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Possible contribution: WIMP Dark Matter

Energy density of the universe:
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▪ Standard cosmological 
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WIMP Dark Matter: annihilation today

Dark Matter
annihilation
today

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
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Searches for WIMP Dark Matter annihilation 
in the inner galactic region

▪ Subtract: Diffuse foregrounds + Point sources
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[see e.g. Calore, Cholis, Weniger]
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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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Searches for WIMP Dark Matter annihilation 
in the inner galactic region

⇒ Excess over the known foregrounds:
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Figure 18. Left panel: Constraints on the �σv�-vs-mχ plane for three different DM annihilation
channels, from a fit to the spectrum shown in figure 14 (cf. table 4). Colored points (squares) refer to
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mass fixed at 49GeV. This plot is based on the fluxes from the segmented GCE template,
see figure 16. As expected, the cross-section is strongly correlated with the profile slope. We
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This talk: 
➔ "Simplest" Dark Matter model (Singlet Scalar)

➔ Detailed numerical fit
➔ Allow for additional DM components

Can the signal be explained 
by simple DM models?

(taking into account further constraints)
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Scalar Singlet Higgs Portal Model

▪ Higgs bilinear         unique (renormalizable) way to directly 
   couple DM to the SM
 ▪ Add Singlet Scalar S with Z2-symmetry:

[Burgess, Pospelov, Veldhuis: hep-ph/0011335, ...]
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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],

2

(before EWSB)
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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
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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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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
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S,0 + λHSv
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/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
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†
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
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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 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
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After electroweak symmetry breaking, the last three terms of the above Lagrangian become
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, (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

L = LSM +
1
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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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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
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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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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],

2

(Important for vacuum stability)



Scalar Singlet Higgs Portal Model

▪ Higgs bilinear         unique (renormalizable) way to directly 
   couple DM to the SM
 ▪ Add Singlet Scalar S with Z2-symmetry:

(after EWSB)

[Burgess, Pospelov, Veldhuis: hep-ph/0011335, ...]

Contents

1 Introduction 1

2 The scalar singlet Higgs portal model 2

3 The galactic center excess 3

3.1 The Fermi-LAT observation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

3.2 Annihilation cross section and photon spectrum . . . . . . . . . . . . . . . . . . . 3

3.3 Dark matter density profile and uncertainties . . . . . . . . . . . . . . . . . . . . 3

3.4 WIMP contribution to dark matter . . . . . . . . . . . . . . . . . . . . . . . . . . 4

3.5 Fit to the GCE signal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

4 Constraints 6

4.1 Higgs invisible width . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

4.2 Direct detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

4.3 Indirect detection: dwarf spheroidal galaxies and spectral γ lines . . . . . . . . . 6

4.4 Relic density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

5 Results and discussion 6

6 Conclusion 6

References 7

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

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.
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3.4 WIMP contribution to dark matter

In this study we allow for the situation that the dark sector is more complicated than containing

just one particle species. We could imagine a second non-WIMP dark matter component (such

as axions or primordial black holes) which do not annihilate today and are recognized by their

gravitational interaction only. [footnote/comment on axion searches?] Hence we consider the

case that the WIMP dark matter density is a certain fraction, R ≤ 1, of the total (gravitationally

interacting) dark matter:

ρWIMP = R ρtotal . (4)

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
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case that the WIMP dark matter density is a certain fraction, R ≤ 1, of the total (gravitationally
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Implementation: Galactic center excess
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▪ Need gamma-ray spectrum 

▪ Slow in fit ⇒ Pre-compute spectra for all channels 
  (as function of DM mass) with MadGraph/Pythia 8
▪ During fit: Combine spectra according to contribution

Photon spectra for several 
masses/couplings:



▪ 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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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
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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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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.
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Non-WIMP contribution to Dark Matter

▪ Allow for additional unspecified DM component 

▪ Fraction of WIMP component:
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▪ Assumption: same distribution 
⇒ Rescaling of flux:
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Figure 2: 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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Implementation: Constraints

(i) Collider constraints: 
    Higgs invisible BR
    (no rescaling with R!) 

