the scalar to gravity

has been analysed in [37] in light of current constraints.

3 The galactic center excess

3.1 The Fermi-LAT observation

Description of the observation. → Alessandro

GCE data from [19].

3.2 Annihilation cross section and photon spectrum

Dark matter annihilation in the scalar Higgs portal model proceeds through s-channel Higgs,
t-channel scalar exchange, and the S2h2 interactions, see Fig. 2.

a)

S

S

h

γ

γ

∝ vλHS

Figure 1: Feynman diagrams for all WIMP annihilation processes, SM = t, h, Z,W, b, τ, c, g, γ. Below mS = mh

only processes of type a) are present. Above the hh threshold all three diagrams contribute.

a)

S

S

h

SM

SM

∝ vλHS

b)

S

S

S

h

h

∝ (vλHS)
2

c)

S

S

h

h

∝ λHS

Figure 2: Feynman diagrams for all WIMP annihilation processes, SM = t, h, Z,W, b, τ, c, g, γ. Below mS = mh

only processes of type a) are present. Above the hh threshold all three diagrams contribute.

Annihilation cross section mechanism, relative contributions of different channels, energy

spectrum for two masses. → Jan, Benedikt If photons are not produced directly in the loop

supressed process SS → h → γγ , they are generated at all steps in the hadronization and decay

processes of possible SM final state particles. Thereby, the main contribution of high energetic

photons stem from the decay of π0
-states originating from the cascade.

[ ( 90%) in a bb event @ 100GeV c.o.m]
[Possible commentary on Bremsstrahlung, electroweak Corrections (1009.0224v1:Weak Cor-

rections are Relevant for Dark Matter Indirect Detection)]
The resulting γ-ray spectra are generated with the PYTHIA [38] event generator (version

8.209) for each final state separately by simulating the production of SM+SM at a center of

mass energy of 2mS . All spectra are then combined in a model dependent way according to

Fig. 3 to yield the gamma ray flux of annihilating dark matter:

dΦ

dΩdE
=

1

2mS

�

FS

dNFS

dE
(σv)FS ·

R2

4π

�

l.o.s

dsρ2 (3)

3

3.5 Fit to the GCE signal

Description of the fit, tools, likelihood, etc. → Jan, Benedikt, Alessandro
Results in form of large triangle plot with GCE only. → all

4 Constraints

[Just put it here for now:] We checked that constraints for CMB distortions [39] on the an-
nihilation cross section are less constraining than limits from dwarf spheroidal galaxies in the
relevant region of parameter space (10GeV � mS � 1TeV). Limits from CMB distortions were
considered in [22].

4.1 Higgs invisible width

→ Jan, Michael
Implement log-likelihood from ATLAS analysis [40].

4.2 Direct detection

→ Jan, Michael
LUX limits [41] log-likelihood and p-value. We compute the spin-independent WIMP nucleon

scattering cross section with [22]

σSI =
λ2
hsf

2
N

4π

µ2
rm

2
n

m4
hm

2
s
. (14)

4.3 Indirect detection: dwarf spheroidal galaxies and spectral γ lines

→ Alessandro, Benedikt
Dwarf Galaxies: Use log-likelhoods from Ref. [42]; bin spectra; implement on-the-fly marg

for J̄
Gamma lines: Use Ref. [43] – approximate log-likelihood from parabola or linear functions;

use R3 and R16; investigate correlation between J̄ for GCE and lines (formulas, plot); no big
variation from r⊙ → just take 100% correlation; use Higgs effective field theory to compute
(σv)γγ (checked against Higgs BR fromHWG).

4.4 Relic density

→ Jan, Michael

5 Results and discussion

→ all
Outlook: mention CTA , only relevant for dar makkter masses above about 100 GeV [44,

22, 25].

6 Conclusion

→ all
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GCE = 19.3

7

logL contribution GCE +BRinv +LUX +dwarfs +lines +relic den. 2nd region
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−0.44 −0.05+0.48
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−0.53 1.21+0.68
−0.45 0.96+0.43
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−0.32 1.06+0.42
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−0.31
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GCE 19.3 25.3 25.6 26.0 26.0 26.8 26.7

p(χ2
GCE) 0.57 0.20 0.24 0.22 0.21 0.18 0.18

p(BRinv) 0.0 0.90 0.97 0.97 0.97 1.0 1.0

p(LUX) 0.0 0.32 0.62 0.58 0.62 0.84 1.0

p(dwarfs) 0.18 0.16 0.18 0.24 0.22 0.22 0.22

p(lines R3) 0.5 0.5 0.5 0.5 0.5 0.5 0.5

p(relic den.) 0.03 0.0 0.0 0.0 0.0 0.99 1.0

Table 2: Best fit points and corresponding 1σ error for fits to the GCE only, and including successively constraints from the invisible Higgs branching ratio, direct

detection limits, independent searches for γ-rays from dwarf satellite galaxies, searches for spectral γ lines, and from the dark matter relic density. We also display the

best fit in a second, viable region of parameter space (last column). Also shown are the χ2
GCE and the p-values of the respective best-fit points taking into account the

log-likelihood contributions of the observables given in the first line. p(χ2
GCE) represents the goodness of the GCE fit for 25 data points and 4 fitted parameters. The

remaining p-values represent the confidence level at which the best fit is compatible with the constraints coming from each extra-observable we include in the fit (see text

for more details).
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The resulting spectra per annihilation
�

FS
dNFS
dE

(σv)FS
σv composed in this way are shown exem-

plarily in Fig. (ref to Spectra). Here, R denotes the fraction of annihilating dark matter to the

total dark matter content which is discussed in section 3.4. The integral over the line of sight

is discussed further in section 3.3.

Reference to Fig. 3.

50 100 150 200

0.001

0.005

0.010

0.050

0.100

0.500

1.000

mS [GeV]

re
l.

co
n
tr
ib
u
ti
on

WW

ZZ

γγ

tt̄

hhbb̄

cc̄

ττ

gg

λHS = 1

50 100 150 200

0.001

0.005

0.010

0.050

0.100

0.500

1.000

mS [GeV]

re
l.

co
n
tr
ib
u
ti
on

WW

ZZ

γγ

tt̄

hh

bb̄

cc̄

ττ

gg

λHS = 0.01

Figure 3: Relative contribution to the dark matter annihilation today, exemplarily for λHS = 1 (left panel) and
λHS = 0.01 (right panel). Below mS = mh the contributions are independent of λHS .
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while the possibility to drive inflation through a non-minimal coupling of the scalar to gravity

has been analysed in [37] in light of current constraints.

3 The galactic center excess

3.1 The Fermi-LAT observation

Description of the observation. → Alessandro

GCE data from [19].

3.2 Annihilation cross section and photon spectrum

Dark matter annihilation in the scalar Higgs portal model proceeds through s-channel Higgs,
t-channel scalar exchange, and the S2h2 interactions, see Fig. 2.
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Figure 1: Feynman diagrams for all WIMP annihilation processes, SM = t, h, Z,W, b, τ, c, g, γ. Below mS = mh

only processes of type a) are present. Above the hh threshold all three diagrams contribute.
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Figure 2: Feynman diagrams for all WIMP annihilation processes, SM = t, h, Z,W, b, τ, c, g, γ. Below mS = mh

only processes of type a) are present. Above the hh threshold all three diagrams contribute.

