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two situations considered that relax this constraint. The first situation is that we have a non-

standard cosmological history containing out-of-equilibrium process like a late decay of a heavier

particle. This could lead to both an increase or a decrease of the WIMP relic density depending

on whether the heavier particle decays into the WIMP or into SM particles (producing entropy

and hence decreasing the WIMP yield). If we do not specify the physics of these processes

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

completely. The second situation is that the dark sector is more complicated than containing

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

as axions). Then the thermal relic density of the WIMP has to be smaller than the measured

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

R =
(Ωh2)WIMP

(Ωh2)DM, total
. (7)

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

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

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

scales like

φ ∝ R2�σv� , (8)

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

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

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

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

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

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

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

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

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

ΩWIMP ∝ 1

�σv� ∝ 1

λ2
, (9)

hence the total DM density in our model scales like

ΩDM, total =
ΩWIMP

R
∝ 1

R �σv�f.o.
∝ 1

Rλ2
(10)

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

scales like

φ ∝ R2λ2 . (11)

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

R ∝ 1

λ2
, (12)

and hence

φ ∝ R2λ2 ∝ 1

λ2
. (13)

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

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

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

the GCE flux.]
Ωrelic = ΩCDM,Planck

ΩDM, total = ΩCDM,Planck

R < 1

6
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as a parabola passing through the above points when the minimum is at a positive flux, or as a
line when the minimum is at zero flux.

To translate the above likelihood for the flux into a likelihood for the annihilation cross
section 〈σv〉γγ , the J-factors corresponding to the ROIs J3◦ and J16◦ are needed, see eq. (10).
Using the Monte Carlo procedure described in section 3.3 we find, not surprisingly, a strong
correlation between J40◦ and J3◦ , J16◦ , which is shown in figure 7. This correlation is well
approximated by a forth order polynomial in log-log space, also shown in figure 7. Thus, instead
of considering J3◦ and J16◦ as further independent nuisance parameters of the fit, we only use
J40◦ as free parameter, with the log-normal distribution described in section 3.3 accounting for
the uncertainty related to the DM profile. J3◦ and J16◦ are considered functions of J40◦ with no
further intrinsic uncertainties.

We calculate 〈σv〉γγ using the Higgs effective Lagrangian as described in section 3.2.

J40◦/J40◦, nom

J
x
◦
/J

x
◦
,
n
o
m

Figure 7: Correlation between J40◦ and the J-factors of the two ROIs relevant for the γ line searches. The
correlations are obtained from sampling the parameter γ of the generalized NFW profile, eq. (9), within its
Gaussian uncertainty. The additional NFW parameters ρs and rs are sampled uniformly, taking into account
their correlation. The red and blue points denote J3◦ (steeper behaviour) and J16◦ , respectively. We also show
the fit quartic polynomials in log-log space (dot-dashed lines).

4.4 Relic density

Assuming a standard cosmological history, we can link the relic WIMP density from the thermal
freeze-out to the DM density as measured by Planck, Ωh2|Planck = 0.1198 ± 0.0015 [85]. The
total DM density predicted by our model is

Ωh2|DM, total =
Ωh2|WIMP

R
. (16)

We compute Ωh2|WIMP with micrOMEGAs. For details regarding the model implementation
we refer to section 3.2. We include the effective Higgs-gluon coupling geffhgg, eq. (4), which depends
on the center-of-mass energy of the annihilation process, s. In contrast to the case of annihilation
today, for the computation of the annihilation cross section during freeze-out

√
s = 2mS is

not always a good approximation: for 2mS just below mh, the dominant contribution to the
thermally averaged cross section 〈σv〉 comes from the resonance,

√
s = mh. Hence, for the

computation of geffhgg, eq. (4), we choose
√
s = mh for mS < mh/2.

We compute the χ2 for the relic density constraint from

χ2
Ω =

(

Ωh2|DM, total −Ωh2|Planck
)2

(σrel ×Ωh2|DM, total)
2 , (17)
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Jan Heisig (RWTH Aachen University)                                    3                                      Fit(s) for LHC Run-2, Oct 10, 2016

larger cross section 

two situations considered that relax this constraint. The first situation is that we have a non-

standard cosmological history containing out-of-equilibrium process like a late decay of a heavier

particle. This could lead to both an increase or a decrease of the WIMP relic density depending

on whether the heavier particle decays into the WIMP or into SM particles (producing entropy

and hence decreasing the WIMP yield). If we do not specify the physics of these processes

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

completely. The second situation is that the dark sector is more complicated than containing

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

as axions). Then the thermal relic density of the WIMP has to be smaller than the measured

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

R =
(Ωh2)WIMP

(Ωh2)DM, total
. (7)

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

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

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

scales like

φ ∝ R2�σv� , (8)

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

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

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

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

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

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

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

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

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

ΩWIMP ∝ 1

�σv� ∝ 1

λ2
, (9)

hence the total DM density in our model scales like

ΩDM, total =
ΩWIMP

R
∝ 1

R �σv�f.o.
∝ 1

Rλ2
(10)

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

scales like

φ ∝ R2λ2 . (11)

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

R ∝ 1

λ2
, (12)

and hence

φ ∝ R2λ2 ∝ 1

λ2
. (13)

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

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

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

the GCE flux.]
Ωrelic = ΩCDM,Planck

ΩDM, total = ΩCDM,Planck

R < 1

6

two situations considered that relax this constraint. The first situation is that we have a non-

standard cosmological history containing out-of-equilibrium process like a late decay of a heavier

particle. This could lead to both an increase or a decrease of the WIMP relic density depending

on whether the heavier particle decays into the WIMP or into SM particles (producing entropy

and hence decreasing the WIMP yield). If we do not specify the physics of these processes

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

completely. The second situation is that the dark sector is more complicated than containing

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

as axions). Then the thermal relic density of the WIMP has to be smaller than the measured

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

R =
(Ωh2)WIMP

(Ωh2)DM, total
. (7)

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

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

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

scales like

φ ∝ R2�σv� , (8)

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

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

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

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

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

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

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

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

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

ΩWIMP ∝ 1

�σv� ∝ 1

λ2
, (9)

hence the total DM density in our model scales like

ΩDM, total =
ΩWIMP

R
∝ 1

R �σv�f.o.
∝ 1

Rλ2
(10)

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

scales like

φ ∝ R2λ2 . (11)

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

R ∝ 1

λ2
, (12)

and hence

φ ∝ R2λ2 ∝ 1

λ2
. (13)

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

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

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

the GCE flux.]
Ωrelic = ΩCDM,Planck

ΩDM, total = ΩCDM,Planck

R < 1

6

two situations considered that relax this constraint. The first situation is that we have a non-

standard cosmological history containing out-of-equilibrium process like a late decay of a heavier

particle. This could lead to both an increase or a decrease of the WIMP relic density depending

on whether the heavier particle decays into the WIMP or into SM particles (producing entropy

and hence decreasing the WIMP yield). If we do not specify the physics of these processes

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

completely. The second situation is that the dark sector is more complicated than containing

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

as axions). Then the thermal relic density of the WIMP has to be smaller than the measured

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

R =
(Ωh2)WIMP

(Ωh2)DM, total
. (7)

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

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

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

scales like

φ ∝ R2�σv� , (8)

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

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

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

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

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

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

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

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

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

ΩWIMP ∝ 1

�σv� ∝ 1

λ2
, (9)

hence the total DM density in our model scales like

ΩDM, total =
ΩWIMP

R
∝ 1

R �σv�f.o.
∝ 1

Rλ2
(10)

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

scales like

φ ∝ R2λ2 . (11)

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

R ∝ 1

λ2
, (12)

and hence

φ ∝ R2λ2 ∝ 1

λ2
. (13)

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

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

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

the GCE flux.]
Ωrelic = ΩCDM,Planck

ΩDM, total = ΩCDM,Planck

R < 1

6

two situations considered that relax this constraint. The first situation is that we have a non-

standard cosmological history containing out-of-equilibrium process like a late decay of a heavier

particle. This could lead to both an increase or a decrease of the WIMP relic density depending

on whether the heavier particle decays into the WIMP or into SM particles (producing entropy

and hence decreasing the WIMP yield). If we do not specify the physics of these processes

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

completely. The second situation is that the dark sector is more complicated than containing

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

as axions). Then the thermal relic density of the WIMP has to be smaller than the measured

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

R =
(Ωh2)WIMP

(Ωh2)DM, total
. (7)

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

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

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

scales like

φ ∝ R2�σv� , (8)

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

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

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

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

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

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

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

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

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

ΩWIMP ∝ 1

�σv� ∝ 1

λ2
, (9)

hence the total DM density in our model scales like

ΩDM, total =
ΩWIMP

R
∝ 1

R �σv�f.o.
∝ 1

Rλ2
(10)

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

scales like

φ ∝ R2λ2 . (11)

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

R ∝ 1

λ2
, (12)

and hence

φ ∝ R2λ2 ∝ 1

λ2
. (13)

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

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

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

the GCE flux.]
Ωrelic = ΩCDM,Planck

ΩDM, total = ΩCDM,Planck

R < 1

6



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.

0

0.2

0.4

0.6

0.8

1

1.2

0 0.5 1 1.5 2 2.5 3

P
D
F
(J̄

)

J̄/J̄nom

µ = 0.0144901

σ = 0.426307

40◦ × 40◦ Lognormal(x;µ, σ)

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

3.4 WIMP contribution to dark matter

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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two situations considered that relax this constraint. The first situation is that we have a non-

standard cosmological history containing out-of-equilibrium process like a late decay of a heavier

particle. This could lead to both an increase or a decrease of the WIMP relic density depending

on whether the heavier particle decays into the WIMP or into SM particles (producing entropy

and hence decreasing the WIMP yield). If we do not specify the physics of these processes

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

completely. The second situation is that the dark sector is more complicated than containing

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

as axions). Then the thermal relic density of the WIMP has to be smaller than the measured

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

R =
(Ωh2)WIMP

(Ωh2)DM, total
. (7)

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

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

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

scales like

φ ∝ R2�σv� , (8)

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

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

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

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

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

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

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

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

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

ΩWIMP ∝ 1

�σv� ∝ 1

λ2
, (9)

hence the total DM density in our model scales like

ΩDM, total =
ΩWIMP

R
∝ 1

R �σv�f.o.
∝ 1

Rλ2
(10)

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

scales like

φ ∝ R2λ2 . (11)

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

R ∝ 1

λ2
, (12)

and hence

φ ∝ R2λ2 ∝ 1

λ2
. (13)

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

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

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

the GCE flux.]
Ωrelic = ΩCDM,Planck

ΩDM, total = ΩCDM,Planck

R < 1
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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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[Calore, Cholis, Weniger '14]

Fermi GeV Galactic Center Excess

⇒ Excess over the known foregrounds in Fermi-LAT data

[Goodenough, Hooper '09, '10; 
Vitale, Morselli '09; Hooper, Linden '11; 
Abazajian, Kaplinghat '12; Hooper, Slatyer '13; 
Macias, Gordan '13; Huang et al. '13; 
Abazajian et al. '14; Daylan et al. '14; 
Zhou et al. '14; Calore et al. '14; 
Gaggero et al. '15; Cholis et al. '15; 
Bartels et al. '15; Lee et al. '15;
Ajello et al. (Fermi-LAT) '15; ...]
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Figure 17. Spectrum of the GCE emission, together with statistical and systematical errors, for
model F (cf. figure 14). We show fits to the GCE with various spectral models. We emphasize that
the shown systematic errors are correlated, and that the spectral models actually do provide a good
fit to the data in most cases. We show the best-fit model parameters, along with indicators for the
fit quality, in table 4 (cf. figures 18 and 20). See text for details on the fitting procedure.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

affect the GCE spectrum at a similar level (see figure 14). However, theoretical model
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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This work: 
▪ Include signal in global fits (LHC, LUX, relic density,...) 

▪ Simple but realistic DM models:
   ▪ Scalar Singlet Higgs Portal Model
   ▪ Inert Doublet Model

▪ Allow for additional non-WIMP DM component
   (PBHs, axions,...)

   ! Interesting implications

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.

a)

S

S

h
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SM

∝ vλHS

b)

S

S

S

h

h

∝ (vλHS)
2

c)

S

S

h

h

∝ λHS

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

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

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

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

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

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

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

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

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

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

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

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

dΦ

dΩdE
=

1

2mS

�

FS

dNFS

dE
(σv)FS ·

R2

4π

�

l.o.s

dsρ2 (3)

The resulting spectra per annihilation
�

FS
dNFS
dE

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

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

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

is discussed further in section 3.3.

Reference to Fig. 2.

R = ρWIMP/ρDM, total

Σij → Σij +Σijδijt
2
iσ

2
t , σt = 10%
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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
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1 Introduction

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

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

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

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

†
H [4–

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

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

matter searches.

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

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

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

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

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

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

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

from other γ-ray searches.

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

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

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

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

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

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

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

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

1

where

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

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

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

2 The scalar singlet Higgs portal model

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

L = LSM +
1

2
∂µS∂

µ
S − 1

2
m

2
S,0S

2 − 1

4
λSS

4 − 1

2
λHS S

2
H

†
H . (1)

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

L ⊃ −1

2
m

2
S S

2 − 1

4
λS S

4 − 1

4
λHS h

2
S
2 − 1

4
λHS vhS

2
, (2)

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

field, m2
S
= m

2
S,0 + λHSv

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

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

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

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

†
H is the only

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

2
H

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

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

2
h
2 interactions, see section 3.

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

2

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

2 The scalar singlet Higgs portal model

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

L = LSM +
1

2
∂µS∂

µ
S − 1

2
m

2
S,0S

2 − 1

4
λSS

4 − 1

2
λHS S

2
H

†
H . (1)

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

L ⊃ −1

2
m

2
S S

2 − 1

4
λS S

4 − 1

4
λHS h

2
S
2 − 1

2
λHS vhS

2
, (2)

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

field, m2
S
= m

2
S,0+λHSv

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

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

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

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

†
H is the

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

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

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

h
2

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

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

1For an exception see e.g. [32] where dark matter is strongly interacting.
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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
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annihilation γ-ray signatures of the scalar Higgs portal model are presented in section 3, to-
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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
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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
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with H = (h+v, 0)/
√
2 , v = 246GeV, and where we introduced the physical mass of the singlet

field, m2
S
= m

2
S,0 + λHSv

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

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

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

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

†
H is the only

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

2
H

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

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

2
h
2 interactions, see section 3.

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

2 The scalar singlet Higgs portal model

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

L = LSM +
1
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2
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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. [31], but does not affect DM
phenomenology.1 For the purpose of this paper, the model is thus fully specified by only two
parameters beyond those of the SM: the mass of the scalar DM particle, mS , and the strength
of the coupling between the DM and Higgs particles, λHS .

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

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

†
H is the

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

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

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

h
2

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

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

1For an exception see e.g. [32] where dark matter is strongly interacting.
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while the possibility to drive inflation through a non-minimal coupling of the scalar to gravity
has been analysed in [37] in light of current constraints.
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3.1 The Fermi-LAT observation

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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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 2: Relative contribution to the dark matter annihilation cross section today, for two choices of the Higgs-

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

independent of λHS .

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

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

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

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

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

unit solid angle at a photon energy Eγ is

dΦ

dΩdE
=

1

2m2
S
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�σv�f
4π

�

l.o.s

ds ρ2 (r(s, θ)) , (8)

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

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

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

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

f
dNf/dE

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

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

3.3 Dark matter density profile and uncertainties

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

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

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

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

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

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

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

GCE itself, i.e., cuspy profiles.