(ii) Direct detection
     constraints: LUX
     [LuxCalc; Savage et al. 1502.02667]

    (rescals linear in R)  

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

[ATLAS: 1509.00672]



Implementation: Constraints

(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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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.
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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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[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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Implementation: Fitting tools

▪ Use MultiNest (nested sampling algorithm) 
   [Feroz et al. 1306.2144]

▪ 4 scan parameters:

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.
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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.

[ ( 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
�

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.
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3▪ Cross sections and BRs: micrOMEGAs

▪ Frequentist interpretation
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GCE only 

The resulting spectra per annihilation
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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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GCE+BRinv 

The resulting spectra per annihilation
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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.
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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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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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The resulting spectra per annihilation
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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.
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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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The resulting spectra per annihilation
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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.
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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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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.
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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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The resulting spectra per annihilation
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dNFS
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(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.
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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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The resulting spectra per annihilation
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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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Interesting structure in R 

The resulting spectra per annihilation
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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.
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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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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.
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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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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� (5)

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
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
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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
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3.4 WIMP contribution to dark matter
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Summary

▪ WIMP DM intriguing explanation of GCE 

▪ Higgs Portal: Unique coupling to minimal DM models

▪ 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
  (for large velocity dependence)
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ToDo
▪ Best-fit points raussuchen

▪ 
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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                                     , 

▪ Compute      via:

Parametric fits and theoretical uncertainties

5.1 Spectral fits with correlated errors

For spectral fits to the extracted GCE spectra (as they are shown in figures 14 and 16), we

make use of a χ2
function with a non-diagonal covariance matrix. This allows to take into

account the correlated empirical model systematics that we derived in the previous section.
22

The χ2
function is given by

χ2
=

�

ij

�
dN̄

dEi
(θ)− dN

dEi

�
Σ−1
ij

�
dN̄

dEj
(θ)− dN

dEj

�
, (5.1)

with the covariance matrix

Σij = (σstat.
i )

2δij + Σtrunc
ij,mod + Σij, res . (5.2)

Here, dN/dEi (dN̄/dEi) denotes the measured (predicted) GCE flux in the ith energy bin,

θ the model parameters, σstat.
i the corresponding statistical error, Σtrunc

ij,mod the truncated

(24×24) covariance matrix accounting for empirical model systematics, and Σij, res the resid-

ual systematics at sub-GeV energies that we discussed in subsection 4.2.3. For fits to the

segmented GCE template fluxes, the corresponding (240 × 240) correlation matrix is taken

to be block diagonal in the different GCE segments (we neglect segment-to-segment correla-

tions), and we set Σij, res = 0, as it is not very relevant for morphology fits.

Like above, all fits are performed using the minimizer Minuit. For the two-dimensional

contour plots, we define the one, two and three sigma contours (which we show in the plots if

not otherwise stated) at ∆χ2
= 2.3, 6.2 and, 11.8, and derive them with the minos algorithm.

Note that we will neglect the effects of the finite energy resolution of Fermi -LAT, which is

below 15% in the energy range of interest, but could be easily incorporated.

5.2 Dark Matter models

The most exciting interpretation of the GCE is that it is caused by the annihilation of

DM particles, and indeed all of the previous studies analyzing Fermi -LAT data focus on

this possibility [49–55, 57]. Instead of presenting fits to a large number of DM annihilation

spectra, we will here simply concentrate on the most common cases discussed in the literature.

We concentrate on the hadronic annihilation channels b̄b and c̄c and on pure τ+τ− lepton

final states. The gamma-ray yields are taken from DarkSUSY 5.1.1 [123].

In the left panel of figure 18 we show the constraints in the �σv�-vs-mχ plane that we

obtain from a fit to the GCE spectrum in figure 14. Correlated model systematics are taken

into account as discussed above. We find that both b̄b and c̄c provide rather good fits to the

data, with p-values around 0.4–0.5 (see table 4). For τ+τ− final states, the p-value is with

0.065 significantly lower, though it remains marginally compatible with the data at 95% CL.