Annihilation cross section mechanism, relative contributions of different channels, energy

spectrum for two masses. → Jan, Benedikt If photons are not produced directly in the loop

supressed process SS → h → γγ , they are generated at all steps in the hadronization and decay

processes of possible SM final state particles. Thereby, the main contribution of high energetic

photons stem from the decay of π0
-states originating from the cascade.

[ ( 90%) in a bb event @ 100GeV c.o.m]
[Possible commentary on Bremsstrahlung, electroweak Corrections (1009.0224v1:Weak Cor-

rections are Relevant for Dark Matter Indirect Detection)]
The resulting γ-ray spectra are generated with the PYTHIA [38] event generator (version

8.209) for each final state separately by simulating the production of SM+SM at a center of

mass energy of 2mS . All spectra are then combined in a model dependent way according to

Fig. 3 to yield the gamma ray flux of annihilating dark matter:

dΦ

dΩdE
=

1

2mS

�

FS

dNFS

dE
(σv)FS ·

R2

4π

�

l.o.s

dsρ2 (3)

3

+relic density
 

3.5 Fit to the GCE signal

Description of the fit, tools, likelihood, etc. → Jan, Benedikt, Alessandro
Results in form of large triangle plot with GCE only. → all

4 Constraints

[Just put it here for now:] We checked that constraints for CMB distortions [39] on the an-
nihilation cross section are less constraining than limits from dwarf spheroidal galaxies in the
relevant region of parameter space (10GeV � mS � 1TeV). Limits from CMB distortions were
considered in [22].

4.1 Higgs invisible width

→ Jan, Michael
Implement log-likelihood from ATLAS analysis [40].

4.2 Direct detection

→ Jan, Michael
LUX limits [41] log-likelihood and p-value. We compute the spin-independent WIMP nucleon

scattering cross section with [22]
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4.3 Indirect detection: dwarf spheroidal galaxies and spectral γ lines

→ Alessandro, Benedikt
Dwarf Galaxies: Use log-likelhoods from Ref. [42]; bin spectra; implement on-the-fly marg

for J̄
Gamma lines: Use Ref. [43] – approximate log-likelihood from parabola or linear functions;

use R3 and R16; investigate correlation between J̄ for GCE and lines (formulas, plot); no big
variation from r⊙ → just take 100% correlation; use Higgs effective field theory to compute
(σv)γγ (checked against Higgs BR fromHWG).

4.4 Relic density

→ Jan, Michael

5 Results and discussion

→ all
Outlook: mention CTA , only relevant for dar makkter masses above about 100 GeV [44,

22, 25].

6 Conclusion
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p(relic den.) 0.03 0.0 0.0 0.0 0.0 0.99 1.0

Table 2: Best fit points and corresponding 1σ error for fits to the GCE only, and including successively constraints from the invisible Higgs branching ratio, direct

detection limits, independent searches for γ-rays from dwarf satellite galaxies, searches for spectral γ lines, and from the dark matter relic density. We also display the

best fit in a second, viable region of parameter space (last column). Also shown are the χ2
GCE and the p-values of the respective best-fit points taking into account the

log-likelihood contributions of the observables given in the first line. p(χ2
GCE) represents the goodness of the GCE fit for 25 data points and 4 fitted parameters. The

remaining p-values represent the confidence level at which the best fit is compatible with the constraints coming from each extra-observable we include in the fit (see text

for more details).
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while the possibility to drive inflation through a non-minimal coupling of the scalar to gravity

has been analysed in [37] in light of current constraints.

3 The galactic center excess

3.1 The Fermi-LAT observation

Description of the observation. → Alessandro

GCE data from [19].

3.2 Annihilation cross section and photon spectrum

Dark matter annihilation in the scalar Higgs portal model proceeds through s-channel Higgs,
t-channel scalar exchange, and the S2h2 interactions, see Fig. 2.
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photons stem from the decay of π0
-states originating from the cascade.
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[Possible commentary on Bremsstrahlung, electroweak Corrections (1009.0224v1:Weak Cor-
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The resulting γ-ray spectra are generated with the PYTHIA [38] event generator (version

8.209) for each final state separately by simulating the production of SM+SM at a center of

mass energy of 2mS . All spectra are then combined in a model dependent way according to
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considered in [22].

4.1 Higgs invisible width
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Table 2: Best fit points and corresponding 1σ error for fits to the GCE only, and including successively constraints from the invisible Higgs branching ratio, direct

detection limits, independent searches for γ-rays from dwarf satellite galaxies, searches for spectral γ lines, and from the dark matter relic density. We also display the

best fit in a second, viable region of parameter space (last column). Also shown are the χ2
GCE and the p-values of the respective best-fit points taking into account the

log-likelihood contributions of the observables given in the first line. p(χ2
GCE) represents the goodness of the GCE fit for 25 data points and 4 fitted parameters. The
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while the possibility to drive inflation through a non-minimal coupling of the scalar to gravity

has been analysed in [37] in light of current constraints.

3 The galactic center excess

3.1 The Fermi-LAT observation

Description of the observation. → Alessandro

GCE data from [19].

3.2 Annihilation cross section and photon spectrum

Dark matter annihilation in the scalar Higgs portal model proceeds through s-channel Higgs,
t-channel scalar exchange, and the S2h2 interactions, see Fig. 2.
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supressed process SS → h → γγ , they are generated at all steps in the hadronization and decay

processes of possible SM final state particles. Thereby, the main contribution of high energetic

photons stem from the decay of π0
-states originating from the cascade.
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[Possible commentary on Bremsstrahlung, electroweak Corrections (1009.0224v1:Weak Cor-

rections are Relevant for Dark Matter Indirect Detection)]
The resulting γ-ray spectra are generated with the PYTHIA [38] event generator (version

8.209) for each final state separately by simulating the production of SM+SM at a center of

mass energy of 2mS . All spectra are then combined in a model dependent way according to

Fig. 3 to yield the gamma ray flux of annihilating dark matter:
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3.4 WIMP contribution to dark matter

ΩDM, total =
ΩWIMP

R
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R �σv�f.o.
(5)

φ ∝ R2�σv�today
R = 1 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:

ρWIMP = R ρtotal . (6)

The annihilation signal today thus scales as φ ∝ 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 λHS we obtain a non-trivial implication for R from
the fit to the GCE only. [← Maybe the last sentence should go to the discussion]
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▪ Large velocity dependence around Higgs resonance

▪ 

▪ annihilation today:                  , freeze-out:

GCE+BRinv+LUX+dwarfs+   -lines
 

while the possibility to drive inflation through a non-minimal coupling of the scalar to gravity

has been analysed in [37] in light of current constraints.

3 The galactic center excess

3.1 The Fermi-LAT observation

Description of the observation. → Alessandro

GCE data from [19].

3.2 Annihilation cross section and photon spectrum

Dark matter annihilation in the scalar Higgs portal model proceeds through s-channel Higgs,
t-channel scalar exchange, and the S2h2 interactions, see Fig. 2.

a)

S

S

h

γ

γ

∝ vλHS

Figure 1: Feynman diagrams for all WIMP annihilation processes, SM = t, h, Z,W, b, τ, c, g, γ. Below mS = mh

only processes of type a) are present. Above the hh threshold all three diagrams contribute.
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S
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2

c)
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Figure 2: Feynman diagrams for all WIMP annihilation processes, SM = t, h, Z,W, b, τ, c, g, γ. Below mS = mh

only processes of type a) are present. Above the hh threshold all three diagrams contribute.