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

profile [65]:

ρ(r) = ρs

�
r

rs

�−γ �
1 +

r

rs

�−3+γ

, (9)

5

[see also e.g. 
Cline, Scott, Kainulainen, Weniger '13;
Duerr, Pérez, Smirnov '15;
Beniwal et al. '15]
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3.2 Annihilation cross section and photon spectrum

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

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

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

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

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

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

[from 1603.08228, using micrOMEGAs]

[see also e.g. 
Cline, Scott, Kainulainen, Weniger '13;
Duerr, Pérez, Smirnov '15;
Beniwal et al. '15]
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Gamma-ray spectrum

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

Photon spectra for several masses/couplings:

χ2
GCE = 28.3 , −2 logLfit = 28.8

ξ = ln(J̄/J̄nom)

W±, t, b, ...

3.3 Dark matter density profile and uncertainties

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

3.4 WIMP contribution to dark matter

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

ρWIMP = R ρtotal . (5)

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

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

5

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

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

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

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

J40◦ =

∫

∆Ω

dΩ

∫

l.o.s

dsρ2(r(s, θ)) . (10)

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

6

Decay/Showering/
Hadronization
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▪ Take measured spectrum     in 24 bins and covariance matrix 
   from [Calore, Cholis, Weniger: 1409.0042]

▪ Additional uncertainty on the theoretical 
  prediction of the spectrum                                     

[Achterberg et al. 1502.05703]

-computation for the GCE
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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 .

χ2 =
�

i,j

(di − eξti)(Σij)
−1(dj − eξtj)

+
ξ2

(σξ)2

(4)

3.3 Dark matter density profile and uncertainties

Our treatment of the J-factor. → Benedikt, Alessandro
Reference to Fig. 3.
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Figure 3: [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
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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

4

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

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

3 The galactic center excess

3.1 The Fermi-LAT observation

Description of the observation. → Alessandro

GCE data from [19].

3.2 Annihilation cross section and photon spectrum

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

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

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

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

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

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

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

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

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

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

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

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

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

dΦ

dΩdE
=
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2mS
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dNFS

dE
(σv)FS ·

R2

4π

�

l.o.s

dsρ2 (3)

The resulting spectra per annihilation
�

FS
dNFS
dE

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

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

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

is discussed further in section 3.3.

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

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

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

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

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

– 33 –

χ2 =
�

i,j

(di − 10ξmi)(Σij)
−1(dj − 10ξmj) +

ξ2

(log10 2)2
(9)
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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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▪ Large theoretical uncertainties on DM distribution in galaxy:

▪ Consider generalized Navarro-Frenk-White (NFW) profile:

▪ Compute J-factor (integrate        over line of sight 
   and region of interest):

▪ Vary around best fit parameters with MC
                         [from Calore, Cholis, Weniger]  
           from rotation curves [Nesti et al. 1304.5127]

   ⇒ Distribution for J-factor 
▪ Determine           for 

-computation for the GCEχ2 =
�

i,j

(di − 10ξmi)(Σij)
−1(dj − 10ξmj) +

ξ2

(log10 2)2
(9)
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Figure 2: Relative contribution to the dark matter annihilation cross section today, for two choices of the Higgs-

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

independent of λHS .

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

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

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

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

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

unit solid angle at a photon energy Eγ is

dΦ

dΩdE
=

1

2m2
S

�

f

dNf

dE

�σv�f
4π

�

l.o.s

ds ρ2 (r(s, θ)) , (8)

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

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

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

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

f
dNf/dE

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

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

3.3 Dark matter density profile and uncertainties

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

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

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

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

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

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

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

GCE itself, i.e., cuspy profiles.

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

profile [65]:

ρ(r) = ρs

�
r

rs

�−γ �
1 +

r

rs

�−3+γ

, (9)
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Figure 3: The scalar Higgs portal model prediction for the γ-ray spectrum per annihilation for different choices

of mS and λHS .

where r is the spherical distance from the galactic center, and we will assume γ = 1.2 ± 0.08
(Gaussian error) as given in [15]. For ρs and rs, the scale density and scale radius of the profile,
respectively, we will use the recent results from [66] where the authors study a canonical NFW
profile (γ=1) using up-to-date measurements of the rotation velocity of the Milky Way as a
function of the galacto-centric radius. In particular they provide contours in the ρs-rs plane.
From the contours it can be seen that the single parameters are not well constrained, but they
are tightly correlated so that the contours can be simply approximated as a narrow line in
the plane. We found that the power law ρs = 42.7GeV/cm3 · (rs/kpc)−1.59 describes well the
relation among these two parameters. Formally, the above relation is valid only for γ = 1 but
we will use it for each γ within the explored uncertainty of ±0.08. This is expected to be a good
approximation since different values of γ change the profile mainly in the inner kpcs from the
galactic center, while the analysis of [66] is anyway performed for r � 2 kpc, and is thus not
very sensitive to moderate changes in γ. We also note that the analysis of [66] provides a value
of the DM local density ρ⊙ = 0.471+0.048

−0.061 GeV cm−3 which is thus implicit also in our analysis.
This value has a relatively small error, which is typical of analyses based on the Milky Way
rotation curve (see also [67–69]), while purely local analyses provide larger errors ρ⊙ ∼ 0.2− 0.7
GeV cm−3 [70, 71].

Given the above ρs-rs relation and the further constraint γ = 1.2 ± 0.08, we determine the
error on the GCE J-factor with a Monte Carlo procedure. The quantity of interest is the J-
factor integrated over the sky region analysed in [15], i.e., a 40◦ × 40◦ region centred on the
galactic center and with a stripe of ±2◦ masked along the galactic plane,

J40◦ =

�

∆Ω

dΩ

�

l.o.s

dsρ2(r(s, θ)) . (10)

In figure 4 we show the distribution of J40◦ that we obtain from sampling γ within its Gaussian
uncertainty and with ρs and rs uniformly distributed, taking into account their correlation.
It can be seen that J40◦ is well approximated by a log-normal distribution with a width of
σlogJ � 0.43 (see figure 4). In the following we will use this J40◦ distribution to account for its
uncertainty. J40◦, nom is the nominal value of J40◦ for γ = 1.2 ρs = 0.74GeV/cm3, rs = 19.5 kpc,
i.e., J40◦, nom = 1.79 · 1023GeV2cm−5. We also use r⊙ = 8.0 kpc, although we verified that J40◦
varies very little varying r⊙ in the range 7.5-8.5 kpc, which is the typical uncertainty on r⊙.
Note that since the authors of [15] normalise the GCE flux dividing by the angular size of the
analysed region, we also need to divide J40◦ by the corresponding solid angle ∆Ω = 0.43 sr.
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Figure 4: Probability density function of J40◦ , eq. (10). The red histogram shows the distribution obtained
from sampling the parameter γ of the generalized NFW profile, eq. (9), within its Gaussian uncertainty. The
additional NFW parameters ρs and rs are sampled uniformly, taking into account their correlation. The log-
normal distribution fitted to the sampled distribution is shown in blue, with parameters µ and σ as specified in
the figure.

3.4 WIMP contribution to dark matter

In this study we allow for the possibility that the dark sector is more complex than containing just

one DM particle species. We could, for example, imagine a second non-WIMP DM component

(such as axions or primordial black holes) which does not interact weakly with the SM and which

does not annihilate into SM particles today. Hence, we consider the case that the WIMP DM

density is a certain fraction, R ≤ 1, of the total (gravitationally interacting) DM:

ρWIMP = R ρtotal . (11)

Here we assume that there is no difference in the clustering properties and hence in the density

profiles of the WIMP and non-WIMP DM components. The annihilation signal today thus

scales as φ ∝ R2
. We will consider R as a free parameter in the fit of the GCE signal.

3.5 Fit to the GCE signal

In order to perform a fit to the GCE we use MultiNest [72, 73], which allows to scan the

parameter space under study much more efficiently than a simple random search. The respective

parameters and scan ranges are summarized in table 1. The annihilation cross sections are

computed using micrOMEGAs. The χ2
for the GCE (including the contribution from J40◦) is

computed as:

χ2
GCE =

�

i,j

(di − ti)
�
Σij + δij(σrel ti)

2
�−1

(dj − tj) +
(log J40◦ − log J40◦, nom)2

(σlogJ)2
, (12)

where di is the GCE measured flux in energy bin i from [15], ti is our model prediction, which

depends on the parametersmS , λHS , R and J40◦ , Σij is the covariance matrix given in [15], which

includes statistical and systematic errors, and J40◦, nom and σlogJ are as defined in section 3.3.

The term δij(σrel ti)2 represents a diagonal error equal to a fraction σrel of the model prediction

itself, which we add to the original Σij in order to take into account the model uncertainties in

the annihilation spectrum. We choose σrel = 10%, as discussed in section 3.2. Since we include

in the error a dependence from the model itself, the likelihood which we use in the fit reads

slightly differently from the χ2
expression in eq. (12). Specifically, up to a constant factor which
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Figure 2: Relative contribution to the dark matter annihilation cross section today, for two choices of the Higgs-

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

independent of λHS .

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

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

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

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

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

unit solid angle at a photon energy Eγ is

dΦ

dΩdE
=

1

2m2
S

�

f

dNf

dE

�σv�f
4π

�

l.o.s

ds ρ2 (r(s, θ)) , (8)

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

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

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

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

f
dNf/dE

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

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

3.3 Dark matter density profile and uncertainties

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

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

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

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

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

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

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

GCE itself, i.e., cuspy profiles.

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

profile [65]:

ρ(r) = ρs
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�−γ �
1 +

r
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�−3+γ

, (9)
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where r is the spherical distance from the galactic center, and we will assume γ = 1.2 ± 0.08
(Gaussian error) as given in [15]. For ρs and rs, the scale density and scale radius of the profile,
respectively, we will use the recent results from [66] where the authors study a canonical NFW
profile (γ=1) using up-to-date measurements of the rotation velocity of the Milky Way as a
function of the galacto-centric radius. In particular they provide contours in the ρs-rs plane.
From the contours it can be seen that the single parameters are not well constrained, but they
are tightly correlated so that the contours can be simply approximated as a narrow line in
the plane. We found that the power law ρs = 42.7GeV/cm3 · (rs/kpc)−1.59 describes well the
relation among these two parameters. Formally, the above relation is valid only for γ = 1 but
we will use it for each γ within the explored uncertainty of ±0.08. This is expected to be a good
approximation since different values of γ change the profile mainly in the inner kpcs from the
galactic center, while the analysis of [66] is anyway performed for r � 2 kpc, and is thus not
very sensitive to moderate changes in γ. We also note that the analysis of [66] provides a value
of the DM local density ρ⊙ = 0.471+0.048

−0.061 GeV cm−3 which is thus implicit also in our analysis.
This value has a relatively small error, which is typical of analyses based on the Milky Way
rotation curve (see also [67–69]), while purely local analyses provide larger errors ρ⊙ ∼ 0.2− 0.7
GeV cm−3 [70, 71].

Given the above ρs-rs relation and the further constraint γ = 1.2 ± 0.08, we determine the
error on the GCE J-factor with a Monte Carlo procedure. The quantity of interest is the J-
factor integrated over the sky region analysed in [15], i.e., a 40◦ × 40◦ region centred on the
galactic center and with a stripe of ±2◦ masked along the galactic plane,

J40◦ =

�

∆Ω

dΩ

�

l.o.s

dsρ2(r(s, θ)) . (10)

In figure 4 we show the distribution of J40◦ that we obtain from sampling γ within its Gaussian
uncertainty and with ρs and rs uniformly distributed, taking into account their correlation.
It can be seen that J40◦ is well approximated by a log-normal distribution with a width of
σlogJ � 0.43 (see figure 4). In the following we will use this J40◦ distribution to account for its
uncertainty. J40◦, nom is the nominal value of J40◦ for γ = 1.2 ρs = 0.74GeV/cm3, rs = 19.5 kpc,
i.e., J40◦, nom = 1.79 · 1023GeV2cm−5. We also use r⊙ = 8.0 kpc, although we verified that J40◦
varies very little varying r⊙ in the range 7.5-8.5 kpc, which is the typical uncertainty on r⊙.
Note that since the authors of [15] normalise the GCE flux dividing by the angular size of the
analysed region, we also need to divide J40◦ by the corresponding solid angle ∆Ω = 0.43 sr.
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Figure 4: Probability density function of J40◦ , eq. (10). The red histogram shows the distribution obtained
from sampling the parameter γ of the generalized NFW profile, eq. (9), within its Gaussian uncertainty. The
additional NFW parameters ρs and rs are sampled uniformly, taking into account their correlation. The log-
normal distribution fitted to the sampled distribution is shown in blue, with parameters µ and σ as specified in
the figure.

3.4 WIMP contribution to dark matter

In this study we allow for the possibility that the dark sector is more complex than containing just

one DM particle species. We could, for example, imagine a second non-WIMP DM component

(such as axions or primordial black holes) which does not interact weakly with the SM and which

does not annihilate into SM particles today. Hence, we consider the case that the WIMP DM

density is a certain fraction, R ≤ 1, of the total (gravitationally interacting) DM:

ρWIMP = R ρtotal . (11)

Here we assume that there is no difference in the clustering properties and hence in the density

profiles of the WIMP and non-WIMP DM components. The annihilation signal today thus

scales as φ ∝ R2
. We will consider R as a free parameter in the fit of the GCE signal.

3.5 Fit to the GCE signal

In order to perform a fit to the GCE we use MultiNest [72, 73], which allows to scan the

parameter space under study much more efficiently than a simple random search. The respective

parameters and scan ranges are summarized in table 1. The annihilation cross sections are

computed using micrOMEGAs. The χ2
for the GCE (including the contribution from J40◦) is

computed as:

χ2
GCE =

�

i,j

(di − ti)
�
Σij + δij(σrel ti)

2
�−1

(dj − tj) +
(log J40◦ − log J40◦, nom)2

(σlogJ)2
, (12)

where di is the GCE measured flux in energy bin i from [15], ti is our model prediction, which

depends on the parametersmS , λHS , R and J40◦ , Σij is the covariance matrix given in [15], which

includes statistical and systematic errors, and J40◦, nom and σlogJ are as defined in section 3.3.

The term δij(σrel ti)2 represents a diagonal error equal to a fraction σrel of the model prediction

itself, which we add to the original Σij in order to take into account the model uncertainties in

the annihilation spectrum. We choose σrel = 10%, as discussed in section 3.2. Since we include

in the error a dependence from the model itself, the likelihood which we use in the fit reads

slightly differently from the χ2
expression in eq. (12). Specifically, up to a constant factor which
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parameter range

mS [5; 220]GeV

λHS [3× 10−5; 4π]

log(J40◦/J40◦, nom) [−4σlogJ ; 4σlogJ ]

R [10−3; 1]

Table 1: Fit parameters and their corresponding ranges. For the special case of R = 1 and J40◦ = J40◦, nom the
ranges for mS and λHS are the same.

has no influence on the fit, the log-likelihood is

− 2 logLGCE = χ2
GCE + log |Σij + δij(σrel ti)

2|, (13)

where |Σij + δij(σrel ti)2| is the determinant of the covariance matrix.
MultiNest is particularly suited for Bayesian analyses, since it naturally provides a sample

of the posterior distribution, i.e., the product of the likelihood times the priors for the parameters.
Nonetheless, the results of the scan of the parameter space from MultiNest can also be used
in the frequentist framework, provided that the posterior, and in turn the likelihood, has been
explored in enough detail. The advantage of the frequentist interpretation is that the derived
constraints are not dependent on the prior chosen to explore the various parameters. We will
thus adopt the frequentist interpretation in the following. Within this framework marginalisation
over parameters is performed with the profile likelihood method [74] and contours at a certain
confidence level are drawn following the expectation of a χ2 distribution. For example, for
contour plots in two dimensions we first derive the profile likelihood in the two given parameters
profiling over the remaining ones. We then draw contours around the best-fit at 1, 2, 3 and 4σ
confidence level according to a two-dimensional χ2 distribution. A further advantage of using the
frequentist formalism is that the output of different MultiNest scans can be easily combined,
as we indeed do in figure 5 (and subsequent figures) where different densites of points arise
from different separate scans. A disadvantage of this procedure is, of course, that the density of
points, which in the Bayesian interpretation has a precise meaning (i.e., it traces the posterior
distribution) now loses any meaning (i.e., in figure 5 and subsequent figures only the color of
the points is important, not the density). To ensure that the likelihood is well sampled, we run
MultiNest with high-accuracy settings, using between 1000 and 3000 live points, depending
on the scan, a typical tolerance tol = 0.001, and an enlargement factor between efr = 0.3−0.5
in order to ensure that also the tails of the distribution are well explored.