We find that in the canonical case of b̄b final states, DM masses around mχ = 49
+6.4
−5.4 GeV are

favored by the data, and an annihilation cross-section of �σv� = 1.76+0.28
−0.27 × 10

−26
cm

3
s
−1

.
23

In the right panel of figure 18 we show how the cross-section �σv� depends on the slope

γ of the adopted NFW profile, for the case of annihilation into b̄b final states with the DM

22It is worth pointing out that summing systematic and statistical errors in quadrature, which is common
practice in the DM-phenomenology literature, does not lead to the weakest (or ‘most conservative’) constraints
on model parameters in almost all of the cases.

23We remind that we adopt a local DM density of ρ⊙ = 0.4GeV cm−3.
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• Upper limits from the IceCube experiment with the 79 string configuration on the

spin-dependent cross section [141], assuming that neutralinos annihilate exclusively

to W+W−
pairs.

In the parameter scan it was required that solutions need to have MA > 800 GeV or

5 < tan(β) < 0.075 ·MA−16.17 to ensure that they are not excluded by searches for heavy

Higgs bosons.

3.3 Parameter scan

In a first iteration the pMSSM parameter space was randomly sampled with > 10
6
param-

eter points from a flat prior. All possible DM annihilation channels have been compared

to the measured Fermi photon flux in two energy bins around 1 and 5 GeV. All mass

parameters were sampled between −4 TeV and 4 TeV.

In an iterative procedure the best fit points of the first iteration were used as seeds to sample

new model parameter ranges centered around the seed points and with multi-dimension

Gaussian distribution as widths. The ranges of some parameters were reduced: 100 GeV

to 1 TeV and −1000 GeV to −100 GeV for M1 and M2 , 100 GeV to 1000 GeV for µ and

tanβ between 1 and 60. The iterative sampling procedure was repeated several times, until

a reasonable annihilation process was found. The process was found to be χ̃0
1χ̃

0
1 → W+W−

for our first and second solution and χ̃0
1χ̃

0
1 → tt for the third solution. The main annihilation

diagram is the t-channel exchange of a χ̃±
1 (or the t-channel exchange of a stop quark).

In the final iterations 11 of the 19 parameters have been set high enough to be non-relevant

(4 TeV). The final set of parameters influence electroweakinos, the Higgs mass and the spin-

independent cross section. The final set of parameters was:

M1,M2, µ, tanβ,MA, �d3, �Q3, At.

3.4 Galactic Center excess region

For all model points DarkSUSY was used to derive the photon spectrum dN/dE of the

annihilaton process, which was then compared to the spectrum of the GeV excess emission.

We adopt the χ2
definition from [118], which takes into account correlated uncertainties

from the subtraction of Galactic diffuse gamma-ray backgrounds. However, in addition to

the astrophysical uncertainties in the measured spectrum as discussed in [118], we allow

for an additional 10% uncorrelated uncertainty in the predicted spectrum, as motivated in

Appendix A.

We use the following definition

χ2
=

�

i,j

(di −mi)(Σij)
−1

(dj −mj) ,

where i and j are the energy bin numbers running from 1 to 24, di and mi is the Fermi

and model flux, respectively, and Σij is the covariance matrix that incorporates all relevant

statistical and systematic uncertainties when modeling the GeV excess flux. As mentioned

above, we will allow for an additional uncorrelated systematic uncertainty of the level
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Figure 1: Photon excess spectrum as extracted in Ref. [118] from the Fermi data from

the inner Galaxy, compared with the model calculations with the lowest χ2
10 (left figure,

p-value= 0.3 with χ2
10) and the model with the lowest χ2

0 (right figure, p-value= 0.025 with

χ2
0), for WW solution 1. Note that besides the statistical errors, which are shown as error

bars, there are two kinds of systematics which affect the observed photon spectrum (shown

as gray dots): Firstly, there are uncertainties from the removal of astrophysical foregrounds

(shown by the gray boxes; mostly inverse Compton and π0 emission, see Ref. [118] for

details). These uncertainties are strongly correlated and can lead in general to an overall

shift of all data points up or down, as illustrated by the black dots. Secondly, there are

particle physics uncertainties in the predicted photon spectrum, which we conservatively

assume to be at the 10% level (green band in left panel, only affecting χ2
10). Details are

discussed in Appendix A.

of σs = 10%, which is incorporated in the covariance matrix from [118] by substituting

Σij → Σij + δijd2iσ
2
s . Photon generation via hadronic W± or top decays is mainly caused

by Quantum Chromo Dynamic processes which are described with semi-empirical models

with many parameters. Also the uncertainties in the photon energy scale can change the

shape in the modelling of the photon excess spectrum (see Appendix A).