Annihilation cross section mechanism, relative contributions of different channels, energy

spectrum for two masses. → Jan, Benedikt If photons are not produced directly in the loop

supressed process SS → h → γγ , they are generated at all steps in the hadronization and decay

processes of possible SM final state particles. Thereby, the main contribution of high energetic

photons stem from the decay of π0
-states originating from the cascade.

[ ( 90%) in a bb event @ 100GeV c.o.m]
[Possible commentary on Bremsstrahlung, electroweak Corrections (1009.0224v1:Weak Cor-

rections are Relevant for Dark Matter Indirect Detection)]
The resulting γ-ray spectra are generated with the PYTHIA [38] event generator (version

8.209) for each final state separately by simulating the production of SM+SM at a center of

mass energy of 2mS . All spectra are then combined in a model dependent way according to

Fig. 3 to yield the gamma ray flux of annihilating dark matter:
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ΩWIMP

R
∝ 1

R �σv�f.o.
(5)

φ ∝ R2�σv�today
R = 1 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:

ρWIMP = R ρtotal . (6)

The annihilation signal today thus scales as φ ∝ 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 λHS we obtain a non-trivial implication for R from
the fit to the GCE only. [← Maybe the last sentence should go to the discussion]
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▪ Large velocity dependence around Higgs resonance

▪ 

▪ annihilation today:                  , freeze-out:

GCE+BRinv+LUX+dwarfs+   -lines
 

while the possibility to drive inflation through a non-minimal coupling of the scalar to gravity

has been analysed in [37] in light of current constraints.

3 The galactic center excess

3.1 The Fermi-LAT observation

Description of the observation. → Alessandro

GCE data from [19].

3.2 Annihilation cross section and photon spectrum

Dark matter annihilation in the scalar Higgs portal model proceeds through s-channel Higgs,
t-channel scalar exchange, and the S2h2 interactions, see Fig. 2.

a)

S

S

h

γ

γ

∝ vλHS

Figure 1: Feynman diagrams for all WIMP annihilation processes, SM = t, h, Z,W, b, τ, c, g, γ. Below mS = mh

only processes of type a) are present. Above the hh threshold all three diagrams contribute.

a)

S

S

h

SM

SM

∝ vλHS

b)

S

S

S

h

h

∝ (vλHS)
2

c)

S

S

h

h

∝ λHS

Figure 2: Feynman diagrams for all WIMP annihilation processes, SM = t, h, Z,W, b, τ, c, g, γ. Below mS = mh

only processes of type a) are present. Above the hh threshold all three diagrams contribute.

Annihilation cross section mechanism, relative contributions of different channels, energy

spectrum for two masses. → Jan, Benedikt If photons are not produced directly in the loop

supressed process SS → h → γγ , they are generated at all steps in the hadronization and decay

processes of possible SM final state particles. Thereby, the main contribution of high energetic

photons stem from the decay of π0
-states originating from the cascade.

[ ( 90%) in a bb event @ 100GeV c.o.m]
[Possible commentary on Bremsstrahlung, electroweak Corrections (1009.0224v1:Weak Cor-

rections are Relevant for Dark Matter Indirect Detection)]
The resulting γ-ray spectra are generated with the PYTHIA [38] event generator (version

8.209) for each final state separately by simulating the production of SM+SM at a center of

mass energy of 2mS . All spectra are then combined in a model dependent way according to

Fig. 3 to yield the gamma ray flux of annihilating dark matter:

dΦ

dΩdE
=

1

2mS

�

FS

dNFS

dE
(σv)FS ·

R2

4π

�

l.o.s

dsρ2 (3)

3

+relic density
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χ2
GCE = 28.3 , −2 logLfit = 28.8

ξ = ln(J̄/J̄nom)

W±, t, b, ...

σv ∝ 1

(m2
h
− s)2 +m2

h
Γ 2
h

, s � m2
S(4 + v2rel)

vrel � 10−3

vrel � 0.3

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

ΩDM, total =
ΩWIMP

R
∝ 1

R �σv�f.o.
(5)

φ ∝ R2�σv�today
R = 1 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:

ρWIMP = R ρtotal . (6)

The annihilation signal today thus scales as φ ∝ 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 λHS we obtain a non-trivial implication for R from
the fit to the GCE only. [← Maybe the last sentence should go to the discussion]
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Only one intersection



GCE+BRinv+LUX+dwarfs+   -lines
 

while the possibility to drive inflation through a non-minimal coupling of the scalar to gravity

has been analysed in [37] in light of current constraints.

3 The galactic center excess

3.1 The Fermi-LAT observation

Description of the observation. → Alessandro

GCE data from [19].

3.2 Annihilation cross section and photon spectrum

Dark matter annihilation in the scalar Higgs portal model proceeds through s-channel Higgs,
t-channel scalar exchange, and the S2h2 interactions, see Fig. 2.

a)

S

S

h

γ

γ

∝ vλHS

Figure 1: Feynman diagrams for all WIMP annihilation processes, SM = t, h, Z,W, b, τ, c, g, γ. Below mS = mh

only processes of type a) are present. Above the hh threshold all three diagrams contribute.

a)

S

S

h

SM

SM

∝ vλHS

b)

S

S

S

h

h

∝ (vλHS)
2

c)

S

S

h

h

∝ λHS

Figure 2: Feynman diagrams for all WIMP annihilation processes, SM = t, h, Z,W, b, τ, c, g, γ. Below mS = mh

only processes of type a) are present. Above the hh threshold all three diagrams contribute.

Annihilation cross section mechanism, relative contributions of different channels, energy

spectrum for two masses. → Jan, Benedikt If photons are not produced directly in the loop

supressed process SS → h → γγ , they are generated at all steps in the hadronization and decay

processes of possible SM final state particles. Thereby, the main contribution of high energetic

photons stem from the decay of π0
-states originating from the cascade.

[ ( 90%) in a bb event @ 100GeV c.o.m]
[Possible commentary on Bremsstrahlung, electroweak Corrections (1009.0224v1:Weak Cor-

rections are Relevant for Dark Matter Indirect Detection)]
The resulting γ-ray spectra are generated with the PYTHIA [38] event generator (version

8.209) for each final state separately by simulating the production of SM+SM at a center of

mass energy of 2mS . All spectra are then combined in a model dependent way according to

Fig. 3 to yield the gamma ray flux of annihilating dark matter:

dΦ

dΩdE
=

1

2mS

�

FS

dNFS

dE
(σv)FS ·

R2

4π

�

l.o.s

dsρ2 (3)

3

+relic density
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▪ For          :

 ➔ Relic density:

 ➔ GCE flux:

χ2
GCE = 28.3 , −2 logLfit = 28.8

ξ = 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

ΩDM, total =
ΩWIMP

R
∝ 1

R �σv�f.o.
(5)

φ ∝ R2�σv�today
R = 1 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:

ρWIMP = R ρtotal . (6)

The annihilation signal today thus scales as φ ∝ 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 λHS 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

5
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Our treatment of the J-factor. → Benedikt, Alessandro
Reference to Fig. 4.