Previous analyses of the GCE within the scalar Higgs portal model have considered a simple
dark sector with a scalar WIMP particle that constitutes all of DM, and no uncertainty in the DM
density profile. In our analysis, such a simplified scenario corresponds to the special case where
R = ρWIMP/ρtotal = 1 and J40◦ = J40◦, nom. Figure 5 shows the results of the corresponding fit
of the model parameters mS and λHS , with R = 1 and J40◦ = J40◦, nom fixed. We also show the
derived parameter �σv�. A good fit is only achieved in a narrow Y-shaped region for which �σv�
is of the order of 10−26 cm3/s. Figure 5 also shows that the annihilation cross section �σv� has to
increase with increasing mS (see lower left panel) as to provide an overall γ-ray flux consistent
with the GCE, compensating the reduced DM density which decreases as 1/m2

S
.

On the other hand, as discussed in the previous section, the dark sector may well be more
complex than containing just one WIMP DM species. We thus allow R = ρWIMP/ρtotal ≤ 1 and
consider R an input parameter for our fit. Moreover, we include the astrophysical uncertainties
in the J-factor as explained above. Our full fit of the GCE within the Higgs scalar portal model
thus contains the parameters of the model, mS and λHS , and two additional parameters related

8



Constraints on the parameter space



(i) Collider constraints: 
    Higgs invisible BR

[ATLAS: 1509.00672]
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Figure 9: ATLAS upper limit at the 90% CL on the WIMP–nucleon scattering cross section in a Higgs portal model

as a function of the mass of the dark-matter particle, shown separately for a scalar, Majorana fermion, or vector-

boson WIMP. It is determined using the limit at the 90% CL of BRinv < 0.22 derived using both the visible and

invisible Higgs boson decay channels. The hashed bands indicate the uncertainty resulting from varying the form

factor fN by its uncertainty. Excluded and allowed regions from direct detection experiments at the confidence

levels indicated are also shown [119–127]. These are spin-independent results obtained directly from searches for

nuclei recoils from elastic scattering of WIMPs, rather than being inferred indirectly through Higgs boson exchange

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

(iii) Dwarf Spheroidal Galaxies
log-likelihood 7 dwarfs

      [Fermi-LAT: 1503.02641]

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

     J-factor different from GCE
     almost 100% correlation

Constraints on the parameter space

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

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

3 The galactic center excess

3.1 The Fermi-LAT observation

Description of the observation. → Alessandro

GCE data from [19].

3.2 Annihilation cross section and photon spectrum

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

a)

S

S

h

γ

γ

∝ vλHS

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

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

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

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

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

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

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

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

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

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

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

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

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

dΦ

dΩdE
=

1

2mS

�

FS

dNFS

dE
(σv)FS ·

R2

4π

�

l.o.s

dsρ2 (3)
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(v) Relic density constraint [Planck: 2013]

     Estimate 10% theoretical uncertainty
     [computed with micrOMEGAs] 

Constraints on the parameter space

as a parabola passing through the above points when the minimum is at a positive flux, or as a
line when the minimum is at zero flux.

To translate the above likelihood for the flux into a likelihood for the annihilation cross
section 〈σv〉γγ , the J-factors corresponding to the ROIs J3◦ and J16◦ are needed, see eq. (10).
Using the Monte Carlo procedure described in section 3.3 we find, not surprisingly, a strong
correlation between J40◦ and J3◦ , J16◦ , which is shown in figure 7. This correlation is well
approximated by a forth order polynomial in log-log space, also shown in figure 7. Thus, instead
of considering J3◦ and J16◦ as further independent nuisance parameters of the fit, we only use
J40◦ as free parameter, with the log-normal distribution described in section 3.3 accounting for
the uncertainty related to the DM profile. J3◦ and J16◦ are considered functions of J40◦ with no
further intrinsic uncertainties.

We calculate 〈σv〉γγ using the Higgs effective Lagrangian as described in section 3.2.

J40◦/J40◦, nom

J
x
◦
/J

x
◦
,
n
o
m

Figure 7: Correlation between J40◦ and the J-factors of the two ROIs relevant for the γ line searches. The
correlations are obtained from sampling the parameter γ of the generalized NFW profile, eq. (9), within its
Gaussian uncertainty. The additional NFW parameters ρs and rs are sampled uniformly, taking into account
their correlation. The red and blue points denote J3◦ (steeper behaviour) and J16◦ , respectively. We also show
the fit quartic polynomials in log-log space (dot-dashed lines).

4.4 Relic density

Assuming a standard cosmological history, we can link the relic WIMP density from the thermal
freeze-out to the DM density as measured by Planck, Ωh2|Planck = 0.1198 ± 0.0015 [85]. The
total DM density predicted by our model is

Ωh2|DM, total =
Ωh2|WIMP

R
. (16)

We compute Ωh2|WIMP with micrOMEGAs. For details regarding the model implementation
we refer to section 3.2. We include the effective Higgs-gluon coupling geffhgg, eq. (4), which depends
on the center-of-mass energy of the annihilation process, s. In contrast to the case of annihilation
today, for the computation of the annihilation cross section during freeze-out

√
s = 2mS is

not always a good approximation: for 2mS just below mh, the dominant contribution to the
thermally averaged cross section 〈σv〉 comes from the resonance,

√
s = mh. Hence, for the

computation of geffhgg, eq. (4), we choose
√
s = mh for mS < mh/2.

We compute the χ2 for the relic density constraint from

χ2
Ω =

(

Ωh2|DM, total −Ωh2|Planck
)2

(σrel ×Ωh2|DM, total)
2 , (17)
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Ωh2|DM, total =
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We compute Ωh2|WIMP with micrOMEGAs. For details regarding the model implementation
we refer to section 3.2. We include the effective Higgs-gluon coupling geffhgg, eq. (4), which depends
on the center-of-mass energy of the annihilation process, s. In contrast to the case of annihilation
today, for the computation of the annihilation cross section during freeze-out
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not always a good approximation: for 2mS just below mh, the dominant contribution to the
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Fit parameters and tools

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

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

3 The galactic center excess

3.1 The Fermi-LAT observation

Description of the observation. → Alessandro

GCE data from [19].

3.2 Annihilation cross section and photon spectrum

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

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

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

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

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

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

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

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

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

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

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

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

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

dΦ

dΩdE
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1

2mS

�
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dE
(σv)FS ·

R2

4π

�

l.o.s

dsρ2 (3)

The resulting spectra per annihilation
�

FS
dNFS
dE

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

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

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

is discussed further in section 3.3.

Reference to Fig. 2.

mS : 5 . . . 220GeV

λHS : 3× 10
−5 . . . 4π

ln(J̄/J̄nom): −4σξ . . . 4σξ
R: 10

−3 . . . 1

3
▪ Use MultiNest (nested sampling algorithm)  [Feroz et al. '13]

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

▪ Frequentist interpretation, combination of scans

▪ Allow for additional unspecified DM component 
   ! WIMP fraction:
▪ 4 scan parameters:
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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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R = ρWIMP/ρDM, total
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2
t , σt = 10%

3

Jan Heisig (RWTH Aachen University)                                   15                                      Fit(s) for LHC Run-2, Oct 10, 2016



Fit Results



GCE only 

3.5 Fit to the GCE signal

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

4 Constraints

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

4.1 Higgs invisible width

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

4.2 Direct detection

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

scattering cross section with [22]

σSI =
λ2
hsf

2
N

4π

µ2
rm

2
n

m4
hm

2
s
. (14)

4.3 Indirect detection: dwarf spheroidal galaxies and spectral γ lines

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

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

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

4.4 Relic density

→ Jan, Michael

5 Results and discussion

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

22, 25].

6 Conclusion

→ all

χ2
GCE = 19.3

7

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

mS [GeV] 45.50+5.98
−5.36 61.07+2.65

−1.98 61.55+1.78
−0.85 61.35+1.90

−0.79 61.46+1.87
−0.85 62.70+0.57

−0.18 62.52+0.02
−0.01

λHS 0.17+11.67
−0.09 0.0125+7.31

−0.0125 0.0082+0.317
−0.0082 0.0087+0.312

−0.0087 0.0082+0.315
−0.0082 0.022+0.015

−0.013 0.00029+0.0078
−0.00010

R 0.68+0.32
−0.65 1.0+0.0

−1.0 0.99+0.01
−0.99 1.0+0.0

−1.0 1.0+0.0
−1.0 0.054+0.141

−0.053 0.498+0.502
−0.496

log J/Jnom 0.0+0.44
−0.44 −0.05+0.48

−0.36 0.02+0.42
−0.43 0.22+0.36

−0.35 0.12+0.31
−0.29 0.13+0.30

−0.32 0.13+0.32
−0.31

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

−0.61 1.23+1.7e6
−0.55 0.96+1.3e6

−0.37 1.04+1.3e6
−0.42 359+9.7e5

−327 4.3+1.6e5
−0.9

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

−0.53 1.21+0.68
−0.45 0.96+0.43

−0.31 1.04+0.39
−0.32 1.06+0.42

−0.32 1.06+0.43
−0.31

χ2
GCE 19.3 25.3 25.6 26.0 26.0 26.8 26.7

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

p(BRinv) 0.0 0.90 0.97 0.97 0.97 1.0 1.0

p(LUX) 0.0 0.32 0.62 0.58 0.62 0.84 1.0

p(dwarfs) 0.18 0.16 0.18 0.24 0.22 0.22 0.22

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

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

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

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

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

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

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

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

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

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

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

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

4 Constraints

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

4.1 Higgs invisible width

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

4.2 Direct detection

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

scattering cross section with [22]

σSI =
λ2
hsf

2
N

4π

µ2
rm

2
n

m4
hm

2
s
. (14)

4.3 Indirect detection: dwarf spheroidal galaxies and spectral γ lines

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

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

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

4.4 Relic density

→ Jan, Michael

5 Results and discussion

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

22, 25].

6 Conclusion

→ all

χ2
GCE = 19.3

7

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

mS [GeV] 45.50+5.98
−5.36 61.07+2.65

−1.98 61.55+1.78
−0.85 61.35+1.90

−0.79 61.46+1.87
−0.85 62.70+0.57

−0.18 62.52+0.02
−0.01

λHS 0.17+11.67
−0.09 0.0125+7.31

−0.0125 0.0082+0.317
−0.0082 0.0087+0.312

−0.0087 0.0082+0.315
−0.0082 0.022+0.015

−0.013 0.00029+0.0078
−0.00010

R 0.68+0.32
−0.65 1.0+0.0

−1.0 0.99+0.01
−0.99 1.0+0.0

−1.0 1.0+0.0
−1.0 0.054+0.141

−0.053 0.498+0.502
−0.496

log J/Jnom 0.0+0.44
−0.44 −0.05+0.48

−0.36 0.02+0.42
−0.43 0.22+0.36

−0.35 0.12+0.31
−0.29 0.13+0.30

−0.32 0.13+0.32
−0.31

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

−0.61 1.23+1.7e6
−0.55 0.96+1.3e6

−0.37 1.04+1.3e6
−0.42 359+9.7e5

−327 4.3+1.6e5
−0.9

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

−0.53 1.21+0.68
−0.45 0.96+0.43

−0.31 1.04+0.39
−0.32 1.06+0.42

−0.32 1.06+0.43
−0.31

χ2
GCE 19.3 25.3 25.6 26.0 26.0 26.8 26.7

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

p(BRinv) 0.0 0.90 0.97 0.97 0.97 1.0 1.0

p(LUX) 0.0 0.32 0.62 0.58 0.62 0.84 1.0

p(dwarfs) 0.18 0.16 0.18 0.24 0.22 0.22 0.22

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

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

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

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

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

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

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

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

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

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

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

2 The scalar singlet Higgs portal model

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

L = LSM +
1

2
∂µS∂

µ
S − 1

2
m

2
S,0S

2 − 1

4
λSS

4 − 1

2
λHS S

2
H

†
H . (1)

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

L ⊃ −1

2
m

2
S S

2 − 1

4
λS S

4 − 1

4
λHS h

2
S
2 − 1

4
λHS vhS

2
, (2)

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

field, m2
S
= m

2
S,0 + λHSv

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

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

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

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

†
H is the only

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

2
H

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

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

2
h
2 interactions, see section 3.

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

2
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Figure 5: Results of a fit to the GCE with free parameters mS , λHS , R and log(J40◦/J40◦, nom). The white dot
denotes the best-fit point. The dark-red, red, orange and yellow points lie within the 1, 2, 3 and 4σ region around
the best-fit point, respectively. We take into account the log-likelihood from the GCE only.
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while the possibility to drive inflation through a non-minimal coupling of the scalar to gravity

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

3 The galactic center excess

3.1 The Fermi-LAT observation

Description of the observation. → Alessandro

GCE data from [19].

3.2 Annihilation cross section and photon spectrum

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

a)

S

S

h

γ

γ

∝ vλHS

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

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

a)

S

S

h

SM

SM

∝ vλHS

b)

S

S

S

h

h

∝ (vλHS)
2

c)

S

S

h

h

∝ λHS

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

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

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

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

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

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

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

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

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

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

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

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

dΦ

dΩdE
=

1

2mS

�

FS

dNFS

dE
(σv)FS ·

R2

4π

�

l.o.s

dsρ2 (3)

3

3.5 Fit to the GCE signal

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

4 Constraints

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

4.1 Higgs invisible width

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

4.2 Direct detection

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

scattering cross section with [22]

σSI =
λ2
hsf

2
N

4π

µ2
rm

2
n

m4
hm

2
s
. (14)

4.3 Indirect detection: dwarf spheroidal galaxies and spectral γ lines

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

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

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

4.4 Relic density

→ Jan, Michael

5 Results and discussion

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

22, 25].

6 Conclusion

→ all

χ2
GCE = 19.3

7

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

mS [GeV] 45.50+5.98
−5.36 61.07+2.65

−1.98 61.55+1.78
−0.85 61.35+1.90

−0.79 61.46+1.87
−0.85 62.70+0.57

−0.18 62.52+0.02
−0.01

λHS 0.17+11.67
−0.09 0.0125+7.31

−0.0125 0.0082+0.317
−0.0082 0.0087+0.312

−0.0087 0.0082+0.315
−0.0082 0.022+0.015

−0.013 0.00029+0.0078
−0.00010

R 0.68+0.32
−0.65 1.0+0.0

−1.0 0.99+0.01
−0.99 1.0+0.0

−1.0 1.0+0.0
−1.0 0.054+0.141

−0.053 0.498+0.502
−0.496

log J/Jnom 0.0+0.44
−0.44 −0.05+0.48

−0.36 0.02+0.42
−0.43 0.22+0.36

−0.35 0.12+0.31
−0.29 0.13+0.30

−0.32 0.13+0.32
−0.31

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

−0.61 1.23+1.7e6
−0.55 0.96+1.3e6

−0.37 1.04+1.3e6
−0.42 359+9.7e5

−327 4.3+1.6e5
−0.9

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

−0.53 1.21+0.68
−0.45 0.96+0.43

−0.31 1.04+0.39
−0.32 1.06+0.42

−0.32 1.06+0.43
−0.31

χ2
GCE 19.3 25.3 25.6 26.0 26.0 26.8 26.7

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

p(BRinv) 0.0 0.90 0.97 0.97 0.97 1.0 1.0

p(LUX) 0.0 0.32 0.62 0.58 0.62 0.84 1.0

p(dwarfs) 0.18 0.16 0.18 0.24 0.22 0.22 0.22

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

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

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

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

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

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

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

for more details).
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The resulting spectra per annihilation
�

FS
dNFS
dE

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

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

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

is discussed further in section 3.3.