In the following χ2
0 denotes σs = 0% and χ2

10 denotes σs = 10%. Some distributions are

shown with both definitions to illustrate the effect of including uncorrelated systematic

uncertainties in the predicted photon spectrum.

4 Results

4.1 The galactic center excess

In our exploration of the pMSSM parameter space we find that requiring a χ2
10 < 40

(corresponding to a p-value > 0.02) implies the following three pMSSM parameter ranges:

4.1.1 WW solution 1: Bino-Higgsino neutralino

In this type of solution, the neutralinos annihilate mostly exclusively to W+W− pairs.

Only a small fraction annihilate to W+W−/bb̄. The reason is that even being away of the
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χ2 =
�

i,j

(di − 10ξmi)(Σij)
−1(dj − 10ξmj) +

ξ2

(log10 2)2
(9)
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Takes into account 
uncertainties on the J-factor

where

[Achterberg et al. 1502.05703]

χ2 =
�

i,j

(di − 10ξmi)(Σij)
−1(dj − 10ξmj) +

ξ2

(log10 2)2
(9)
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�
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�
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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 19. Constraints on the �σv�-vs-mχ plane at 95% CL, individually for the GCE template
segments shown in figure 15, for the channel χχ → b̄b. The cross indicates the best-fit value from a fit
to all regions simultaneously (mχ � 46.6GeV, �σv� � 1.60× 10−26 cm3 s−1). Note that we assume a
NFW profile with an inner slope of γ = 1.28. The individual p-values are shown in the figure legend;
the combined p-value is 0.11.

mass fixed at 49GeV. This plot is based on the fluxes from the segmented GCE template,
see figure 16. As expected, the cross-section is strongly correlated with the profile slope. We
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[Calore, Cholis, Weniger: 1409.0042]
5.1 Spectral fits with correlated errors

For spectral fits to the extracted GCE spectra (as they are shown in figures 14 and 16), we

make use of a χ2
function with a non-diagonal covariance matrix. This allows to take into

account the correlated empirical model systematics that we derived in the previous section.
22

The χ2
function is given by

χ2
=

�

ij

�
dN̄

dEi
(θ)− dN

dEi

�
Σ−1
ij

�
dN̄

dEj
(θ)− dN

dEj

�
, (5.1)

with the covariance matrix

Σij = (σstat.
i )

2δij + Σtrunc
ij,mod + Σij, res . (5.2)

Here, dN/dEi (dN̄/dEi) denotes the measured (predicted) GCE flux in the ith energy bin,

θ the model parameters, σstat.
i the corresponding statistical error, Σtrunc

ij,mod the truncated

(24×24) covariance matrix accounting for empirical model systematics, and Σij, res the resid-

ual systematics at sub-GeV energies that we discussed in subsection 4.2.3. For fits to the

segmented GCE template fluxes, the corresponding (240 × 240) correlation matrix is taken

to be block diagonal in the different GCE segments (we neglect segment-to-segment correla-

tions), and we set Σij, res = 0, as it is not very relevant for morphology fits.

Like above, all fits are performed using the minimizer Minuit. For the two-dimensional

contour plots, we define the one, two and three sigma contours (which we show in the plots if

not otherwise stated) at ∆χ2
= 2.3, 6.2 and, 11.8, and derive them with the minos algorithm.

Note that we will neglect the effects of the finite energy resolution of Fermi -LAT, which is

below 15% in the energy range of interest, but could be easily incorporated.