0

0.2

0.4

0.6

0.8

1

1.2

0 0.5 1 1.5 2 2.5 3

P
D
F
(J̄

)

J̄/J̄nom

µ = 0.0144901

σ = 0.426307

40◦ × 40◦ Lognormal(x;µ, σ)

Figure 4: [Probably we should split it up as the right panel will only be discussed later.]

3.4 WIMP contribution to dark matter

ΩDM, total =
ΩWIMP

R
∝ 1

R �σv�f.o.
(5)

φ ∝ R2�σv�today
R = 1 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
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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

(that could be at a considerably higher scale) we can basically drop the relic density constraints

completely. The second situation is 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). Then the thermal relic density of the WIMP has to be smaller than the measured

(total) DM density. We introduce the ratio R that describes the fraction of WIMP dark matter

R =
(Ωh2)WIMP

(Ωh2)DM, total
. (7)

In this article we will explore both situations mentioned above and also allowing for com-

bining these. As we will see even without imposing the thermal relic density constraints at all

allows us to draw conclusion on R that arise from the fact that the flux from DM annihilation

scales like

φ ∝ R2�σv� , (8)

with �σv� being a function of the model parameters whilst the fit to the GCE also depends on

spectral shape of the signal which also depends on the model parameters but does not depend

on R. Constraints from direct detection introduce a further non-trivial dependence on R as the

direct detection rate scales linear in R. If we impose the relic density constraints we can finally

explore the fact that around the Higgs resonant annihilation there is a strong v-dependence
of the annihilation cross section. Just below the resonance the �σv� today is smaller than in

during freeze-out whilst just above the resonance �σv� today can be much larger. The turning

point is at mh/2. Introducing R < 1 in the region just above mh/2 can potentially bring the

thermal relic density constraint (i.e. (Ωh2)DM, total = (Ωh2)DM,Planck) and the GCE signal into

accordance: The thermal relic density of the WIMP behaves approximately like

ΩWIMP ∝ 1

�σv� ∝ 1

λ2
, (9)

hence the total DM density in our model scales like

ΩDM, total =
ΩWIMP

R
∝ 1

R �σv�f.o.
∝ 1

Rλ2
(10)

Just above the resonance the annihilation cross section is proportional to λ2
. Hence the flux

scales like

φ ∝ R2λ2 . (11)

Fixing (Ωh2)DM, total = (Ωh2)DM,Planck, from eq. (10) we get

R ∝ 1

λ2
, (12)

and hence

φ ∝ R2λ2 ∝ 1

λ2
. (13)

That is, just above the resonance, mS = mh/2 + �, if we start from the curve at which

(Ωh2)DM, total = (Ωh2)DM,Planck for R = 1 and at which φ comes out too large we can go

to larger λ (and hence smaller R to retain (Ωh2)DM, total = (Ωh2)DM,Planck) in order to reconcile

the GCE flux.]
Ωrelic = ΩCDM,Planck

ΩDM, total = ΩCDM,Planck

R < 1

6
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while the possibility to drive inflation through a non-minimal coupling of the scalar to gravity

has been analysed in [37] in light of current constraints.

3 The galactic center excess

3.1 The Fermi-LAT observation

Description of the observation. → Alessandro

GCE data from [19].

3.2 Annihilation cross section and photon spectrum

Dark matter annihilation in the scalar Higgs portal model proceeds through s-channel Higgs,
t-channel scalar exchange, and the S2h2 interactions, see Fig. 2.

a)

S

S

h

γ

γ

∝ vλHS

Figure 1: Feynman diagrams for all WIMP annihilation processes, SM = t, h, Z,W, b, τ, c, g, γ. Below mS = mh

only processes of type a) are present. Above the hh threshold all three diagrams contribute.

a)

S

S

h

SM

SM

∝ vλHS

b)

S

S

S

h

h

∝ (vλHS)
2

c)

S

S

h

h

∝ λHS

Figure 2: Feynman diagrams for all WIMP annihilation processes, SM = t, h, Z,W, b, τ, c, g, γ. Below mS = mh

only processes of type a) are present. Above the hh threshold all three diagrams contribute.

Annihilation cross section mechanism, relative contributions of different channels, energy

spectrum for two masses. → Jan, Benedikt If photons are not produced directly in the loop

supressed process SS → h → γγ , they are generated at all steps in the hadronization and decay

processes of possible SM final state particles. Thereby, the main contribution of high energetic

photons stem from the decay of π0
-states originating from the cascade.

[ ( 90%) in a bb event @ 100GeV c.o.m]
[Possible commentary on Bremsstrahlung, electroweak Corrections (1009.0224v1:Weak Cor-

rections are Relevant for Dark Matter Indirect Detection)]
The resulting γ-ray spectra are generated with the PYTHIA [38] event generator (version

8.209) for each final state separately by simulating the production of SM+SM at a center of

mass energy of 2mS . All spectra are then combined in a model dependent way according to

Fig. 3 to yield the gamma ray flux of annihilating dark matter:

dΦ

dΩdE
=

1

2mS

�

FS

dNFS

dE
(σv)FS ·

R2

4π

�

l.o.s

dsρ2 (3)

3

+relic density
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 ➔ GCE flux:

χ2
GCE = 28.3 , −2 logLfit = 28.8

ξ = ln(J̄/J̄nom)

W±, t, b, ...

3.3 Dark matter density profile and uncertainties

Our treatment of the J-factor. → Benedikt, Alessandro
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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

ΩDM, total =
ΩWIMP

R
∝ 1

R �σv�f.o.
(5)

φ ∝ R2�σv�today
R = 1 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:

ρWIMP = R ρtotal . (6)

The annihilation signal today thus scales as φ ∝ 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 λHS 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
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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:

ρWIMP = R ρtotal . (6)

The annihilation signal today thus scales as φ ∝ 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
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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

(that could be at a considerably higher scale) we can basically drop the relic density constraints

completely. The second situation is 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). Then the thermal relic density of the WIMP has to be smaller than the measured

(total) DM density. We introduce the ratio R that describes the fraction of WIMP dark matter

R =
(Ωh2)WIMP

(Ωh2)DM, total
. (7)

In this article we will explore both situations mentioned above and also allowing for com-

bining these. As we will see even without imposing the thermal relic density constraints at all

allows us to draw conclusion on R that arise from the fact that the flux from DM annihilation

scales like

φ ∝ R2�σv� , (8)

with �σv� being a function of the model parameters whilst the fit to the GCE also depends on

spectral shape of the signal which also depends on the model parameters but does not depend

on R. Constraints from direct detection introduce a further non-trivial dependence on R as the

direct detection rate scales linear in R. If we impose the relic density constraints we can finally

explore the fact that around the Higgs resonant annihilation there is a strong v-dependence
of the annihilation cross section. Just below the resonance the �σv� today is smaller than in

during freeze-out whilst just above the resonance �σv� today can be much larger. The turning

point is at mh/2. Introducing R < 1 in the region just above mh/2 can potentially bring the

thermal relic density constraint (i.e. (Ωh2)DM, total = (Ωh2)DM,Planck) and the GCE signal into

accordance: The thermal relic density of the WIMP behaves approximately like

ΩWIMP ∝ 1

�σv� ∝ 1

λ2
, (9)

hence the total DM density in our model scales like

ΩDM, total =
ΩWIMP

R
∝ 1

R �σv�f.o.
∝ 1

Rλ2
(10)