Reference to Fig. 3.
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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 5: Results of a fit to the GCE with free parameters mS , λHS , R and log(J40◦/J40◦, nom). The white dot
denotes the best-fit point. The dark-red, red, orange and yellow points lie within the 1, 2, 3 and 4σ region around
the best-fit point, respectively. We take into account the log-likelihood from the GCE only.
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while the possibility to drive inflation through a non-minimal coupling of the scalar to gravity

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

3 The galactic center excess

3.1 The Fermi-LAT observation

Description of the observation. → Alessandro

GCE data from [19].

3.2 Annihilation cross section and photon spectrum

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

a)

S

S

h

γ

γ

∝ vλHS

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

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

S

h

SM

SM

∝ vλHS

b)

S

S

S

h

h

∝ (vλHS)
2

c)

S

S

h

h

∝ λHS

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

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

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

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

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

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

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

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

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

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

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

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

dΦ

dΩdE
=

1

2mS

�

FS

dNFS

dE
(σv)FS ·

R2

4π

�

l.o.s

dsρ2 (3)

3

+relic density
 

3.5 Fit to the GCE signal

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

4 Constraints

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

4.1 Higgs invisible width

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

4.2 Direct detection

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

scattering cross section with [22]

σSI =
λ2
hsf

2
N

4π

µ2
rm

2
n

m4
hm

2
s
. (14)

4.3 Indirect detection: dwarf spheroidal galaxies and spectral γ lines

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

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

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

4.4 Relic density

→ Jan, Michael

5 Results and discussion

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

22, 25].

6 Conclusion

→ all

χ2
GCE = 19.3

7

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

mS [GeV] 45.50+5.98
−5.36 61.07+2.65

−1.98 61.55+1.78
−0.85 61.35+1.90
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−0.01
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Table 2: Best fit points and corresponding 1σ error for fits to the GCE only, and including successively constraints from the invisible Higgs branching ratio, direct

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

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

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

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

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

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

3 The galactic center excess

3.1 The Fermi-LAT observation

Description of the observation. → Alessandro

GCE data from [19].

3.2 Annihilation cross section and photon spectrum

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

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

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

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

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

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

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

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

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

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

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

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

Fig. 3 to yield the gamma ray flux of annihilating dark matter:
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=
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3.5 Fit to the GCE signal

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

4 Constraints
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relevant region of parameter space (10GeV � mS � 1TeV). Limits from CMB distortions were
considered in [22].

4.1 Higgs invisible width

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

4.2 Direct detection

→ Jan, Michael
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2
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4.3 Indirect detection: dwarf spheroidal galaxies and spectral γ lines
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variation from r⊙ → just take 100% correlation; use Higgs effective field theory to compute
(σv)γγ (checked against Higgs BR fromHWG).

4.4 Relic density

→ Jan, Michael

5 Results and discussion

→ all
Outlook: mention CTA , only relevant for dar makkter masses above about 100 GeV [44,
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Table 2: Best fit points and corresponding 1σ error for fits to the GCE only, and including successively constraints from the invisible Higgs branching ratio, direct

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

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

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

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

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

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

3 The galactic center excess

3.1 The Fermi-LAT observation

Description of the observation. → Alessandro

GCE data from [19].

3.2 Annihilation cross section and photon spectrum

Dark matter annihilation in the scalar Higgs portal model proceeds through s-channel Higgs,
t-channel scalar exchange, and the S2h2 interactions, see Fig. 2.
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spectrum for two masses. → Jan, Benedikt If photons are not produced directly in the loop

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

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

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

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

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

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

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

Fig. 3 to yield the gamma ray flux of annihilating dark matter:
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Figure 5: Results of a fit to the GCE with free parameters mS , λHS , R and log(J40◦/J40◦, nom). The white dot
denotes the best-fit point. The dark-red, red, orange and yellow points lie within the 1, 2, 3 and 4σ region around
the best-fit point, respectively. We take into account the log-likelihood from the GCE only.
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Figure 4: [Probably we should split it up as the right panel will only be discussed later.]

3.4 WIMP contribution to dark matter

ΩDM, total =
ΩWIMP

R
∝ 1

R �σv�f.o.
(5)

φ ∝ R2�σv�today
R = 1 In this study we allow for the situation that the dark sector is more complicated

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

ρWIMP = R ρtotal . (6)

The annihilation signal today thus scales as φ ∝ R2. We will consider R as a free parameter
in the fit of the GCE signal. As the fit depends on the overall flux and on the spectrum for
mS > mh where both quantities depend on λHS we obtain a non-trivial implication for R from
the fit to the GCE only. [← Maybe the last sentence should go to the discussion]
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Figure 5: Results of a fit to the GCE with free parameters mS , λHS , R and log(J40◦/J40◦, nom). The white dot
denotes the best-fit point. The dark-red, red, orange and yellow points lie within the 1, 2, 3 and 4σ region around
the best-fit point, respectively. We take into account the log-likelihood from the GCE only.

Acknowledgements

We would like to thank Thejs Brinckmann, Michael Korsmeier, ... for helpful discussions. We

acknowledge support by the German Research Foundation DFG through the research unit “New

physics at the LHC”, the Helmholtz Alliance for Astroparticle Physics and the German Federal

Ministry of Education and Research BMBF.

References

[1] G. Bertone, D. Hooper, and J. Silk, Particle dark matter: Evidence, candidates and
constraints. Phys.Rept. 405 (2005) 279–390, arXiv:hep-ph/0404175 [hep-ph].

9

mS [GeV] λHS R = ρWIMP/ρtotal

lo
g
(
J
40

◦
/J

40
◦ ,
n
om

)
R

=
ρ W

IM
P
/ρ

to
ta
l

λ
H
S

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

Acknowledgements

We would like to thank Thejs Brinckmann, Michael Korsmeier, ... for helpful discussions. We

acknowledge support by the German Research Foundation DFG through the research unit “New

physics at the LHC”, the Helmholtz Alliance for Astroparticle Physics and the German Federal

Ministry of Education and Research BMBF.

References

[1] G. Bertone, D. Hooper, and J. Silk, Particle dark matter: Evidence, candidates and
constraints. Phys.Rept. 405 (2005) 279–390, arXiv:hep-ph/0404175 [hep-ph].

9

mS [GeV] λHS R = ρWIMP/ρtotal

lo
g
(
J
40

◦
/J

40
◦ ,
n
om

)
R

=
ρ W

IM
P
/ρ

to
ta
l

λ
H
S

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

Acknowledgements

We would like to thank Thejs Brinckmann, Michael Korsmeier, ... for helpful discussions. We

acknowledge support by the German Research Foundation DFG through the research unit “New

physics at the LHC”, the Helmholtz Alliance for Astroparticle Physics and the German Federal

Ministry of Education and Research BMBF.

References

[1] G. Bertone, D. Hooper, and J. Silk, Particle dark matter: Evidence, candidates and
constraints. Phys.Rept. 405 (2005) 279–390, arXiv:hep-ph/0404175 [hep-ph].

9

mS [GeV] λHS R = ρWIMP/ρtotal

lo
g
(
J
40

◦
/J

40
◦ ,
n
om

)
R

=
ρ W

IM
P
/ρ

to
ta
l

λ
H
S

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

Acknowledgements

We would like to thank Thejs Brinckmann, Michael Korsmeier, ... for helpful discussions. We

acknowledge support by the German Research Foundation DFG through the research unit “New

physics at the LHC”, the Helmholtz Alliance for Astroparticle Physics and the German Federal

Ministry of Education and Research BMBF.

References

[1] G. Bertone, D. Hooper, and J. Silk, Particle dark matter: Evidence, candidates and
constraints. Phys.Rept. 405 (2005) 279–390, arXiv:hep-ph/0404175 [hep-ph].

9

mS [GeV] λHS R = ρWIMP/ρtotal

lo
g
(
J
40

◦
/J

40
◦ ,
n
om

)
R

=
ρ W

IM
P
/ρ

to
ta
l

λ
H
S

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

Acknowledgements

We would like to thank Thejs Brinckmann, Michael Korsmeier, ... for helpful discussions. We

acknowledge support by the German Research Foundation DFG through the research unit “New

physics at the LHC”, the Helmholtz Alliance for Astroparticle Physics and the German Federal

Ministry of Education and Research BMBF.

References

[1] G. Bertone, D. Hooper, and J. Silk, Particle dark matter: Evidence, candidates and
constraints. Phys.Rept. 405 (2005) 279–390, arXiv:hep-ph/0404175 [hep-ph].

9

mS [GeV] λHS R = ρWIMP/ρtotal

lo
g
(
J
4
0
◦
/J

4
0
◦ ,
n
o
m
)

R
=

ρ W
IM

P
/ρ

to
ta
l

λ
H
S

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

Acknowledgements

We would like to thank Thejs Brinckmann, Michael Korsmeier, ... for helpful discussions. We

acknowledge support by the German Research Foundation DFG through the research unit “New

physics at the LHC”, the Helmholtz Alliance for Astroparticle Physics and the German Federal

Ministry of Education and Research BMBF.

References

[1] G. Bertone, D. Hooper, and J. Silk, Particle dark matter: Evidence, candidates and
constraints. Phys.Rept. 405 (2005) 279–390, arXiv:hep-ph/0404175 [hep-ph].

9

mS [GeV] λHS R = ρWIMP/ρtotal

lo
g
(
J
40

◦
/J

40
◦ ,
n
om

)
R

=
ρ W

IM
P
/ρ

to
ta
l

λ
H
S

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

Acknowledgements

We would like to thank Thejs Brinckmann, Michael Korsmeier, ... for helpful discussions. We

acknowledge support by the German Research Foundation DFG through the research unit “New

physics at the LHC”, the Helmholtz Alliance for Astroparticle Physics and the German Federal

Ministry of Education and Research BMBF.

References

[1] G. Bertone, D. Hooper, and J. Silk, Particle dark matter: Evidence, candidates and
constraints. Phys.Rept. 405 (2005) 279–390, arXiv:hep-ph/0404175 [hep-ph].

9

mS [GeV] λHS R = ρWIMP/ρtotal

lo
g
(
J
40

◦
/J

40
◦ ,
n
om

)
R

=
ρ W

IM
P
/ρ

to
ta
l

λ
H
S

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

Acknowledgements

We would like to thank Thejs Brinckmann, Michael Korsmeier, ... for helpful discussions. We

acknowledge support by the German Research Foundation DFG through the research unit “New

physics at the LHC”, the Helmholtz Alliance for Astroparticle Physics and the German Federal

Ministry of Education and Research BMBF.

References

[1] G. Bertone, D. Hooper, and J. Silk, Particle dark matter: Evidence, candidates and
constraints. Phys.Rept. 405 (2005) 279–390, arXiv:hep-ph/0404175 [hep-ph].

9

mS [GeV] λHS R = ρWIMP/ρtotal

lo
g
(
J 4

0◦
/J

40
◦ ,
n
om

)
R

=
ρ W

IM
P
/ρ

to
ta
l

λ
H
S

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

Acknowledgements

We would like to thank Thejs Brinckmann, Michael Korsmeier, ... for helpful discussions. We

acknowledge support by the German Research Foundation DFG through the research unit “New

physics at the LHC”, the Helmholtz Alliance for Astroparticle Physics and the German Federal

Ministry of Education and Research BMBF.

References

[1] G. Bertone, D. Hooper, and J. Silk, Particle dark matter: Evidence, candidates and
constraints. Phys.Rept. 405 (2005) 279–390, arXiv:hep-ph/0404175 [hep-ph].

9

mS [GeV] λHS R = ρWIMP/ρtotal

lo
g
(
J 4

0◦
/J

40
◦ ,
n
om

)
R

=
ρ W

IM
P
/ρ

to
ta
l

λ
H
S

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

Acknowledgements

We would like to thank Thejs Brinckmann, Michael Korsmeier, ... for helpful discussions. We

acknowledge support by the German Research Foundation DFG through the research unit “New

physics at the LHC”, the Helmholtz Alliance for Astroparticle Physics and the German Federal

Ministry of Education and Research BMBF.

References

[1] G. Bertone, D. Hooper, and J. Silk, Particle dark matter: Evidence, candidates and
constraints. Phys.Rept. 405 (2005) 279–390, arXiv:hep-ph/0404175 [hep-ph].

9

mS [GeV] λHS R = ρWIMP/ρtotal

lo
g
(
J
40

◦
/J

40
◦ ,
n
om

)
R

=
ρ W

IM
P
/ρ

to
ta
l

λ
H
S

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

Acknowledgements

We would like to thank Thejs Brinckmann, Michael Korsmeier, ... for helpful discussions. We

acknowledge support by the German Research Foundation DFG through the research unit “New

physics at the LHC”, the Helmholtz Alliance for Astroparticle Physics and the German Federal

Ministry of Education and Research BMBF.

References

[1] G. Bertone, D. Hooper, and J. Silk, Particle dark matter: Evidence, candidates and
constraints. Phys.Rept. 405 (2005) 279–390, arXiv:hep-ph/0404175 [hep-ph].

9

Jan Heisig (RWTH Aachen University)                                   17                                      Fit(s) for LHC Run-2, Oct 10, 2016



▪ Large velocity dependence around Higgs resonance

▪ 
▪ annihilation today:                  , freeze-out:

GCE+BRinv+LUX+dwarfs+   -lines
 

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

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

3 The galactic center excess

3.1 The Fermi-LAT observation

Description of the observation. → Alessandro

GCE data from [19].

3.2 Annihilation cross section and photon spectrum

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

a)

S

S

h

γ

γ

∝ vλHS

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

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

a)

S

S

h

SM

SM

∝ vλHS

b)

S

S

S

h

h

∝ (vλHS)
2

c)

S

S

h

h

∝ λHS

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

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

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

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

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

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

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

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

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

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

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

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

dΦ

dΩdE
=

1

2mS

�

FS

dNFS

dE
(σv)FS ·

R2

4π

�

l.o.s

dsρ2 (3)

3

+relic density
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3.4 WIMP contribution to dark matter

ΩDM, total =
ΩWIMP

R
∝ 1

R �σv�f.o.
(5)

φ ∝ R2�σv�today
R = 1 In this study we allow for the situation that the dark sector is more complicated

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

ρWIMP = R ρtotal . (6)

The annihilation signal today thus scales as φ ∝ R2. We will consider R as a free parameter
in the fit of the GCE signal. As the fit depends on the overall flux and on the spectrum for
mS > mh where both quantities depend on λHS we obtain a non-trivial implication for R from
the fit to the GCE only. [← Maybe the last sentence should go to the discussion]
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denotes the best-fit point. The dark-red, red, orange and yellow points lie within the 1, 2, 3 and 4σ region around
the best-fit point, respectively. We take into account the log-likelihood from the GCE only.
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▪ Large velocity dependence around Higgs resonance

▪ 
▪ annihilation today:                  , freeze-out:

GCE+BRinv+LUX+dwarfs+   -lines
 

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

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

3 The galactic center excess

3.1 The Fermi-LAT observation

Description of the observation. → Alessandro

GCE data from [19].