5.2 Dark Matter models

The most exciting interpretation of the GCE is that it is caused by the annihilation of

DM particles, and indeed all of the previous studies analyzing Fermi -LAT data focus on

this possibility [49–55, 57]. Instead of presenting fits to a large number of DM annihilation

spectra, we will here simply concentrate on the most common cases discussed in the literature.

We concentrate on the hadronic annihilation channels b̄b and c̄c and on pure τ+τ− lepton

final states. The gamma-ray yields are taken from DarkSUSY 5.1.1 [123].

In the left panel of figure 18 we show the constraints in the �σv�-vs-mχ plane that we

obtain from a fit to the GCE spectrum in figure 14. Correlated model systematics are taken

into account as discussed above. We find that both b̄b and c̄c provide rather good fits to the

data, with p-values around 0.4–0.5 (see table 4). For τ+τ− final states, the p-value is with

0.065 significantly lower, though it remains marginally compatible with the data at 95% CL.

We find that in the canonical case of b̄b final states, DM masses around mχ = 49
+6.4
−5.4 GeV are

favored by the data, and an annihilation cross-section of �σv� = 1.76+0.28
−0.27 × 10

−26
cm

3
s
−1

.
23

In the right panel of figure 18 we show how the cross-section �σv� depends on the slope

γ of the adopted NFW profile, for the case of annihilation into b̄b final states with the DM

22It is worth pointing out that summing systematic and statistical errors in quadrature, which is common
practice in the DM-phenomenology literature, does not lead to the weakest (or ‘most conservative’) constraints
on model parameters in almost all of the cases.

23We remind that we adopt a local DM density of ρ⊙ = 0.4GeV cm−3.
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Parametric fits to the Galactic center excess

Spectrum Parameters χ2
/dof p-value

broken PL α1 = 1.42+0.22
−0.31, α2 = 2.63+0.13

−0.095, Ebreak = 2.06+0.23
−0.17 GeV 1.06 0.47

DM χχ → b̄b �σv� = 1.76+0.28
−0.27 × 10

−26
cm

3
s
−1

, mχ = 49
+6.4
−5.4 GeV 1.08 0.43

DM χχ → c̄c �σv� = 1.25+0.2
−0.18 × 10

−26
cm

3
s
−1

, mχ = 38.2+4.6
−3.9 GeV 1.07 0.44

PL with exp. cutoff Ecut = 2.53+1.1
−0.77 GeV, α = 0.945+0.36

−0.5 1.37 0.16

DM χχ → τ+τ− �σv� = 0.337+0.047
−0.048 × 10

−26
cm

3
s
−1

, mχ = 9.96+1.1
−0.91 GeV 1.52 0.065

Table 4. Results of spectral fits to the GCE emission as shown in figure 14, together with ±1σ
errors (which include statistical as well as model uncertainties, see text). We also show the reduced

χ2
, and the corresponding p-value. The best-fit is given by a broken power-law, though annihilation

into b̄b final states is completely compatible with the observed spectrum as well. We find that even

annihilation into τ+τ− cannot be excluded with 95% CL significance.

In the left panel of figure 20, we show constraints on the broken PL spectrum in the

α1-vs-α2 plane, obtained from a fit to the data shown in figure 14. The break position is

left free to vary in the fit. As best-fit parameters for the slopes we find α1 = 1.42+0.22
−0.31 and

α2 = 2.63+0.13
−0.10 (cf. table 4); the position of the break is given by Ecut = 2.06+0.23

−0.17GeV. We

find that a simple broken PL provides already a very good fit to the data, with a p-value
of 0.47. This is marginally smaller than the p-values that we found for the DM annihilation

spectra.

Another generic and simple spectrum is a power-law with an exponential cutoff, as given
by

dN

dE
= ζ

�
E

1GeV

�−α

e−E/Ecut . (5.4)

Here, α is the spectral index, Ecut denotes the cutoff energy, and ζ is a normalization param-

eter. Constraints on the α-vs-Ecut plane that we found from a fit to the GCE spectrum in

figure 14 are shown in the right panel of figure 20. In this figure, we also indicate the point

in the parameter space that corresponds to the stacked spectrum of MSPs that was derived

from a reanalysis of the Fermi -LAT data in ref. [35]. We find that the best-fit is obtained

for a cutoff energy of Ecut = 2.53+0.11
−0.77 and a spectral index of α = 0.945+0.36

−0.5 . However, the

p-value for this fit is with 0.16 relatively poor. Again, the best-fit parameters are summarized

in table 4.