Just above the resonance the annihilation cross section is proportional to λ2
. Hence the flux

scales like

φ ∝ R2λ2 . (11)

Fixing (Ωh2)DM, total = (Ωh2)DM,Planck, from eq. (10) we get

R ∝ 1

λ2
, (12)

and hence

φ ∝ R2λ2 ∝ 1

λ2
. (13)

That is, just above the resonance, mS = mh/2 + �, if we start from the curve at which

(Ωh2)DM, total = (Ωh2)DM,Planck for R = 1 and at which φ comes out too large we can go

to larger λ (and hence smaller R to retain (Ωh2)DM, total = (Ωh2)DM,Planck) in order to reconcile

the GCE flux.]
Ωrelic = ΩCDM,Planck

ΩDM, total = ΩCDM,Planck

R < 1
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while the possibility to drive inflation through a non-minimal coupling of the scalar to gravity

has been analysed in [37] in light of current constraints.

3 The galactic center excess

3.1 The Fermi-LAT observation

Description of the observation. → Alessandro

GCE data from [19].

3.2 Annihilation cross section and photon spectrum

Dark matter annihilation in the scalar Higgs portal model proceeds through s-channel Higgs,
t-channel scalar exchange, and the S2h2 interactions, see Fig. 2.

a)

S

S

h

γ

γ

∝ vλHS

Figure 1: Feynman diagrams for all WIMP annihilation processes, SM = t, h, Z,W, b, τ, c, g, γ. Below mS = mh

only processes of type a) are present. Above the hh threshold all three diagrams contribute.

a)

S

S

h

SM

SM

∝ vλHS

b)

S

S

S

h

h

∝ (vλHS)
2

c)

S

S

h

h

∝ λHS

Figure 2: Feynman diagrams for all WIMP annihilation processes, SM = t, h, Z,W, b, τ, c, g, γ. Below mS = mh

only processes of type a) are present. Above the hh threshold all three diagrams contribute.

Annihilation cross section mechanism, relative contributions of different channels, energy

spectrum for two masses. → Jan, Benedikt If photons are not produced directly in the loop

supressed process SS → h → γγ , they are generated at all steps in the hadronization and decay

processes of possible SM final state particles. Thereby, the main contribution of high energetic

photons stem from the decay of π0
-states originating from the cascade.

[ ( 90%) in a bb event @ 100GeV c.o.m]
[Possible commentary on Bremsstrahlung, electroweak Corrections (1009.0224v1:Weak Cor-

rections are Relevant for Dark Matter Indirect Detection)]
The resulting γ-ray spectra are generated with the PYTHIA [38] event generator (version

8.209) for each final state separately by simulating the production of SM+SM at a center of

mass energy of 2mS . All spectra are then combined in a model dependent way according to

Fig. 3 to yield the gamma ray flux of annihilating dark matter:

dΦ

dΩdE
=

1

2mS

�

FS

dNFS

dE
(σv)FS ·

R2

4π

�

l.o.s

dsρ2 (3)

3

+relic density
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 ➔ Relic density:

 ➔ GCE flux:

χ2
GCE = 28.3 , −2 logLfit = 28.8

ξ = ln(J̄/J̄nom)

W±, t, b, ...

3.3 Dark matter density profile and uncertainties

Our treatment of the J-factor. → Benedikt, Alessandro
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3.4 WIMP contribution to dark matter

ΩDM, total =
ΩWIMP

R
∝ 1

R �σv�f.o.
(5)

φ ∝ R2�σv�today
R = 1 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:

ρWIMP = R ρtotal . (6)

The annihilation signal today thus scales as φ ∝ 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 λHS 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
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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

(that could be at a considerably higher scale) we can basically drop the relic density constraints

completely. The second situation is 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). Then the thermal relic density of the WIMP has to be smaller than the measured

(total) DM density. We introduce the ratio R that describes the fraction of WIMP dark matter

R =
(Ωh2)WIMP

(Ωh2)DM, total
. (7)

In this article we will explore both situations mentioned above and also allowing for com-

bining these. As we will see even without imposing the thermal relic density constraints at all

allows us to draw conclusion on R that arise from the fact that the flux from DM annihilation

scales like

φ ∝ R2�σv� , (8)

with �σv� being a function of the model parameters whilst the fit to the GCE also depends on

spectral shape of the signal which also depends on the model parameters but does not depend

on R. Constraints from direct detection introduce a further non-trivial dependence on R as the

direct detection rate scales linear in R. If we impose the relic density constraints we can finally

explore the fact that around the Higgs resonant annihilation there is a strong v-dependence
of the annihilation cross section. Just below the resonance the �σv� today is smaller than in

during freeze-out whilst just above the resonance �σv� today can be much larger. The turning

point is at mh/2. Introducing R < 1 in the region just above mh/2 can potentially bring the

thermal relic density constraint (i.e. (Ωh2)DM, total = (Ωh2)DM,Planck) and the GCE signal into

accordance: The thermal relic density of the WIMP behaves approximately like

ΩWIMP ∝ 1

�σv� ∝ 1

λ2
, (9)

hence the total DM density in our model scales like

ΩDM, total =
ΩWIMP

R
∝ 1

R �σv�f.o.
∝ 1

Rλ2
(10)

Just above the resonance the annihilation cross section is proportional to λ2
. Hence the flux

scales like

φ ∝ R2λ2 . (11)

Fixing (Ωh2)DM, total = (Ωh2)DM,Planck, from eq. (10) we get

R ∝ 1

λ2
, (12)

and hence

φ ∝ R2λ2 ∝ 1

λ2
. (13)

That is, just above the resonance, mS = mh/2 + �, if we start from the curve at which

(Ωh2)DM, total = (Ωh2)DM,Planck for R = 1 and at which φ comes out too large we can go

to larger λ (and hence smaller R to retain (Ωh2)DM, total = (Ωh2)DM,Planck) in order to reconcile

the GCE flux.]
Ωrelic = ΩCDM,Planck

ΩDM, total = ΩCDM,Planck

R < 1
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while the possibility to drive inflation through a non-minimal coupling of the scalar to gravity

has been analysed in [37] in light of current constraints.

3 The galactic center excess

3.1 The Fermi-LAT observation

Description of the observation. → Alessandro

GCE data from [19].

3.2 Annihilation cross section and photon spectrum

Dark matter annihilation in the scalar Higgs portal model proceeds through s-channel Higgs,
t-channel scalar exchange, and the S2h2 interactions, see Fig. 2.
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Figure 1: Feynman diagrams for all WIMP annihilation processes, SM = t, h, Z,W, b, τ, c, g, γ. Below mS = mh

only processes of type a) are present. Above the hh threshold all three diagrams contribute.
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Figure 2: Feynman diagrams for all WIMP annihilation processes, SM = t, h, Z,W, b, τ, c, g, γ. Below mS = mh

only processes of type a) are present. Above the hh threshold all three diagrams contribute.