3.2 Annihilation cross section and photon spectrum

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

a)

S

S

h

γ

γ

∝ vλHS

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

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

a)

S

S

h

SM

SM

∝ vλHS

b)

S

S

S

h

h

∝ (vλHS)
2

c)

S

S

h

h

∝ λHS

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

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

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

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

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

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

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

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

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

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

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

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

dΦ

dΩdE
=

1

2mS

�

FS

dNFS

dE
(σv)FS ·

R2

4π

�

l.o.s

dsρ2 (3)

3

+relic density
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3.4 WIMP contribution to dark matter

ΩDM, total =
ΩWIMP

R
∝ 1

R �σv�f.o.
(5)

φ ∝ R2�σv�today
R = 1 In this study we allow for the situation that the dark sector is more complicated

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

ρWIMP = R ρtotal . (6)

The annihilation signal today thus scales as φ ∝ R2. We will consider R as a free parameter
in the fit of the GCE signal. As the fit depends on the overall flux and on the spectrum for
mS > mh where both quantities depend on λHS we obtain a non-trivial implication for R from
the fit to the GCE only. [← Maybe the last sentence should go to the discussion]
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while the possibility to drive inflation through a non-minimal coupling of the scalar to gravity

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

3 The galactic center excess

3.1 The Fermi-LAT observation

Description of the observation. → Alessandro

GCE data from [19].

3.2 Annihilation cross section and photon spectrum

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

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

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

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

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

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

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

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

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

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

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

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

Fig. 3 to yield the gamma ray flux of annihilating dark matter:
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Figure 5: Results of a fit to the GCE with free parameters mS , λHS , R and log(J40◦/J40◦, nom). The white dot
denotes the best-fit point. The dark-red, red, orange and yellow points lie within the 1, 2, 3 and 4σ region around
the best-fit point, respectively. We take into account the log-likelihood from the GCE only.
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3.4 WIMP contribution to dark matter

ΩDM, total =
ΩWIMP

R
∝ 1

R �σv�f.o.
(5)

φ ∝ R2�σv�today
R = 1 In this study we allow for the situation that the dark sector is more complicated

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

ρWIMP = R ρtotal . (6)

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

[I think the original text I wrote regarding the R-factor (following text) contains some more
useful aspects but it rather touches the interplay between relic density constraints and GCE
and should therefore probably be located after we introduced the relic density constrain. Maybe
in the results and discussion section.] [The requirement that the WIMP relic density from
thermal freeze-out matches the measured DM density imposes a very strong constraints on the
model parameter only allowing for a thin hypersurface in parameter space. There are usually
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two situations considered that relax this constraint. The first situation is that we have a non-

standard cosmological history containing out-of-equilibrium process like a late decay of a heavier

particle. This could lead to both an increase or a decrease of the WIMP relic density depending

on whether the heavier particle decays into the WIMP or into SM particles (producing entropy

and hence decreasing the WIMP yield). If we do not specify the physics of these processes

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

completely. The second situation is that the dark sector is more complicated than containing

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

as axions). Then the thermal relic density of the WIMP has to be smaller than the measured

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

R =
(Ωh2)WIMP

(Ωh2)DM, total
. (7)

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

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

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

scales like

φ ∝ R2�σv� , (8)

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

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

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

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

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

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

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

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

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

ΩWIMP ∝ 1

�σv� ∝ 1

λ2
, (9)

hence the total DM density in our model scales like

ΩDM, total =
ΩWIMP

R
∝ 1

R �σv�f.o.
∝ 1

Rλ2
(10)

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

scales like

φ ∝ R2λ2 . (11)

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

R ∝ 1

λ2
, (12)

and hence

φ ∝ R2λ2 ∝ 1

λ2
. (13)

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

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

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

the GCE flux.]
Ωrelic = ΩCDM,Planck

ΩDM, total = ΩCDM,Planck

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

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

3 The galactic center excess

3.1 The Fermi-LAT observation

Description of the observation. → Alessandro

GCE data from [19].

3.2 Annihilation cross section and photon spectrum

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

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

only processes of type a) are present. Above the hh threshold all three diagrams contribute.
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supressed process SS → h → γγ , they are generated at all steps in the hadronization and decay

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

photons stem from the decay of π0
-states originating from the cascade.
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The resulting γ-ray spectra are generated with the PYTHIA [38] event generator (version

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

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

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

ΩDM, total =
ΩWIMP
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R �σv�f.o.
(5)

φ ∝ R2�σv�today
R = 1 In this study we allow for the situation that the dark sector is more complicated

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

ρWIMP = R ρtotal . (6)

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

[I think the original text I wrote regarding the R-factor (following text) contains some more
useful aspects but it rather touches the interplay between relic density constraints and GCE
and should therefore probably be located after we introduced the relic density constrain. Maybe
in the results and discussion section.] [The requirement that the WIMP relic density from
thermal freeze-out matches the measured DM density imposes a very strong constraints on the
model parameter only allowing for a thin hypersurface in parameter space. There are usually
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two situations considered that relax this constraint. The first situation is that we have a non-

standard cosmological history containing out-of-equilibrium process like a late decay of a heavier

particle. This could lead to both an increase or a decrease of the WIMP relic density depending

on whether the heavier particle decays into the WIMP or into SM particles (producing entropy

and hence decreasing the WIMP yield). If we do not specify the physics of these processes

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

completely. The second situation is that the dark sector is more complicated than containing

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

as axions). Then the thermal relic density of the WIMP has to be smaller than the measured

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

R =
(Ωh2)WIMP

(Ωh2)DM, total
. (7)

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

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

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

scales like

φ ∝ R2�σv� , (8)

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

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

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

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

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

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

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

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

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

ΩWIMP ∝ 1

�σv� ∝ 1

λ2
, (9)

hence the total DM density in our model scales like

ΩDM, total =
ΩWIMP

R
∝ 1

R �σv�f.o.
∝ 1

Rλ2
(10)

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

scales like

φ ∝ R2λ2 . (11)

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

R ∝ 1

λ2
, (12)

and hence

φ ∝ R2λ2 ∝ 1

λ2
. (13)

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

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

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

the GCE flux.]
Ωrelic = ΩCDM,Planck

ΩDM, total = ΩCDM,Planck

R < 1
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GCE+BRinv+LUX+dwarfs+   -lines
 

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

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

3 The galactic center excess

3.1 The Fermi-LAT observation

Description of the observation. → Alessandro

GCE data from [19].

3.2 Annihilation cross section and photon spectrum

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

a)

S

S

h

γ

γ

∝ vλHS

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

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

a)

S

S

h

SM

SM

∝ vλHS

b)

S

S

S

h

h

∝ (vλHS)
2

c)

S

S

h

h

∝ λHS

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

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

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

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

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

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

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

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

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

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

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

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

dΦ

dΩdE
=

1

2mS

�

FS

dNFS

dE
(σv)FS ·

R2

4π

�

l.o.s

dsρ2 (3)

3

+relic density
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(5)

φ ∝ R2�σv�today
R = 1 In this study we allow for the situation that the dark sector is more complicated

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

ρWIMP = R ρtotal . (6)

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

[I think the original text I wrote regarding the R-factor (following text) contains some more
useful aspects but it rather touches the interplay between relic density constraints and GCE
and should therefore probably be located after we introduced the relic density constrain. Maybe
in the results and discussion section.] [The requirement that the WIMP relic density from
thermal freeze-out matches the measured DM density imposes a very strong constraints on the
model parameter only allowing for a thin hypersurface in parameter space. There are usually
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3.4 WIMP contribution to dark matter
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ΩWIMP
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R �σv�f.o.
(5)

φ ∝ R2�σv�today
R = 1 In this study we allow for the situation that the dark sector is more complicated

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

ρWIMP = R ρtotal . (6)

The annihilation signal today thus scales as φ ∝ R2. We will consider R as a free parameter
in the fit of the GCE signal. As the fit depends on the overall flux and on the spectrum for
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two situations considered that relax this constraint. The first situation is that we have a non-

standard cosmological history containing out-of-equilibrium process like a late decay of a heavier

particle. This could lead to both an increase or a decrease of the WIMP relic density depending

on whether the heavier particle decays into the WIMP or into SM particles (producing entropy

and hence decreasing the WIMP yield). If we do not specify the physics of these processes

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

completely. The second situation is that the dark sector is more complicated than containing

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

as axions). Then the thermal relic density of the WIMP has to be smaller than the measured

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

R =
(Ωh2)WIMP

(Ωh2)DM, total
. (7)

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

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

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

scales like

φ ∝ R2�σv� , (8)

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

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

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

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

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

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

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

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

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

ΩWIMP ∝ 1

�σv� ∝ 1

λ2
, (9)

hence the total DM density in our model scales like

ΩDM, total =
ΩWIMP

R
∝ 1

R �σv�f.o.
∝ 1

Rλ2
(10)

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

scales like

φ ∝ R2λ2 . (11)

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

R ∝ 1

λ2
, (12)

and hence

φ ∝ R2λ2 ∝ 1

λ2
. (13)

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

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

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

the GCE flux.]
Ωrelic = ΩCDM,Planck

ΩDM, total = ΩCDM,Planck

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

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

3 The galactic center excess

3.1 The Fermi-LAT observation

Description of the observation. → Alessandro

GCE data from [19].

3.2 Annihilation cross section and photon spectrum

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

a)

S

S

h

γ

γ

∝ vλHS

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

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

a)

S

S

h

SM

SM

∝ vλHS

b)

S

S

S

h

h

∝ (vλHS)
2

c)

S

S

h

h

∝ λHS

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

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

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

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

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

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

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

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

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

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

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

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

dΦ

dΩdE
=

1

2mS

�

FS

dNFS

dE
(σv)FS ·

R2

4π

�

l.o.s

dsρ2 (3)

3

+relic density
 

▪ For          :

 ! Relic density:

 ! GCE flux:

χ2
GCE = 28.3 , −2 logLfit = 28.8

ξ = ln(J̄/J̄nom)

W±, t, b, ...

3.3 Dark matter density profile and uncertainties

Our treatment of the J-factor. → Benedikt, Alessandro
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3.4 WIMP contribution to dark matter
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ΩWIMP
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(5)

φ ∝ R2�σv�today
R = 1 In this study we allow for the situation that the dark sector is more complicated

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

ρWIMP = R ρtotal . (6)

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

[I think the original text I wrote regarding the R-factor (following text) contains some more
useful aspects but it rather touches the interplay between relic density constraints and GCE
and should therefore probably be located after we introduced the relic density constrain. Maybe
in the results and discussion section.] [The requirement that the WIMP relic density from
thermal freeze-out matches the measured DM density imposes a very strong constraints on the
model parameter only allowing for a thin hypersurface in parameter space. There are usually
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two situations considered that relax this constraint. The first situation is that we have a non-

standard cosmological history containing out-of-equilibrium process like a late decay of a heavier

particle. This could lead to both an increase or a decrease of the WIMP relic density depending

on whether the heavier particle decays into the WIMP or into SM particles (producing entropy

and hence decreasing the WIMP yield). If we do not specify the physics of these processes

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

completely. The second situation is that the dark sector is more complicated than containing

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

as axions). Then the thermal relic density of the WIMP has to be smaller than the measured

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

R =
(Ωh2)WIMP

(Ωh2)DM, total
. (7)

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

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

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

scales like

φ ∝ R2�σv� , (8)

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

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

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

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

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

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

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

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

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

ΩWIMP ∝ 1

�σv� ∝ 1

λ2
, (9)

hence the total DM density in our model scales like

ΩDM, total =
ΩWIMP

R
∝ 1

R �σv�f.o.
∝ 1

Rλ2
(10)

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

scales like

φ ∝ R2λ2 . (11)

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

R ∝ 1

λ2
, (12)

and hence

φ ∝ R2λ2 ∝ 1

λ2
. (13)

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

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

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

the GCE flux.]
Ωrelic = ΩCDM,Planck

ΩDM, total = ΩCDM,Planck

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

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

3 The galactic center excess

3.1 The Fermi-LAT observation

Description of the observation. → Alessandro

GCE data from [19].

3.2 Annihilation cross section and photon spectrum

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

a)

S

S

h

γ

γ

∝ vλHS

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

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

a)

S

S

h

SM

SM

∝ vλHS

b)

S

S

S

h

h

∝ (vλHS)
2

c)

S

S

h

h

∝ λHS

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

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

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

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

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

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

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

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

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

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

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

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

dΦ

dΩdE
=

1

2mS

�

FS

dNFS

dE
(σv)FS ·

R2

4π

�

l.o.s

dsρ2 (3)

3

+relic density
 

▪ For          :

 ! Relic density:

 ! GCE flux:

χ2
GCE = 28.3 , −2 logLfit = 28.8

ξ = ln(J̄/J̄nom)

W±, t, b, ...

3.3 Dark matter density profile and uncertainties

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

3.4 WIMP contribution to dark matter

ΩDM, total =
ΩWIMP

R
∝ 1

R �σv�f.o.
(5)

φ ∝ R2�σv�today
R = 1 In this study we allow for the situation that the dark sector is more complicated

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

ρWIMP = R ρtotal . (6)

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

[I think the original text I wrote regarding the R-factor (following text) contains some more
useful aspects but it rather touches the interplay between relic density constraints and GCE
and should therefore probably be located after we introduced the relic density constrain. Maybe
in the results and discussion section.] [The requirement that the WIMP relic density from
thermal freeze-out matches the measured DM density imposes a very strong constraints on the
model parameter only allowing for a thin hypersurface in parameter space. There are usually
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two situations considered that relax this constraint. The first situation is that we have a non-

standard cosmological history containing out-of-equilibrium process like a late decay of a heavier

particle. This could lead to both an increase or a decrease of the WIMP relic density depending

on whether the heavier particle decays into the WIMP or into SM particles (producing entropy

and hence decreasing the WIMP yield). If we do not specify the physics of these processes

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

completely. The second situation is that the dark sector is more complicated than containing

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

as axions). Then the thermal relic density of the WIMP has to be smaller than the measured

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

R =
(Ωh2)WIMP

(Ωh2)DM, total
. (7)

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

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

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

scales like

φ ∝ R2�σv� , (8)

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

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

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

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

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

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

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

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

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

ΩWIMP ∝ 1

�σv� ∝ 1

λ2
, (9)

hence the total DM density in our model scales like

ΩDM, total =
ΩWIMP

R
∝ 1

R �σv�f.o.
∝ 1

Rλ2
(10)

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

scales like

φ ∝ R2λ2 . (11)

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

R ∝ 1

λ2
, (12)

and hence

φ ∝ R2λ2 ∝ 1

λ2
. (13)

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

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

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

the GCE flux.]
Ωrelic = ΩCDM,Planck

ΩDM, total = ΩCDM,Planck

R < 1

6
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R = 0.01

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

    ▪ Consistent fit with per mille WIMP fraction!

GCE+BRinv+LUX+dwarfs+   -lines
 

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

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

3 The galactic center excess

3.1 The Fermi-LAT observation

Description of the observation. → Alessandro

GCE data from [19].

3.2 Annihilation cross section and photon spectrum

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

a)

S

S

h

γ

γ

∝ vλHS

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

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

a)

S

S

h

SM

SM

∝ vλHS

b)

S

S

S

h

h

∝ (vλHS)
2

c)

S

S

h

h

∝ λHS

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

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

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

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

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

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

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

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

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

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

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

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

dΦ

dΩdE
=

1

2mS

�

FS

dNFS

dE
(σv)FS ·

R2

4π

�

l.o.s

dsρ2 (3)

3

+relic density
 

▪ For          :

 ! Relic density:

 ! GCE flux:

χ2
GCE = 28.3 , −2 logLfit = 28.8

ξ = ln(J̄/J̄nom)

W±, t, b, ...