Finally, we explore the morphology of the GCE with a simple parametric model. As a

spatial template, we consider a generic spherically symmetric volume emissivity with a radial

dependence given by

q ∝ r−Γe−r/Rcut , (5.5)

where r denotes the Galacto-centric distance. In contrast to the generalized NFW profile,

it features a well-defined spatial cutoff at the Galacto-centric distance Rcut, which makes it

possible to quantify the spatial extent of the GCE emission in the sky (note that the spatial

index Γ ≈ 2γ at distances close to the GC).

We perform a fit to the GCE fluxes as shown in figure 16, assuming as fiducial spectrum

the b̄b spectrum from table 4 with fixed mass and free normalization (the precise form of

the spectrum does not matter much). We find that the template can fit the data as well

as the NFW profile (which is not a surprise given that we allow Γ and Rcut freely to vary).
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• Upper limits from the IceCube experiment with the 79 string configuration on the

spin-dependent cross section [141], assuming that neutralinos annihilate exclusively

to W+W−
pairs.

In the parameter scan it was required that solutions need to have MA > 800 GeV or

5 < tan(β) < 0.075 ·MA−16.17 to ensure that they are not excluded by searches for heavy

Higgs bosons.

3.3 Parameter scan

In a first iteration the pMSSM parameter space was randomly sampled with > 10
6
param-

eter points from a flat prior. All possible DM annihilation channels have been compared

to the measured Fermi photon flux in two energy bins around 1 and 5 GeV. All mass

parameters were sampled between −4 TeV and 4 TeV.

In an iterative procedure the best fit points of the first iteration were used as seeds to sample

new model parameter ranges centered around the seed points and with multi-dimension

Gaussian distribution as widths. The ranges of some parameters were reduced: 100 GeV

to 1 TeV and −1000 GeV to −100 GeV for M1 and M2 , 100 GeV to 1000 GeV for µ and

tanβ between 1 and 60. The iterative sampling procedure was repeated several times, until

a reasonable annihilation process was found. The process was found to be χ̃0
1χ̃

0
1 → W+W−

for our first and second solution and χ̃0
1χ̃

0
1 → tt for the third solution. The main annihilation

diagram is the t-channel exchange of a χ̃±
1 (or the t-channel exchange of a stop quark).

In the final iterations 11 of the 19 parameters have been set high enough to be non-relevant

(4 TeV). The final set of parameters influence electroweakinos, the Higgs mass and the spin-

independent cross section. The final set of parameters was:

M1,M2, µ, tanβ,MA, �d3, �Q3, At.

3.4 Galactic Center excess region

For all model points DarkSUSY was used to derive the photon spectrum dN/dE of the

annihilaton process, which was then compared to the spectrum of the GeV excess emission.

We adopt the χ2
definition from [118], which takes into account correlated uncertainties

from the subtraction of Galactic diffuse gamma-ray backgrounds. However, in addition to

the astrophysical uncertainties in the measured spectrum as discussed in [118], we allow

for an additional 10% uncorrelated uncertainty in the predicted spectrum, as motivated in

Appendix A.

We use the following definition

χ2
=

�

i,j

(di −mi)(Σij)
−1

(dj −mj) ,

where i and j are the energy bin numbers running from 1 to 24, di and mi is the Fermi

and model flux, respectively, and Σij is the covariance matrix that incorporates all relevant

statistical and systematic uncertainties when modeling the GeV excess flux. As mentioned

above, we will allow for an additional uncorrelated systematic uncertainty of the level

– 6 –
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tension of the SM and the S-inflation model. We estimate the predictions of the model for the

spectral index ns and discuss the effect of constraints from inflation on the model parameter

space. Section 3 considers the DM phenomenology of the model and the implications from

DM searches. In section 4 we discuss how to connect these two aspects via renormalisation

group evolution and which constraints follow from electroweak vacuum stability and pertur-

bativity. The scale of unitarity-violation during inflation and the consistency of S-inflation

are discussed in section 5. Finally, we present our results in section 6 and our conclusions in

section 7. Additional details are provided in the Appendix.