Annihilation cross section mechanism, relative contributions of different channels, energy

spectrum for two masses. → Jan, Benedikt If photons are not produced directly in the loop

supressed process SS → h → γγ , they are generated at all steps in the hadronization and decay

processes of possible SM final state particles. Thereby, the main contribution of high energetic

photons stem from the decay of π0
-states originating from the cascade.

[ ( 90%) in a bb event @ 100GeV c.o.m]
[Possible commentary on Bremsstrahlung, electroweak Corrections (1009.0224v1:Weak Cor-

rections are Relevant for Dark Matter Indirect Detection)]
The resulting γ-ray spectra are generated with the PYTHIA [38] event generator (version

8.209) for each final state separately by simulating the production of SM+SM at a center of

mass energy of 2mS . All spectra are then combined in a model dependent way according to

Fig. 3 to yield the gamma ray flux of annihilating dark matter:
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=
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(σv)FS ·
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l.o.s

dsρ2 (3)
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 ➔ GCE flux:
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3.3 Dark matter density profile and uncertainties

Our treatment of the J-factor. → Benedikt, Alessandro
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3.4 WIMP contribution to dark matter

ΩDM, total =
ΩWIMP

R
∝ 1
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(5)

φ ∝ R2�σv�today
R = 1 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:

ρWIMP = R ρtotal . (6)

The annihilation signal today thus scales as φ ∝ 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 λHS 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
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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:

ρWIMP = R ρtotal . (6)

The annihilation signal today thus scales as φ ∝ 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
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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

(that could be at a considerably higher scale) we can basically drop the relic density constraints

completely. The second situation is 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). Then the thermal relic density of the WIMP has to be smaller than the measured

(total) DM density. We introduce the ratio R that describes the fraction of WIMP dark matter

R =
(Ωh2)WIMP

(Ωh2)DM, total
. (7)

In this article we will explore both situations mentioned above and also allowing for com-

bining these. As we will see even without imposing the thermal relic density constraints at all

allows us to draw conclusion on R that arise from the fact that the flux from DM annihilation

scales like

φ ∝ R2�σv� , (8)

with �σv� being a function of the model parameters whilst the fit to the GCE also depends on

spectral shape of the signal which also depends on the model parameters but does not depend

on R. Constraints from direct detection introduce a further non-trivial dependence on R as the

direct detection rate scales linear in R. If we impose the relic density constraints we can finally

explore the fact that around the Higgs resonant annihilation there is a strong v-dependence
of the annihilation cross section. Just below the resonance the �σv� today is smaller than in

during freeze-out whilst just above the resonance �σv� today can be much larger. The turning

point is at mh/2. Introducing R < 1 in the region just above mh/2 can potentially bring the

thermal relic density constraint (i.e. (Ωh2)DM, total = (Ωh2)DM,Planck) and the GCE signal into

accordance: The thermal relic density of the WIMP behaves approximately like

ΩWIMP ∝ 1

�σv� ∝ 1

λ2
, (9)

hence the total DM density in our model scales like

ΩDM, total =
ΩWIMP

R
∝ 1

R �σv�f.o.
∝ 1

Rλ2
(10)

Just above the resonance the annihilation cross section is proportional to λ2
. Hence the flux

scales like

φ ∝ R2λ2 . (11)

Fixing (Ωh2)DM, total = (Ωh2)DM,Planck, from eq. (10) we get

R ∝ 1

λ2
, (12)

and hence

φ ∝ R2λ2 ∝ 1

λ2
. (13)

That is, just above the resonance, mS = mh/2 + �, if we start from the curve at which

(Ωh2)DM, total = (Ωh2)DM,Planck for R = 1 and at which φ comes out too large we can go

to larger λ (and hence smaller R to retain (Ωh2)DM, total = (Ωh2)DM,Planck) in order to reconcile

the GCE flux.]
Ωrelic = ΩCDM,Planck

ΩDM, total = ΩCDM,Planck

R < 1

6
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GCE+BRinv+LUX+dwarfs+   -lines
 

while the possibility to drive inflation through a non-minimal coupling of the scalar to gravity

has been analysed in [37] in light of current constraints.

3 The galactic center excess

3.1 The Fermi-LAT observation

Description of the observation. → Alessandro

GCE data from [19].

3.2 Annihilation cross section and photon spectrum

Dark matter annihilation in the scalar Higgs portal model proceeds through s-channel Higgs,
t-channel scalar exchange, and the S2h2 interactions, see Fig. 2.

a)

S

S

h

γ

γ

∝ vλHS

Figure 1: Feynman diagrams for all WIMP annihilation processes, SM = t, h, Z,W, b, τ, c, g, γ. Below mS = mh

only processes of type a) are present. Above the hh threshold all three diagrams contribute.
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2
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Figure 2: Feynman diagrams for all WIMP annihilation processes, SM = t, h, Z,W, b, τ, c, g, γ. Below mS = mh

only processes of type a) are present. Above the hh threshold all three diagrams contribute.

Annihilation cross section mechanism, relative contributions of different channels, energy

spectrum for two masses. → Jan, Benedikt If photons are not produced directly in the loop

supressed process SS → h → γγ , they are generated at all steps in the hadronization and decay

processes of possible SM final state particles. Thereby, the main contribution of high energetic

photons stem from the decay of π0
-states originating from the cascade.

[ ( 90%) in a bb event @ 100GeV c.o.m]
[Possible commentary on Bremsstrahlung, electroweak Corrections (1009.0224v1:Weak Cor-

rections are Relevant for Dark Matter Indirect Detection)]
The resulting γ-ray spectra are generated with the PYTHIA [38] event generator (version

8.209) for each final state separately by simulating the production of SM+SM at a center of

mass energy of 2mS . All spectra are then combined in a model dependent way according to

Fig. 3 to yield the gamma ray flux of annihilating dark matter:
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3.4 WIMP contribution to dark matter

ΩDM, total =
ΩWIMP

R
∝ 1

R �σv�f.o.
(5)

φ ∝ R2�σv�today
R = 1 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:

ρWIMP = R ρtotal . (6)

The annihilation signal today thus scales as φ ∝ 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
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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

(that could be at a considerably higher scale) we can basically drop the relic density constraints

completely. The second situation is 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). Then the thermal relic density of the WIMP has to be smaller than the measured

(total) DM density. We introduce the ratio R that describes the fraction of WIMP dark matter

R =
(Ωh2)WIMP

(Ωh2)DM, total
. (7)

In this article we will explore both situations mentioned above and also allowing for com-

bining these. As we will see even without imposing the thermal relic density constraints at all

allows us to draw conclusion on R that arise from the fact that the flux from DM annihilation

scales like

φ ∝ R2�σv� , (8)

with �σv� being a function of the model parameters whilst the fit to the GCE also depends on

spectral shape of the signal which also depends on the model parameters but does not depend

on R. Constraints from direct detection introduce a further non-trivial dependence on R as the

direct detection rate scales linear in R. If we impose the relic density constraints we can finally

explore the fact that around the Higgs resonant annihilation there is a strong v-dependence
of the annihilation cross section. Just below the resonance the �σv� today is smaller than in

during freeze-out whilst just above the resonance �σv� today can be much larger. The turning

point is at mh/2. Introducing R < 1 in the region just above mh/2 can potentially bring the

thermal relic density constraint (i.e. (Ωh2)DM, total = (Ωh2)DM,Planck) and the GCE signal into

accordance: The thermal relic density of the WIMP behaves approximately like

ΩWIMP ∝ 1

�σv� ∝ 1

λ2
, (9)

hence the total DM density in our model scales like

ΩDM, total =
ΩWIMP

R
∝ 1

R �σv�f.o.
∝ 1

Rλ2
(10)