3.3 Dark matter density profile and uncertainties

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

µ = 0.0144901

σ = 0.426307

40◦ × 40◦ Lognormal(x;µ, σ)

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

3.4 WIMP contribution to dark matter

ΩDM, total =
ΩWIMP

R
∝ 1

R �σv�f.o.
(5)

φ ∝ R2�σv�today
R = 1 In this study we allow for the situation that the dark sector is more complicated

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

ρWIMP = R ρtotal . (6)

The annihilation signal today thus scales as φ ∝ R2. We will consider R as a free parameter
in the fit of the GCE signal. As the fit depends on the overall flux and on the spectrum for
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the best-fit point, respectively. We take into account the log-likelihood from the GCE only.
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two situations considered that relax this constraint. The first situation is that we have a non-

standard cosmological history containing out-of-equilibrium process like a late decay of a heavier

particle. This could lead to both an increase or a decrease of the WIMP relic density depending

on whether the heavier particle decays into the WIMP or into SM particles (producing entropy

and hence decreasing the WIMP yield). If we do not specify the physics of these processes

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

completely. The second situation is that the dark sector is more complicated than containing

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

as axions). Then the thermal relic density of the WIMP has to be smaller than the measured

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

R =
(Ωh2)WIMP

(Ωh2)DM, total
. (7)

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

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

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

scales like

φ ∝ R2�σv� , (8)

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

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

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

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

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

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

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

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

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

ΩWIMP ∝ 1

�σv� ∝ 1

λ2
, (9)

hence the total DM density in our model scales like

ΩDM, total =
ΩWIMP

R
∝ 1

R �σv�f.o.
∝ 1

Rλ2
(10)

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

scales like

φ ∝ R2λ2 . (11)

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

R ∝ 1

λ2
, (12)

and hence

φ ∝ R2λ2 ∝ 1

λ2
. (13)

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

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

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

the GCE flux.]
Ωrelic = ΩCDM,Planck

ΩDM, total = ΩCDM,Planck

R < 1
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3.3 The Higgs Portal in E/T + tt̄ associated production

Finally, we consider the sensitivity of searches for the Higgs Portal in the tt̄ + E/T channel.

This channel sets a promising limit on invisible Higgs decays at
√
s = 8 TeV [18], suggesting

it may potentially be interesting in future Higgs Portal searches at the LHC and beyond.

The dominant backgrounds in this channel are expected to be tt̄+jets and W+jets. To

improve statistics, we separately simulate semi-leptonic and di-leptonic decays for the tt̄

background matched up to two additional jets, while we simulate leptonic Wjj matched up

to two additional jets. To extract the sensitivity in this channel, we first apply the following

requirements:

njet ≥ 4 |ηj1,2,3,4 | < 2.4 E/T > 300 GeV (3.7)

In addition, we require exactly one isolated e±/µ±
with

P �
T > 10 GeV

and at least one b-tag among the leading four jets. We also require that the transverse mass

between the lepton and E/T is constrained to mT > 200 GeV and that MW
T2 > 200GeV [70].

4 Results and Discussion
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Figure 6: Left: 95% exclusion reach in all three channels at
√
s = 14 TeV determined from

S/
√
S +B = 1.96, neglecting systematic errors. Right: 5σ discovery reach in the VBF and

monojet channels at
√
s = 14 TeV determined from S/

√
B = 5, again neglecting systematic

errors.

We have performed a simple cut and count analysis following the cut flows for the searches

outlined in Sections 3.1, 3.2, and 3.3. For
√
s = 14 TeV we assume an integrated luminosity
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√
s = 14 TeV, 3 ab−1

√

Figure 9: Left: Approximate 95% exclusion reach from the combination of VBF, ggH

and tt̄H channels with 3 ab
−1

at
√
s = 14 and 3, 30 ab

−1
at

√
s = 100 TeV determined

from S/
√
B = 1.96, neglecting systematic errors and correlations between channels. Right:

Approximate 5σ discovery reach from the same combination at
√
s = 14, 100 TeV.

of 3 ab
−1

. For
√
s = 100 TeV we consider scenarios with 3 ab

−1
and 30 ab

−1
, respectively.

We compute the significance of a search in terms of signal events S and background events

B passing cuts as

Exclusion Sign. =
S√

S +B
Discovery Sign. =

S√
B

(4.1)

neglecting systematic uncertainties in the signal and background estimates. In principle,

systematic uncertainties in background determination could have a substantial impact at√
s = 100 TeV since S/B is quite small. However, in practice one expects data-driven deter-

mination of Z+jets and other backgrounds to substantially lower systematic uncertainties by

the 100 TeV era.

Results for the exclusion and discovery reach of the VBF, monojet, and tt̄ searches at√
s = 14 TeV are presented in Fig. 6. For the VBF channel at 14 TeV, our preliminary study of

pileup effects indicates that S/
√
B is reduced approximately by a factor of 2− 3 for �N�PU ∼

100. This may potentially be mitigated through the use of next-generation jet-grooming

algorithms (see for example [71–73]). As expected, all three channels improve significantly

over the
√
s = 8 TeV VBF reach, while the VBF channel substantially outperforms the

monojet and tt̄ channels at
√
s = 14 TeV.

The corresponding results for VBF, monojet, and tt̄ searches at
√
s = 100 TeV are pre-

sented in Figs. 7 and 8 for the 3 ab
−1

and 30 ab
−1

scenarios, respectively. Here we do not

include pileup estimates, as the operating parameters and efficacy of jet-grooming algorithms

are entirely unknown. The reach of the VBF search is in fairly good agreement with the

simplified analysis in [17], with a modest reduction in sensitivity due to the additional back-
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the best-fit point, respectively. We take into account the log-likelihood from the GCE only.
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Figure 10: Combined reach of direct searches in VBF, ggH and tt̄H channels at
√
s = 100

TeV for 3 ab
−1

(left) and 30 ab
−1

(right) compared to select parameter spaces for motivated

Higgs Portal scenarios. In each plot the red lines denotes the 1σ exclusion, 2σ exclusion, and

5σ discovery reach from direct searches at
√
s = 100 TeV. The region to the left of the green

line denotes the LUX exclusion for Higgs Portal dark matter with thermal abundance given

by cφ,mφ. The region to the left of the dark blue line denotes the possible parameter space

for two-step baryogenesis, while the region between the light blue and dark blue lines denotes

the possible parameter space for one-step baryogenesis (defined by vc/Tc ≥ 0.6). The purple

line denotes the 2σ contour for δσZh at a future e
+
e
−

circular collider such as TLEP. The

dashed gray line denotes the effective coupling of six complex scalar top partners.

of the weak scale on the order of 30% from the neutral top partners alone [54], and in com-

plete models with neutral top partners the fine-tuning is expected to be considerably worse.

Considering that this scenario represents the worst-case scenario for electroweak naturalness

(from the perspective of collider signatures), pushing naturalness to the 30% level in this case

represents an impressive achievement.

Finally, we can compare the combined reach at 100 TeV to the sensitivity of indirect

probes of the Higgs Portal via shifts in the Zh production cross section. The leading order

shift due to (1.1) is [19, 20]

δσZh =
|cφ|2

8π2

v
2

m
2
h

�
1 +

1

4
�

τφ(τφ − 1)
log

�
1− 2τφ − 2

�
τφ(τφ − 1)

1− 2τφ + 2
�

τφ(τφ − 1)

��
(4.2)

where τφ = m
2
h/4m

2
φ and δσZh = (σZh − σSM

Zh )/σ
SM
Zh . In Fig. 10 we compare the 2σ reach at a

future e+e− machine such as CEPC/TLEP to the 2σ exclusion reach and 5σ discovery reach

at a 100 TeV pp machine, with an eye towards determining whether observed deviations in

the Zh cross section may lead to the discovery of new singlet states. We use the Snowmass

projections for TLEP sensitivity at
√
s = 240 GeV [21]. The 2σ exclusion reach of a 100 TeV
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3.3 The Higgs Portal in E/T + tt̄ associated production

Finally, we consider the sensitivity of searches for the Higgs Portal in the tt̄ + E/T channel.

This channel sets a promising limit on invisible Higgs decays at
√
s = 8 TeV [18], suggesting

it may potentially be interesting in future Higgs Portal searches at the LHC and beyond.

The dominant backgrounds in this channel are expected to be tt̄+jets and W+jets. To

improve statistics, we separately simulate semi-leptonic and di-leptonic decays for the tt̄

background matched up to two additional jets, while we simulate leptonic Wjj matched up

to two additional jets. To extract the sensitivity in this channel, we first apply the following

requirements:

njet ≥ 4 |ηj1,2,3,4 | < 2.4 E/T > 300 GeV (3.7)

In addition, we require exactly one isolated e±/µ±
with

P �
T > 10 GeV

and at least one b-tag among the leading four jets. We also require that the transverse mass

between the lepton and E/T is constrained to mT > 200 GeV and that MW
T2 > 200GeV [70].

4 Results and Discussion

Figure 6: Left: 95% exclusion reach in all three channels at
√
s = 14 TeV determined from

S/
√
S +B = 1.96, neglecting systematic errors. Right: 5σ discovery reach in the VBF and

monojet channels at
√
s = 14 TeV determined from S/

√
B = 5, again neglecting systematic

errors.

We have performed a simple cut and count analysis following the cut flows for the searches

outlined in Sections 3.1, 3.2, and 3.3. For
√
s = 14 TeV we assume an integrated luminosity

– 14 –

In this paper we seek to determine the prospects for exclusion or discovery of φ at the

LHC and future colliders when mφ > mh/2. For simplicity we focus on
√
s = 14 TeV at

the LHC and
√
s = 100 TeV at a future pp collider; the sensitivity at lepton colliders was

studied extensively in [14]. Although the possibility of probing Higgs Portal states via an

off-shell Higgs was identified even before Higgs discovery [8, 10], collider studies to date have

been somewhat limited. In [15] the state of existing limits was established by reinterpretation

of LHC searches for invisible Higgs decays at
√
s = 8 TeV in terms of vector boson fusion,

gluon associated production, and Z associated production via an off-shell Higgs, along with

limited projections for
√
s = 14 TeV. Sensitivity to the novel H-Higgsstrahlung mode has

been studied at
√
s = 8 & 14 TeV [16], while sensitivity at

√
s = 100 TeV has been broached

in a limited study of vector boson fusion production [17]. Further study at
√
s = 14 & 100

TeV is strongly motivated, both to help optimize future searches at the LHC and to establish

the physics case for a future hadron collider.

The most promising channel at pp colliders is vector boson fusion (VBF) production of φ

pairs via an off-shell Higgs boson, leading to a signal with two forward jets and missing energy.

Ancillary channels sensitive to the missing energy signal include gluon fusion production (ggH)

with an associated jet, tt̄ associated production (ttH), Z-Higgsstrahlung (ZH), and the novel

H-Higgsstrahlung (HH) channel giving rise to mono-Higgs plus missing energy [16]. Each

has relative virtues. The cross section for ggH production is largest at
√
s = 14, 100 TeV but

the additional jet requirement and kinematic separation of signal from background reduces

signal significance. The ttH cross section is significantly smaller but grows substantially at

100 TeV, and the tt̄ + E/T final state has already proven sensitive to invisible decays of the

Higgs boson at 8 TeV [18]. The cross section for ZH production is among the smallest of

the modes and not well separated from the Z + νν backgrounds, rendering it less promising.

The h + E/T signature of HH production is particularly interesting, as it directly probes the

Higgs Portal interaction, but preliminary study at
√
s = 8, 14 TeV [16] suggests far less

sensitivity than the VBF mode [15].3 Consequently, the balance of production cross section

and background separation provided by VBF render it the most promising of the channels, but

for completeness in this work we will consider the prospects of VBF, ggH, and ttH searches

at
√
s = 14 and 100 TeV.

Note there is also a complementary, indirect means of probing this scenario through its

impact on precision Higgs coupling measurements. The interaction (1.1) leads to shifts in the

Higgs-Z coupling relative to the Standard Model that may be probed through measurements

of the Zh production cross section at future e
+
e
− colliders [19, 20]. Precision on δσZh is ex-

pected to approach the level of ∼ 0.32% at 1σ at circular e+e− colliders such as CEPC/TLEP

[21]. A particularly interesting question is whether significant deviations in σZh at an e
+
e
−

collider may be followed by conclusive evidence for (1.1) at a future pp collider.

Our paper is organized as follows: We begin in Section 2 by reviewing three motivated

3
The interpretation of [16] for cφ > 1,mφ � v is also unclear, as in this regime the mono-Higgs final state

accumulates comparable contributions from both single and double insertions of the Higgs Portal interaction.
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√
s = 8 TeV [18], suggesting

it may potentially be interesting in future Higgs Portal searches at the LHC and beyond.

The dominant backgrounds in this channel are expected to be tt̄+jets and W+jets. To

improve statistics, we separately simulate semi-leptonic and di-leptonic decays for the tt̄

background matched up to two additional jets, while we simulate leptonic Wjj matched up

to two additional jets. To extract the sensitivity in this channel, we first apply the following

requirements:

njet ≥ 4 |ηj1,2,3,4 | < 2.4 E/T > 300 GeV (3.7)

In addition, we require exactly one isolated e±/µ±
with

P �
T > 10 GeV
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4 Results and Discussion

VBF

Figure 6: Left: 95% exclusion reach in all three channels at
√
s = 14 TeV determined from

S/
√
S +B = 1.96, neglecting systematic errors. Right: 5σ discovery reach in the VBF and

monojet channels at
√
s = 14 TeV determined from S/

√
B = 5, again neglecting systematic

errors.

We have performed a simple cut and count analysis following the cut flows for the searches

outlined in Sections 3.1, 3.2, and 3.3. For
√
s = 14 TeV we assume an integrated luminosity
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Figure 9: Left: Approximate 95% exclusion reach from the combination of VBF, ggH

and tt̄H channels with 3 ab
−1

at
√
s = 14 and 3, 30 ab

−1
at

√
s = 100 TeV determined

from S/
√
B = 1.96, neglecting systematic errors and correlations between channels. Right:

Approximate 5σ discovery reach from the same combination at
√
s = 14, 100 TeV.

of 3 ab
−1

. For
√
s = 100 TeV we consider scenarios with 3 ab

−1
and 30 ab

−1
, respectively.

We compute the significance of a search in terms of signal events S and background events

B passing cuts as

Exclusion Sign. =
S√

S +B
Discovery Sign. =

S√
B

(4.1)

neglecting systematic uncertainties in the signal and background estimates. In principle,

systematic uncertainties in background determination could have a substantial impact at√
s = 100 TeV since S/B is quite small. However, in practice one expects data-driven deter-

mination of Z+jets and other backgrounds to substantially lower systematic uncertainties by

the 100 TeV era.

Results for the exclusion and discovery reach of the VBF, monojet, and tt̄ searches at√
s = 14 TeV are presented in Fig. 6. For the VBF channel at 14 TeV, our preliminary study of

pileup effects indicates that S/
√
B is reduced approximately by a factor of 2− 3 for �N�PU ∼

100. This may potentially be mitigated through the use of next-generation jet-grooming

algorithms (see for example [71–73]). As expected, all three channels improve significantly

over the
√
s = 8 TeV VBF reach, while the VBF channel substantially outperforms the

monojet and tt̄ channels at
√
s = 14 TeV.

The corresponding results for VBF, monojet, and tt̄ searches at
√
s = 100 TeV are pre-

sented in Figs. 7 and 8 for the 3 ab
−1

and 30 ab
−1

scenarios, respectively. Here we do not

include pileup estimates, as the operating parameters and efficacy of jet-grooming algorithms

are entirely unknown. The reach of the VBF search is in fairly good agreement with the

simplified analysis in [17], with a modest reduction in sensitivity due to the additional back-
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Figure 10: Combined reach of direct searches in VBF, ggH and tt̄H channels at
√
s = 100

TeV for 3 ab
−1

(left) and 30 ab
−1

(right) compared to select parameter spaces for motivated

Higgs Portal scenarios. In each plot the red lines denotes the 1σ exclusion, 2σ exclusion, and

5σ discovery reach from direct searches at
√
s = 100 TeV. The region to the left of the green

line denotes the LUX exclusion for Higgs Portal dark matter with thermal abundance given

by cφ,mφ. The region to the left of the dark blue line denotes the possible parameter space

for two-step baryogenesis, while the region between the light blue and dark blue lines denotes

the possible parameter space for one-step baryogenesis (defined by vc/Tc ≥ 0.6). The purple

line denotes the 2σ contour for δσZh at a future e
+
e
−

circular collider such as TLEP. The

dashed gray line denotes the effective coupling of six complex scalar top partners.

of the weak scale on the order of 30% from the neutral top partners alone [54], and in com-

plete models with neutral top partners the fine-tuning is expected to be considerably worse.