2 The S-inflation model

S-inflation is a version of the non-minimally coupled inflation model of [7] in which the scalar

field is identified with the gauge singlet scalar responsible for thermal relic cold DM. In the

present work, we focus on the case of a real singlet scalar s. In the Jordan frame, which is

the standard frame for interpreting measurements and calculating radiative corrections, the

action for this model is
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where LSM is the SM Lagrangian density minus the purely Higgs doublet terms, mP is the

reduced Planck mass and
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with v = 246GeV the vacuum expectation value of the Higgs field. Writing H = (h+v, 0)/
√
2

with a real scalar h we obtain
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where we have introduced the physical singlet mass m
2
s = m

2
s0 + λhs v

2
/2.

In order to calculate the observables predicted by inflation, we perform a conformal

transformation to the Einstein frame, where the non-minimal coupling to gravity disappears.

In the case that s �= 0 and h = 0, this transformation is defined by

g̃µν = Ω2
gµν , Ω2

= 1 +
ξs s2

m
2
P

. (2.4)

The transformation yields

SE =

� �
−g̃ d

4
x

�
L̃SM +

1

2

�
1

Ω2
+

6 ξ2s s
2

m
2
PΩ4

�
g̃
µν∂µs∂νs−

m
2
P R̃

2
− V (s, 0)

Ω4

�
, (2.5)

where R̃ is the Ricci scalar with respect to g̃µν . We can then rescale the field using

dχs

ds
=

�
Ω2 + 6 ξ2s s

2/m2
P

Ω4
, (2.6)

– 3 –

▪ Extend Higgs sector by a scalar singlet s:
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After EW symmetry breaking:

where
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Important for pheno

[Burgess, Pospelov, Veldhuis: hep-ph/0011335, ...]

[also interesting in the context of WIMP Inflation, see e.g. Kahlhoefer, 
McDonald: 1507.03600 for a recent analysis]
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Constraints
-BRinv (not dep.on R)
-LUX (LuxCalc) ll, p-value
-Dwarfs
-gamma-lines
-density

Implementation: Constraints

▪ Collider constraints: Higgs invisible BR 
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[Duerr, Pérez, Smirnov: 1510.07562]

▪ Constraints on the parameter space:
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Figure 1. Branching fractions for the various DM annihilation
channels in agreement with the relic density.

groups [22–36], and the general consensus is that one
could explain the excess via the annihilation of dark
matter. Here we use the numerical results presented in
Ref. [35] to constrain the simplest dark matter model.

In Fig. 2 we show the allowed parameter space in the
low mass region where the main annihilation channel is
SS → b̄b. We use the range A = 0.17−5.3 to parametrize
the uncertainties in the dark matter halo of the Milky
Way [35]. In red we show the region excluded by the LUX
experiment [37] and the gray lines show the region which
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Figure 2. Regions in agreement with the excess in the galactic
center and the annihilation cross section in the minimal model
when the dark matter mass is below the gauge boson masses.
The dominant channel then is the annihilation into b quarks,
SS → b̄b. The colored regions are at the 3σ level, and we
use three values for A, which parametrizes the variation in
the dark matter profile [35]. The red part of the curve is
excluded by LUX [37], and the grey lines correspond to the
limit from the Fermi-LAT collaboration [38].
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Figure 3. Regions in agreement with the excess in the galactic
center and the annihilation cross section in the minimal model
when the dark matter mass is larger than the W gauge boson
mass. The dominant channel then is the annihilation SS →

WW . The colored regions are at the 3σ level, and we use
three values for A, which parametrizes the variation in the
dark matter profile [35]. The red part of the curve is excluded
by LUX [37], and the blue part of the curve shows the future
reach of XENON1T [40].

limits the annihilation into bb̄ from Fermi-LAT [38]. No-
tice that there is a small region with the dark matter
mass in the range MS = (62− 65)GeV which is allowed
by the experiments and one can explain the excess in the
galactic center.