Just above the resonance the annihilation cross section is proportional to λ2
. Hence the flux

scales like

φ ∝ R2λ2 . (11)

Fixing (Ωh2)DM, total = (Ωh2)DM,Planck, from eq. (10) we get

R ∝ 1

λ2
, (12)

and hence

φ ∝ R2λ2 ∝ 1

λ2
. (13)

That is, just above the resonance, mS = mh/2 + �, if we start from the curve at which

(Ωh2)DM, total = (Ωh2)DM,Planck for R = 1 and at which φ comes out too large we can go

to larger λ (and hence smaller R to retain (Ωh2)DM, total = (Ωh2)DM,Planck) in order to reconcile

the GCE flux.]
Ωrelic = ΩCDM,Planck

ΩDM, total = ΩCDM,Planck

R < 1

6
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R = 0.01

➔ R=1: only one spot
➔ R<1: two reagions remain

    ▪ Consistent fit with per mille WIMP fraction!

GCE+BRinv+LUX+dwarfs+   -lines
 

while the possibility to drive inflation through a non-minimal coupling of the scalar to gravity

has been analysed in [37] in light of current constraints.

3 The galactic center excess

3.1 The Fermi-LAT observation

Description of the observation. → Alessandro

GCE data from [19].

3.2 Annihilation cross section and photon spectrum

Dark matter annihilation in the scalar Higgs portal model proceeds through s-channel Higgs,
t-channel scalar exchange, and the S2h2 interactions, see Fig. 2.

a)

S

S

h

γ

γ

∝ vλHS

Figure 1: Feynman diagrams for all WIMP annihilation processes, SM = t, h, Z,W, b, τ, c, g, γ. Below mS = mh

only processes of type a) are present. Above the hh threshold all three diagrams contribute.

a)

S

S

h

SM

SM

∝ vλHS

b)

S

S

S

h

h

∝ (vλHS)
2

c)

S

S

h

h

∝ λHS

Figure 2: Feynman diagrams for all WIMP annihilation processes, SM = t, h, Z,W, b, τ, c, g, γ. Below mS = mh

only processes of type a) are present. Above the hh threshold all three diagrams contribute.

Annihilation cross section mechanism, relative contributions of different channels, energy

spectrum for two masses. → Jan, Benedikt If photons are not produced directly in the loop

supressed process SS → h → γγ , they are generated at all steps in the hadronization and decay

processes of possible SM final state particles. Thereby, the main contribution of high energetic

photons stem from the decay of π0
-states originating from the cascade.

[ ( 90%) in a bb event @ 100GeV c.o.m]
[Possible commentary on Bremsstrahlung, electroweak Corrections (1009.0224v1:Weak Cor-

rections are Relevant for Dark Matter Indirect Detection)]
The resulting γ-ray spectra are generated with the PYTHIA [38] event generator (version

8.209) for each final state separately by simulating the production of SM+SM at a center of

mass energy of 2mS . All spectra are then combined in a model dependent way according to

Fig. 3 to yield the gamma ray flux of annihilating dark matter:

dΦ

dΩdE
=

1

2mS

�

FS

dNFS

dE
(σv)FS ·

R2

4π

�

l.o.s

dsρ2 (3)

3

+relic density
 

▪ For          :

 ➔ Relic density:

 ➔ GCE flux:

χ2
GCE = 28.3 , −2 logLfit = 28.8

ξ = 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

ΩDM, total =
ΩWIMP

R
∝ 1

R �σv�f.o.
(5)

φ ∝ R2�σv�today
R = 1 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:

ρWIMP = R ρtotal . (6)

The annihilation signal today thus scales as φ ∝ 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 λHS 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
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hΓ
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ΩWIMP
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∝ 1
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(5)

φ ∝ R2�σv�today
R = 1 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:

ρWIMP = R ρtotal . (6)

The annihilation signal today thus scales as φ ∝ 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
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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

(that could be at a considerably higher scale) we can basically drop the relic density constraints

completely. The second situation is 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). Then the thermal relic density of the WIMP has to be smaller than the measured

(total) DM density. We introduce the ratio R that describes the fraction of WIMP dark matter

R =
(Ωh2)WIMP

(Ωh2)DM, total
. (7)

In this article we will explore both situations mentioned above and also allowing for com-

bining these. As we will see even without imposing the thermal relic density constraints at all

allows us to draw conclusion on R that arise from the fact that the flux from DM annihilation

scales like

φ ∝ R2�σv� , (8)

with �σv� being a function of the model parameters whilst the fit to the GCE also depends on

spectral shape of the signal which also depends on the model parameters but does not depend

on R. Constraints from direct detection introduce a further non-trivial dependence on R as the

direct detection rate scales linear in R. If we impose the relic density constraints we can finally

explore the fact that around the Higgs resonant annihilation there is a strong v-dependence
of the annihilation cross section. Just below the resonance the �σv� today is smaller than in

during freeze-out whilst just above the resonance �σv� today can be much larger. The turning

point is at mh/2. Introducing R < 1 in the region just above mh/2 can potentially bring the

thermal relic density constraint (i.e. (Ωh2)DM, total = (Ωh2)DM,Planck) and the GCE signal into

accordance: The thermal relic density of the WIMP behaves approximately like

ΩWIMP ∝ 1

�σv� ∝ 1

λ2
, (9)

hence the total DM density in our model scales like

ΩDM, total =
ΩWIMP

R
∝ 1

R �σv�f.o.
∝ 1

Rλ2
(10)

Just above the resonance the annihilation cross section is proportional to λ2
. Hence the flux

scales like

φ ∝ R2λ2 . (11)

Fixing (Ωh2)DM, total = (Ωh2)DM,Planck, from eq. (10) we get

R ∝ 1

λ2
, (12)

and hence

φ ∝ R2λ2 ∝ 1

λ2
. (13)

That is, just above the resonance, mS = mh/2 + �, if we start from the curve at which

(Ωh2)DM, total = (Ωh2)DM,Planck for R = 1 and at which φ comes out too large we can go

to larger λ (and hence smaller R to retain (Ωh2)DM, total = (Ωh2)DM,Planck) in order to reconcile

the GCE flux.]
Ωrelic = ΩCDM,Planck

ΩDM, total = ΩCDM,Planck

R < 1

6



Summary

▪ GCE: Astrophysics of  WIMPs?

▪ Higgs Portal: Unique coupling to minimal DM

▪ Singlet Scalar Model:  Good fit!