Considering that this scenario represents the worst-case scenario for electroweak naturalness

(from the perspective of collider signatures), pushing naturalness to the 30% level in this case

represents an impressive achievement.

Finally, we can compare the combined reach at 100 TeV to the sensitivity of indirect

probes of the Higgs Portal via shifts in the Zh production cross section. The leading order

shift due to (1.1) is [19, 20]

δσZh =
|cφ|2

8π2

v
2

m
2
h

�
1 +

1

4
�

τφ(τφ − 1)
log

�
1− 2τφ − 2

�
τφ(τφ − 1)

1− 2τφ + 2
�

τφ(τφ − 1)

��
(4.2)

where τφ = m
2
h/4m

2
φ and δσZh = (σZh − σSM

Zh )/σ
SM
Zh . In Fig. 10 we compare the 2σ reach at a

future e+e− machine such as CEPC/TLEP to the 2σ exclusion reach and 5σ discovery reach

at a 100 TeV pp machine, with an eye towards determining whether observed deviations in

the Zh cross section may lead to the discovery of new singlet states. We use the Snowmass

projections for TLEP sensitivity at
√
s = 240 GeV [21]. The 2σ exclusion reach of a 100 TeV
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3.3 The Higgs Portal in E/T + tt̄ associated production

Finally, we consider the sensitivity of searches for the Higgs Portal in the tt̄ + E/T channel.

This channel sets a promising limit on invisible Higgs decays at
√
s = 8 TeV [18], suggesting

it may potentially be interesting in future Higgs Portal searches at the LHC and beyond.

The dominant backgrounds in this channel are expected to be tt̄+jets and W+jets. To

improve statistics, we separately simulate semi-leptonic and di-leptonic decays for the tt̄

background matched up to two additional jets, while we simulate leptonic Wjj matched up

to two additional jets. To extract the sensitivity in this channel, we first apply the following

requirements:

njet ≥ 4 |ηj1,2,3,4 | < 2.4 E/T > 300 GeV (3.7)

In addition, we require exactly one isolated e±/µ±
with

P �
T > 10 GeV

and at least one b-tag among the leading four jets. We also require that the transverse mass

between the lepton and E/T is constrained to mT > 200 GeV and that MW
T2 > 200GeV [70].

4 Results and Discussion

Figure 6: Left: 95% exclusion reach in all three channels at
√
s = 14 TeV determined from

S/
√
S +B = 1.96, neglecting systematic errors. Right: 5σ discovery reach in the VBF and

monojet channels at
√
s = 14 TeV determined from S/

√
B = 5, again neglecting systematic

errors.

We have performed a simple cut and count analysis following the cut flows for the searches

outlined in Sections 3.1, 3.2, and 3.3. For
√
s = 14 TeV we assume an integrated luminosity

– 14 –

In this paper we seek to determine the prospects for exclusion or discovery of φ at the

LHC and future colliders when mφ > mh/2. For simplicity we focus on
√
s = 14 TeV at

the LHC and
√
s = 100 TeV at a future pp collider; the sensitivity at lepton colliders was

studied extensively in [14]. Although the possibility of probing Higgs Portal states via an

off-shell Higgs was identified even before Higgs discovery [8, 10], collider studies to date have

been somewhat limited. In [15] the state of existing limits was established by reinterpretation

of LHC searches for invisible Higgs decays at
√
s = 8 TeV in terms of vector boson fusion,

gluon associated production, and Z associated production via an off-shell Higgs, along with

limited projections for
√
s = 14 TeV. Sensitivity to the novel H-Higgsstrahlung mode has

been studied at
√
s = 8 & 14 TeV [16], while sensitivity at

√
s = 100 TeV has been broached

in a limited study of vector boson fusion production [17]. Further study at
√
s = 14 & 100

TeV is strongly motivated, both to help optimize future searches at the LHC and to establish

the physics case for a future hadron collider.

The most promising channel at pp colliders is vector boson fusion (VBF) production of φ

pairs via an off-shell Higgs boson, leading to a signal with two forward jets and missing energy.

Ancillary channels sensitive to the missing energy signal include gluon fusion production (ggH)

with an associated jet, tt̄ associated production (ttH), Z-Higgsstrahlung (ZH), and the novel

H-Higgsstrahlung (HH) channel giving rise to mono-Higgs plus missing energy [16]. Each

has relative virtues. The cross section for ggH production is largest at
√
s = 14, 100 TeV but

the additional jet requirement and kinematic separation of signal from background reduces

signal significance. The ttH cross section is significantly smaller but grows substantially at

100 TeV, and the tt̄ + E/T final state has already proven sensitive to invisible decays of the

Higgs boson at 8 TeV [18]. The cross section for ZH production is among the smallest of

the modes and not well separated from the Z + νν backgrounds, rendering it less promising.

The h + E/T signature of HH production is particularly interesting, as it directly probes the

Higgs Portal interaction, but preliminary study at
√
s = 8, 14 TeV [16] suggests far less

sensitivity than the VBF mode [15].3 Consequently, the balance of production cross section

and background separation provided by VBF render it the most promising of the channels, but

for completeness in this work we will consider the prospects of VBF, ggH, and ttH searches

at
√
s = 14 and 100 TeV.

Note there is also a complementary, indirect means of probing this scenario through its

impact on precision Higgs coupling measurements. The interaction (1.1) leads to shifts in the

Higgs-Z coupling relative to the Standard Model that may be probed through measurements

of the Zh production cross section at future e
+
e
− colliders [19, 20]. Precision on δσZh is ex-

pected to approach the level of ∼ 0.32% at 1σ at circular e+e− colliders such as CEPC/TLEP

[21]. A particularly interesting question is whether significant deviations in σZh at an e
+
e
−

collider may be followed by conclusive evidence for (1.1) at a future pp collider.

Our paper is organized as follows: We begin in Section 2 by reviewing three motivated

3
The interpretation of [16] for cφ > 1,mφ � v is also unclear, as in this regime the mono-Higgs final state

accumulates comparable contributions from both single and double insertions of the Higgs Portal interaction.
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Higgs Portal at 8, 14, 100 TeV
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Figure 4: An example of the loop processes contributing to the E/T + j signal from gluon

associated production at hadron colliders.

of jet-grooming algorithms is entirely unknown for future colliders, we do not estimate the

effects of pileup at
√
s = 100 TeV.

3.2 The Higgs Portal in E/T + j associated production

Next, we consider the sensitivity of searches for the Higgs Portal in the j + E/T channel via

gluon fusion with an associated jet. A sample diagram for this channel is depicted in Fig. 4.

Although this channel sets a sub-leading limit at
√
s = 8 TeV [15], the increasing gluon

partonic luminosity at higher center-of-mass energies makes it a promising channel for future

colliders. The primary backgrounds for this process are again Z+jets, W+jets, tt̄ + jets,

and QCD multijets. Here we simulate Zj and Wj matched up to one additional jet and tt̄

matched up to two additional jets, and again do not simulate QCD multijets but adopt a cut

flow designed to minimize this background.
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Figure 5: The ratio of the differential cross section for j + E/T for the full one-loop result

relative to the HEFT result at 14 and 100 TeV for a variety of singlet scalar masses. When

pT ∼ 2mt there can be an O(1) enhancement due to the top mass threshold in the loop. At

higher pT > 2mT the HEFT calculation may overestimate the signal rate significantly.

As
√
s � 2mt for the majority of signal events, the HEFT calculation of gg → gh∗ → gφφ

(which is accurate only to lowest order in 1/m2
t ) is not valid. To correct for this we perform a
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3.3 The Higgs Portal in E/T + tt̄ associated production

Finally, we consider the sensitivity of searches for the Higgs Portal in the tt̄ + E/T channel.

This channel sets a promising limit on invisible Higgs decays at
√
s = 8 TeV [18], suggesting

it may potentially be interesting in future Higgs Portal searches at the LHC and beyond.

The dominant backgrounds in this channel are expected to be tt̄+jets and W+jets. To

improve statistics, we separately simulate semi-leptonic and di-leptonic decays for the tt̄

background matched up to two additional jets, while we simulate leptonic Wjj matched up

to two additional jets. To extract the sensitivity in this channel, we first apply the following

requirements:

njet ≥ 4 |ηj1,2,3,4 | < 2.4 E/T > 300 GeV (3.7)

In addition, we require exactly one isolated e±/µ±
with

P �
T > 10 GeV

and at least one b-tag among the leading four jets. We also require that the transverse mass

between the lepton and E/T is constrained to mT > 200 GeV and that MW
T2 > 200GeV [70].

4 Results and Discussion

ggH

Figure 6: Left: 95% exclusion reach in all three channels at
√
s = 14 TeV determined from

S/
√
S +B = 1.96, neglecting systematic errors. Right: 5σ discovery reach in the VBF and

monojet channels at
√
s = 14 TeV determined from S/

√
B = 5, again neglecting systematic

errors.

We have performed a simple cut and count analysis following the cut flows for the searches

outlined in Sections 3.1, 3.2, and 3.3. For
√
s = 14 TeV we assume an integrated luminosity
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Figure 9: Left: Approximate 95% exclusion reach from the combination of VBF, ggH

and tt̄H channels with 3 ab
−1

at
√
s = 14 and 3, 30 ab

−1
at

√
s = 100 TeV determined

from S/
√
B = 1.96, neglecting systematic errors and correlations between channels. Right:

Approximate 5σ discovery reach from the same combination at
√
s = 14, 100 TeV.

of 3 ab
−1

. For
√
s = 100 TeV we consider scenarios with 3 ab

−1
and 30 ab

−1
, respectively.

We compute the significance of a search in terms of signal events S and background events

B passing cuts as

Exclusion Sign. =
S√

S +B
Discovery Sign. =

S√
B

(4.1)

neglecting systematic uncertainties in the signal and background estimates. In principle,

systematic uncertainties in background determination could have a substantial impact at√
s = 100 TeV since S/B is quite small. However, in practice one expects data-driven deter-

mination of Z+jets and other backgrounds to substantially lower systematic uncertainties by

the 100 TeV era.

Results for the exclusion and discovery reach of the VBF, monojet, and tt̄ searches at√
s = 14 TeV are presented in Fig. 6. For the VBF channel at 14 TeV, our preliminary study of

pileup effects indicates that S/
√
B is reduced approximately by a factor of 2− 3 for �N�PU ∼

100. This may potentially be mitigated through the use of next-generation jet-grooming

algorithms (see for example [71–73]). As expected, all three channels improve significantly

over the
√
s = 8 TeV VBF reach, while the VBF channel substantially outperforms the

monojet and tt̄ channels at
√
s = 14 TeV.

The corresponding results for VBF, monojet, and tt̄ searches at
√
s = 100 TeV are pre-

sented in Figs. 7 and 8 for the 3 ab
−1

and 30 ab
−1

scenarios, respectively. Here we do not

include pileup estimates, as the operating parameters and efficacy of jet-grooming algorithms

are entirely unknown. The reach of the VBF search is in fairly good agreement with the

simplified analysis in [17], with a modest reduction in sensitivity due to the additional back-
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Figure 10: Combined reach of direct searches in VBF, ggH and tt̄H channels at
√
s = 100

TeV for 3 ab
−1

(left) and 30 ab
−1

(right) compared to select parameter spaces for motivated

Higgs Portal scenarios. In each plot the red lines denotes the 1σ exclusion, 2σ exclusion, and
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−
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of the weak scale on the order of 30% from the neutral top partners alone [54], and in com-

plete models with neutral top partners the fine-tuning is expected to be considerably worse.

Considering that this scenario represents the worst-case scenario for electroweak naturalness

(from the perspective of collider signatures), pushing naturalness to the 30% level in this case

represents an impressive achievement.

Finally, we can compare the combined reach at 100 TeV to the sensitivity of indirect

probes of the Higgs Portal via shifts in the Zh production cross section. The leading order

shift due to (1.1) is [19, 20]

δσZh =
|cφ|2

8π2

v
2

m
2
h

�
1 +

1

4
�
τφ(τφ − 1)

log

�
1− 2τφ − 2

�
τφ(τφ − 1)

1− 2τφ + 2
�
τφ(τφ − 1)

��
(4.2)

where τφ = m
2
h/4m

2
φ and δσZh = (σZh − σSM
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3.3 The Higgs Portal in E/T + tt̄ associated production

Finally, we consider the sensitivity of searches for the Higgs Portal in the tt̄ + E/T channel.

This channel sets a promising limit on invisible Higgs decays at
√
s = 8 TeV [18], suggesting

it may potentially be interesting in future Higgs Portal searches at the LHC and beyond.

The dominant backgrounds in this channel are expected to be tt̄+jets and W+jets. To

improve statistics, we separately simulate semi-leptonic and di-leptonic decays for the tt̄

background matched up to two additional jets, while we simulate leptonic Wjj matched up

to two additional jets. To extract the sensitivity in this channel, we first apply the following

requirements:

njet ≥ 4 |ηj1,2,3,4 | < 2.4 E/T > 300 GeV (3.7)

In addition, we require exactly one isolated e±/µ±
with

P �
T > 10 GeV

and at least one b-tag among the leading four jets. We also require that the transverse mass

between the lepton and E/T is constrained to mT > 200 GeV and that MW
T2 > 200GeV [70].

4 Results and Discussion

Figure 6: Left: 95% exclusion reach in all three channels at
√
s = 14 TeV determined from

S/
√
S +B = 1.96, neglecting systematic errors. Right: 5σ discovery reach in the VBF and

monojet channels at
√
s = 14 TeV determined from S/

√
B = 5, again neglecting systematic

errors.

We have performed a simple cut and count analysis following the cut flows for the searches

outlined in Sections 3.1, 3.2, and 3.3. For
√
s = 14 TeV we assume an integrated luminosity
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In this paper we seek to determine the prospects for exclusion or discovery of φ at the

LHC and future colliders when mφ > mh/2. For simplicity we focus on
√
s = 14 TeV at

the LHC and
√
s = 100 TeV at a future pp collider; the sensitivity at lepton colliders was

studied extensively in [14]. Although the possibility of probing Higgs Portal states via an

off-shell Higgs was identified even before Higgs discovery [8, 10], collider studies to date have

been somewhat limited. In [15] the state of existing limits was established by reinterpretation

of LHC searches for invisible Higgs decays at
√
s = 8 TeV in terms of vector boson fusion,

gluon associated production, and Z associated production via an off-shell Higgs, along with

limited projections for
√
s = 14 TeV. Sensitivity to the novel H-Higgsstrahlung mode has

been studied at
√
s = 8 & 14 TeV [16], while sensitivity at

√
s = 100 TeV has been broached

in a limited study of vector boson fusion production [17]. Further study at
√
s = 14 & 100

TeV is strongly motivated, both to help optimize future searches at the LHC and to establish

the physics case for a future hadron collider.

The most promising channel at pp colliders is vector boson fusion (VBF) production of φ

pairs via an off-shell Higgs boson, leading to a signal with two forward jets and missing energy.

Ancillary channels sensitive to the missing energy signal include gluon fusion production (ggH)

with an associated jet, tt̄ associated production (ttH), Z-Higgsstrahlung (ZH), and the novel

H-Higgsstrahlung (HH) channel giving rise to mono-Higgs plus missing energy [16]. Each

has relative virtues. The cross section for ggH production is largest at
√
s = 14, 100 TeV but

the additional jet requirement and kinematic separation of signal from background reduces

signal significance. The ttH cross section is significantly smaller but grows substantially at

100 TeV, and the tt̄ + E/T final state has already proven sensitive to invisible decays of the

Higgs boson at 8 TeV [18]. The cross section for ZH production is among the smallest of

the modes and not well separated from the Z + νν backgrounds, rendering it less promising.