The main features of this region with the dark matter
in the range MS = (62− 65)GeV are:

• The cross section SS → γγ is very close to the ex-
perimental limit set by Fermi-LAT [39]; see Fig. 4
for more details. Therefore, this region will be
tested soon.

• The relic density is set using the Higgs resonance.

Unfortunately, in this region the spin-independent DM–
nucleon cross section is very small and one cannot test
this part of the parameter space at future direct detection
experiments such as XENON1T [40].

In the heavy dark matter region the main annihilation
channel is SS → WW , and one can explain the excess
in the galactic center in agreement with LUX [37] if the
dark matter mass is in the range MS = (86 − 96)GeV,
as we show in Fig. 3. Notice that the allowed region is
larger than in the low mass scenario.

This region has two main features:

• The spin-independent DM–nucleon cross section is
large and this region can be tested or excluded by
XENON1T [40]; see the blue line in Fig. 3.
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[Kahlhoefer, McDonald: 1507.03600]

▪ GCE fits versus constraints:
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Figure 1. Excluded parameter regions from LUX (red, dotted) and searches for invisible Higgs decays
(blue, dashed) compared to the coupling implied by the relic density constraint (green, solid).

This theoretical prediction can be compared to the experimental bound on invisible
Higgs decays from the LHC. Direct searches for invisible Higgs decays in the vector boson
fusion channel give BR(h → inv) � 0.29 [39]. A somewhat stronger bound can be obtained
from the observation that in our model there are no additional contributions to the Higgs
production cross-section and no modifications of the partial decay widths of the Higgs boson
into SM final states. Therefore the presence of an invisible decay channel leads to an overall
reduction of the signal strength in visible channels. A global fit of all observed decay channels
(combined with the bounds on invisible Higgs decays) then gives BR(h → inv) � 0.26 [40].

Crucially, the bound from invisible Higgs decays becomes independent of the singlet
mass for ms � mh/2. Invisible Higgs decays will therefore provide the strongest constraints
for small singlet masses. Indeed, this constraint rules out the entire mass region where direct
detection experiments lose sensitivity (see figure 1). As a result, only two mass regions remain
viable: a low-mass region 52.6 GeV < ms < 64.5 GeV and a high-mass region ms � 93 GeV.

3.4 Other constraints

It has been pointed out recently [24] that bounds on γ-ray lines from Fermi-LAT [41] rule
out the parameter region where ms is slightly above mh/2. To be safe from this constraint,
we will focus on the mass range 52.6 GeV < ms < 62.4 GeV, which we shall refer to as the
low-mass region. For the high-mass region, on the other hand, there are no strong constraints
from indirect detection. Moreover, collider searches for singlet scalars with ms > mh/2 are
extremely challenging [20–23, 35] and consequently, there are no relevant bounds from the
LHC for the high-mass region [42].

The most significant improvements in sensitivity in the near future are expected to
come from direct detection experiments. Indeed, XENON1T [43] is expected to improve
upon current LUX constraints on the DM scattering cross section by a factor of about 50
and will therefore be able to probe the high-mass region up to ms ≈ 4TeV. As we will show,
in S-inflation singlet masses larger than about 2 TeV are excluded by the Planck 2-σ upper
bound on ns and perturbativity. XENON1T will therefore be able to probe the entire high-
mass region relevant for singlet inflation. Similarly, XENON1T can also further constrain the
low-mass region and potentially probe singlet masses in the range 53 GeV < ms < 57 GeV.

– 7 –

LUX

[see also Duerr, Pérez, Smirnov:1509.04282]
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▪ GCE fits versus constraints:
Best fit point:
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▪ GCE fits:
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Dropping the assumtion that the 
WIMP makes up 100% of DM: 



Dark Matter → WIMP

+ X

Pheno description

▪ Effective Operators
▪ Simplified Models 

Probe
▪ Direct detection experiments
▪ Indirect detection (IceCube)
▪ Thermal relic density
▪ DM production@LHC

Jan Heisig (RWTH Aachen University)                                    1                                    New Physics at the LHC, Bonn 2015