▪ After constraints: Only Higgs-resonance remains

▪ Allow for additional non-WIMP DM component
▪ Non-trivial implications for WIMP fraction near
   resonance (large velocity dependence)
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Figure 12: Results of a fit to the GCE with free parameters mS , λHS , R and log(J40◦/J40◦, nom). We take into
account all constraints (including the relic density constraint) and focus on the correlation between R and λHS .
In the middle and right panel we include potential future direct detection limits with a sensitivity of 10 and 50
times the current LUX sensitivity, respectively. The white dot denotes the best-fit point. The dark-red, red,
orange and yellow points lie within the 1, 2, 3 and 4σ region around the best-fit point, respectively.

6 Conclusion

We have presented a global fit of the γ-ray galactic center excess (GCE) within a minimal Higgs

portal model with a scalar WIMP dark matter particle. We find that the shape and strength

of the GCE is well described by dark matter annihilation in various regions of parameter space,

including in particular the resonance and threshold regions where the dark matter mass, mS , is

close to (half the) Higgs and W boson masses, respectively.

The parameter space of the scalar Higgs portal model is strongly constrained by the search

for invisible Higgs decays, direct dark matter searches, searches for dark matter annihilation from

dwarf spheroidal galaxies, searches for mono-energetic spectral γ-lines from the Milky Way halo,

and by the cosmological dark matter relic abundance. We have included these constraints into

the global fit of the GCE signal and studied the implications for the model parameter space,

taking properly into account the theoretical uncertainty from the dark matter distribution.

Furthermore, we consider the possibility that the dark sector is more complex than that of the

minimal Higgs portal model and allow for scalar WIMP dark matter densities smaller than

the total, gravitationally interacting dark matter density. With this freedom, we can easily

accommodate the GCE signal in regions of model parameter space which would otherwise be

excluded because the model prediction would exceed the cosmologically observed dark mater

relic density.

Taking into account all constraints, the scalar Higgs portal model can describe the GCE

signal if the dark matter mass is near mS = mh/2, so that dark matter annihilation proceeds

through resonant Higgs exchange. Two regions of parameter space are viable: one region where

the Higgs–dark-matter coupling, λHS , is of order O(10
−2

) and where an additional dark matter

component beyond a scalar WIMP is preferred, and one region where λHS may be significantly

smaller, but where the scalar WIMP constitutes a significant fraction or even all of dark matter.

These regions emerge from an interplay between the different scaling of the GCE signal and the

relic density with the fraction of WIMP dark matter, R = ρWIMP/ρtotal, and the strong velocity

dependence of the annihilation cross section near the resonance. Note that this effect can

potentially be of relevance for every model with resonant annihilation. The favoured regions of

scalar dark matter masses and couplings are hard to probe in future direct detection and collider

experiments. Future searches for γ-ray emission from dwarf spheroidal galaxies, however, will

be able to confirm or exclude the dark matter interpretation of the galactic center excess.

20

LUX                                10 x LUX sens.                  50 x LUX sens.

▪ Collider constraints: virtually unchallanged

▪ Constraints from dwarfs: General challenge for GCE
▪ Direct detection projections:

Back-up I: Future experimental prospects
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Back-up II: Photon spectra for best-fit points 

mS [GeV] λHS R log(J40◦/J40◦, nom)
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Figure 10: The correlation between the annihilation cross section as of today, �σv�, and the input parameters of
the fit, mS , λHS , R and log(J40◦/J40◦, nom) for the case of the GCE-only fit (upper row) and taking into account
all the constraint, including the relic density constraint (lower row). The white dot denotes the best-fit point. The
dark-red, red, orange and yellow points lie within the 1, 2, 3 and 4σ region around the best-fit point, respectively.

theory prediction as explained in section 3.5. In Fig. 11 we show the errors for the GCE-only

fit although the difference to the fit including all constraints would be barely noticeable in the

figure.

Figure 11: Spectral fit for the best fit point taking in account all constrains (red) and fitting only the GCE (blue).
The red band displays the diagonal part of the covariance matrix including a 10% error on the predicted flux (red
curve). The black points are the Fermi-LAT observation including an uncorrelated statistical error.

In table 2 we have collected the best fit values for the scalar Higgs portal model parameters

mS , λHS , and for the astrophysical parameters R = ρWIMP/ρtotal and J40◦ . We show results for

the various global fits, including the GCE signal only, and for the GCE signal with the different
constraints added successively. As discussed above, the scalar Higgs portal model can describe

the GCE signal for dark matter masses near mS = mh/2, and for perturbative values of the

17

GCE only (blue) and after all constraints (red):
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logL contribution GCE +BRinv +LUX +dwarfs +lines +relic den. 2nd region

mS [GeV] 45.50+5.98
−5.36 61.07+2.65

−1.98 61.55+1.78
−0.85 61.35+1.90

−0.79 61.46+1.87
−0.85 62.70+0.57

−0.18 62.52+0.02
−0.01

λHS 0.17+11.67
−0.09 0.0125+7.31

−0.0125 0.0082+0.317
−0.0082 0.0087+0.312

−0.0087 0.0082+0.315
−0.0082 0.022+0.015

−0.013 0.00029+0.0078
−0.00010

R 0.68+0.32
−0.65 1.0+0.0

−1.0 0.99+0.01
−0.99 1.0+0.0

−1.0 1.0+0.0
−1.0 0.054+0.141

−0.053 0.498+0.502
−0.496

log J/Jnom 0.0+0.44
−0.44 −0.05+0.48

−0.36 0.02+0.42
−0.43 0.22+0.36

−0.35 0.12+0.31
−0.29 0.13+0.30

−0.32 0.13+0.32
−0.31

σv [10−26 cm3/s] 1.97+1034
−1.38 1.28+4.1e6

−0.61 1.23+1.7e6
−0.55 0.96+1.3e6

−0.37 1.04+1.3e6
−0.42 359+9.7e5

−327 4.3+1.6e5
−0.9

σv R2 [10−26 cm3/s] 0.91+0.53
−0.35 1.28+2.02

−0.53 1.21+0.68
−0.45 0.96+0.43

−0.31 1.04+0.39
−0.32 1.06+0.42

−0.32 1.06+0.43
−0.31

χ2
GCE 19.3 25.3 25.6 26.0 26.0 26.8 26.7

p(χ2
GCE) 0.57 0.20 0.24 0.22 0.21 0.18 0.18

p(BRinv) 0.0 0.90 0.97 0.97 0.97 1.0 1.0

p(LUX) 0.0 0.32 0.62 0.58 0.62 0.84 1.0

p(dwarfs) 0.18 0.16 0.18 0.24 0.22 0.22 0.22

p(lines R3) 0.5 0.5 0.5 0.5 0.5 0.5 0.5

p(relic den.) 0.03 0.0 0.0 0.0 0.0 0.99 1.0

Table 2: Best fit points and corresponding 1σ error for fits to the GCE only, and including successively constraints from the invisible Higgs branching ratio, direct

detection limits, independent searches for γ-rays from dwarf satellite galaxies, searches for spectral γ lines, and from the dark matter relic density. We also display the

best fit in a second, viable region of parameter space (last column). Also shown are the χ2
GCE and the p-values of the respective best-fit points taking into account the

log-likelihood contributions of the observables given in the first line. p(χ2
GCE) represents the goodness of the GCE fit for 25 data points and 4 fitted parameters. The

remaining p-values represent the confidence level at which the best fit is compatible with the constraints coming from each extra-observable we include in the fit (see text

for more details).
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Back-up III: Table with best-fit points
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