The h + E/T signature of HH production is particularly interesting, as it directly probes the

Higgs Portal interaction, but preliminary study at
√
s = 8, 14 TeV [16] suggests far less

sensitivity than the VBF mode [15].3 Consequently, the balance of production cross section

and background separation provided by VBF render it the most promising of the channels, but

for completeness in this work we will consider the prospects of VBF, ggH, and ttH searches

at
√
s = 14 and 100 TeV.

Note there is also a complementary, indirect means of probing this scenario through its

impact on precision Higgs coupling measurements. The interaction (1.1) leads to shifts in the

Higgs-Z coupling relative to the Standard Model that may be probed through measurements

of the Zh production cross section at future e
+
e
− colliders [19, 20]. Precision on δσZh is ex-

pected to approach the level of ∼ 0.32% at 1σ at circular e+e− colliders such as CEPC/TLEP

[21]. A particularly interesting question is whether significant deviations in σZh at an e
+
e
−

collider may be followed by conclusive evidence for (1.1) at a future pp collider.

Our paper is organized as follows: We begin in Section 2 by reviewing three motivated

3
The interpretation of [16] for cφ > 1,mφ � v is also unclear, as in this regime the mono-Higgs final state

accumulates comparable contributions from both single and double insertions of the Higgs Portal interaction.

– 3 –
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3.3 The Higgs Portal in E/T + tt̄ associated production

Finally, we consider the sensitivity of searches for the Higgs Portal in the tt̄ + E/T channel.

This channel sets a promising limit on invisible Higgs decays at
√
s = 8 TeV [18], suggesting

it may potentially be interesting in future Higgs Portal searches at the LHC and beyond.

The dominant backgrounds in this channel are expected to be tt̄+jets and W+jets. To

improve statistics, we separately simulate semi-leptonic and di-leptonic decays for the tt̄

background matched up to two additional jets, while we simulate leptonic Wjj matched up

to two additional jets. To extract the sensitivity in this channel, we first apply the following

requirements:

njet ≥ 4 |ηj1,2,3,4 | < 2.4 E/T > 300 GeV (3.7)

In addition, we require exactly one isolated e±/µ±
with

P �
T > 10 GeV

and at least one b-tag among the leading four jets. We also require that the transverse mass

between the lepton and E/T is constrained to mT > 200 GeV and that MW
T2 > 200GeV [70].

4 Results and Discussion

Figure 6: Left: 95% exclusion reach in all three channels at
√
s = 14 TeV determined from

S/
√
S +B = 1.96, neglecting systematic errors. Right: 5σ discovery reach in the VBF and

monojet channels at
√
s = 14 TeV determined from S/

√
B = 5, again neglecting systematic

errors.

We have performed a simple cut and count analysis following the cut flows for the searches

outlined in Sections 3.1, 3.2, and 3.3. For
√
s = 14 TeV we assume an integrated luminosity
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Figure 4: An example of the loop processes contributing to the E/T + j signal from gluon

associated production at hadron colliders.

of jet-grooming algorithms is entirely unknown for future colliders, we do not estimate the

effects of pileup at
√
s = 100 TeV.

3.2 The Higgs Portal in E/T + j associated production

Next, we consider the sensitivity of searches for the Higgs Portal in the j + E/T channel via

gluon fusion with an associated jet. A sample diagram for this channel is depicted in Fig. 4.

Although this channel sets a sub-leading limit at
√
s = 8 TeV [15], the increasing gluon

partonic luminosity at higher center-of-mass energies makes it a promising channel for future

colliders. The primary backgrounds for this process are again Z+jets, W+jets, tt̄ + jets,

and QCD multijets. Here we simulate Zj and Wj matched up to one additional jet and tt̄

matched up to two additional jets, and again do not simulate QCD multijets but adopt a cut

flow designed to minimize this background.
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Figure 5: The ratio of the differential cross section for j + E/T for the full one-loop result

relative to the HEFT result at 14 and 100 TeV for a variety of singlet scalar masses. When

pT ∼ 2mt there can be an O(1) enhancement due to the top mass threshold in the loop. At

higher pT > 2mT the HEFT calculation may overestimate the signal rate significantly.

As
√
s � 2mt for the majority of signal events, the HEFT calculation of gg → gh∗ → gφφ

(which is accurate only to lowest order in 1/m2
t ) is not valid. To correct for this we perform a
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tt̄H

Figure 6: Left: 95% exclusion reach in all three channels at
√
s = 14 TeV determined from

S/
√
S +B = 1.96, neglecting systematic errors. Right: 5σ discovery reach in the VBF and

monojet channels at
√
s = 14 TeV determined from S/

√
B = 5, again neglecting systematic

errors.

We have performed a simple cut and count analysis following the cut flows for the searches

outlined in Sections 3.1, 3.2, and 3.3. For
√
s = 14 TeV we assume an integrated luminosity

– 14 –

Figure 9: Left: Approximate 95% exclusion reach from the combination of VBF, ggH

and tt̄H channels with 3 ab
−1

at
√
s = 14 and 3, 30 ab

−1
at

√
s = 100 TeV determined

from S/
√
B = 1.96, neglecting systematic errors and correlations between channels. Right:

Approximate 5σ discovery reach from the same combination at
√
s = 14, 100 TeV.

of 3 ab
−1

. For
√
s = 100 TeV we consider scenarios with 3 ab

−1
and 30 ab

−1
, respectively.

We compute the significance of a search in terms of signal events S and background events

B passing cuts as

Exclusion Sign. =
S√

S +B
Discovery Sign. =

S√
B

(4.1)

neglecting systematic uncertainties in the signal and background estimates. In principle,

systematic uncertainties in background determination could have a substantial impact at√
s = 100 TeV since S/B is quite small. However, in practice one expects data-driven deter-

mination of Z+jets and other backgrounds to substantially lower systematic uncertainties by

the 100 TeV era.

Results for the exclusion and discovery reach of the VBF, monojet, and tt̄ searches at√
s = 14 TeV are presented in Fig. 6. For the VBF channel at 14 TeV, our preliminary study of

pileup effects indicates that S/
√
B is reduced approximately by a factor of 2− 3 for �N�PU ∼

100. This may potentially be mitigated through the use of next-generation jet-grooming

algorithms (see for example [71–73]). As expected, all three channels improve significantly

over the
√
s = 8 TeV VBF reach, while the VBF channel substantially outperforms the

monojet and tt̄ channels at
√
s = 14 TeV.

The corresponding results for VBF, monojet, and tt̄ searches at
√
s = 100 TeV are pre-

sented in Figs. 7 and 8 for the 3 ab
−1

and 30 ab
−1

scenarios, respectively. Here we do not

include pileup estimates, as the operating parameters and efficacy of jet-grooming algorithms

are entirely unknown. The reach of the VBF search is in fairly good agreement with the

simplified analysis in [17], with a modest reduction in sensitivity due to the additional back-
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Figure 10: Combined reach of direct searches in VBF, ggH and tt̄H channels at
√
s = 100

TeV for 3 ab
−1

(left) and 30 ab
−1

(right) compared to select parameter spaces for motivated

Higgs Portal scenarios. In each plot the red lines denotes the 1σ exclusion, 2σ exclusion, and

5σ discovery reach from direct searches at
√
s = 100 TeV. The region to the left of the green

line denotes the LUX exclusion for Higgs Portal dark matter with thermal abundance given

by cφ,mφ. The region to the left of the dark blue line denotes the possible parameter space

for two-step baryogenesis, while the region between the light blue and dark blue lines denotes

the possible parameter space for one-step baryogenesis (defined by vc/Tc ≥ 0.6). The purple

line denotes the 2σ contour for δσZh at a future e
+
e
−

circular collider such as TLEP. The

dashed gray line denotes the effective coupling of six complex scalar top partners.

of the weak scale on the order of 30% from the neutral top partners alone [54], and in com-

plete models with neutral top partners the fine-tuning is expected to be considerably worse.

Considering that this scenario represents the worst-case scenario for electroweak naturalness

(from the perspective of collider signatures), pushing naturalness to the 30% level in this case

represents an impressive achievement.

Finally, we can compare the combined reach at 100 TeV to the sensitivity of indirect

probes of the Higgs Portal via shifts in the Zh production cross section. The leading order

shift due to (1.1) is [19, 20]

δσZh =
|cφ|2

8π2

v
2

m
2
h

�
1 +

1

4
�
τφ(τφ − 1)

log

�
1− 2τφ − 2

�
τφ(τφ − 1)

1− 2τφ + 2
�
τφ(τφ − 1)

��
(4.2)

where τφ = m
2
h/4m

2
φ and δσZh = (σZh − σSM

Zh )/σ
SM
Zh . In Fig. 10 we compare the 2σ reach at a

future e+e− machine such as CEPC/TLEP to the 2σ exclusion reach and 5σ discovery reach

at a 100 TeV pp machine, with an eye towards determining whether observed deviations in

the Zh cross section may lead to the discovery of new singlet states. We use the Snowmass

projections for TLEP sensitivity at
√
s = 240 GeV [21]. The 2σ exclusion reach of a 100 TeV
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future e+e− machine such as CEPC/TLEP to the 2σ exclusion reach and 5σ discovery reach

at a 100 TeV pp machine, with an eye towards determining whether observed deviations in

the Zh cross section may lead to the discovery of new singlet states. We use the Snowmass

projections for TLEP sensitivity at
√
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Figure 10: Combined reach of direct searches in VBF, ggH and tt̄H channels at
√
s = 100

TeV for 3 ab
−1

(left) and 30 ab
−1

(right) compared to select parameter spaces for motivated

Higgs Portal scenarios. In each plot the red lines denotes the 1σ exclusion, 2σ exclusion, and

5σ discovery reach from direct searches at
√
s = 100 TeV. The region to the left of the green

line denotes the LUX exclusion for Higgs Portal dark matter with thermal abundance given

by cφ,mφ. The region to the left of the dark blue line denotes the possible parameter space

for two-step baryogenesis, while the region between the light blue and dark blue lines denotes

the possible parameter space for one-step baryogenesis (defined by vc/Tc ≥ 0.6). The purple

line denotes the 2σ contour for δσZh at a future e
+
e
−

circular collider such as TLEP. The

dashed gray line denotes the effective coupling of six complex scalar top partners.
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3.3 The Higgs Portal in E/T + tt̄ associated production

Finally, we consider the sensitivity of searches for the Higgs Portal in the tt̄ + E/T channel.

This channel sets a promising limit on invisible Higgs decays at
√
s = 8 TeV [18], suggesting

it may potentially be interesting in future Higgs Portal searches at the LHC and beyond.

The dominant backgrounds in this channel are expected to be tt̄+jets and W+jets. To

improve statistics, we separately simulate semi-leptonic and di-leptonic decays for the tt̄

background matched up to two additional jets, while we simulate leptonic Wjj matched up

to two additional jets. To extract the sensitivity in this channel, we first apply the following

requirements:

njet ≥ 4 |ηj1,2,3,4 | < 2.4 E/T > 300 GeV (3.7)

In addition, we require exactly one isolated e±/µ±
with

P �
T > 10 GeV

and at least one b-tag among the leading four jets. We also require that the transverse mass

between the lepton and E/T is constrained to mT > 200 GeV and that MW
T2 > 200GeV [70].

4 Results and Discussion

Figure 6: Left: 95% exclusion reach in all three channels at
√
s = 14 TeV determined from

S/
√
S +B = 1.96, neglecting systematic errors. Right: 5σ discovery reach in the VBF and

monojet channels at
√
s = 14 TeV determined from S/

√
B = 5, again neglecting systematic

errors.

We have performed a simple cut and count analysis following the cut flows for the searches

outlined in Sections 3.1, 3.2, and 3.3. For
√
s = 14 TeV we assume an integrated luminosity

– 14 –

In this paper we seek to determine the prospects for exclusion or discovery of φ at the

LHC and future colliders when mφ > mh/2. For simplicity we focus on
√
s = 14 TeV at

the LHC and
√
s = 100 TeV at a future pp collider; the sensitivity at lepton colliders was

studied extensively in [14]. Although the possibility of probing Higgs Portal states via an

off-shell Higgs was identified even before Higgs discovery [8, 10], collider studies to date have

been somewhat limited. In [15] the state of existing limits was established by reinterpretation

of LHC searches for invisible Higgs decays at
√
s = 8 TeV in terms of vector boson fusion,

gluon associated production, and Z associated production via an off-shell Higgs, along with

limited projections for
√
s = 14 TeV. Sensitivity to the novel H-Higgsstrahlung mode has

been studied at
√
s = 8 & 14 TeV [16], while sensitivity at

√
s = 100 TeV has been broached

in a limited study of vector boson fusion production [17]. Further study at
√
s = 14 & 100

TeV is strongly motivated, both to help optimize future searches at the LHC and to establish

the physics case for a future hadron collider.

The most promising channel at pp colliders is vector boson fusion (VBF) production of φ

pairs via an off-shell Higgs boson, leading to a signal with two forward jets and missing energy.

Ancillary channels sensitive to the missing energy signal include gluon fusion production (ggH)

with an associated jet, tt̄ associated production (ttH), Z-Higgsstrahlung (ZH), and the novel

H-Higgsstrahlung (HH) channel giving rise to mono-Higgs plus missing energy [16]. Each

has relative virtues. The cross section for ggH production is largest at
√
s = 14, 100 TeV but

the additional jet requirement and kinematic separation of signal from background reduces

signal significance. The ttH cross section is significantly smaller but grows substantially at

100 TeV, and the tt̄ + E/T final state has already proven sensitive to invisible decays of the

Higgs boson at 8 TeV [18]. The cross section for ZH production is among the smallest of

the modes and not well separated from the Z + νν backgrounds, rendering it less promising.

The h + E/T signature of HH production is particularly interesting, as it directly probes the

Higgs Portal interaction, but preliminary study at
√
s = 8, 14 TeV [16] suggests far less

sensitivity than the VBF mode [15].3 Consequently, the balance of production cross section

and background separation provided by VBF render it the most promising of the channels, but

for completeness in this work we will consider the prospects of VBF, ggH, and ttH searches

at
√
s = 14 and 100 TeV.

Note there is also a complementary, indirect means of probing this scenario through its

impact on precision Higgs coupling measurements. The interaction (1.1) leads to shifts in the

Higgs-Z coupling relative to the Standard Model that may be probed through measurements

of the Zh production cross section at future e
+
e
− colliders [19, 20]. Precision on δσZh is ex-

pected to approach the level of ∼ 0.32% at 1σ at circular e+e− colliders such as CEPC/TLEP

[21]. A particularly interesting question is whether significant deviations in σZh at an e
+
e
−

collider may be followed by conclusive evidence for (1.1) at a future pp collider.

Our paper is organized as follows: We begin in Section 2 by reviewing three motivated

3
The interpretation of [16] for cφ > 1,mφ � v is also unclear, as in this regime the mono-Higgs final state

accumulates comparable contributions from both single and double insertions of the Higgs Portal interaction.

– 3 –

[Craig et al. 1412.0258]

▪ LHC constraints: off-shell region                   difficult

Higgs-scalar coupling, λHS ! 10−2. After taking into account all constraints two viable regions of
parameter space emerge: one region where λHS ≈ 2×10−2 and where an additional dark matter
component beyond the scalar WIMP of our model is preferred (R ! 0.5), and one region where
the scalar WIMP constitutes all of dark matter, R ! 1, and where λ ≈ 2× 10−4 ! λHS ! 10−2.
For both these regions, the best fit point has χ2 ≈ 27 with respect to the GCE signal. For the 25
data points and the 4 parameters, this corresponds to a p-value of p = 0.18, and thus indicates
a reasonably good fit to the GCE.

In table 2 we also list the p-values corresponding to all the constraints we use, i.e., more
precisely, the confidence level at which the best fit is compatible with the constraints coming
from each single additional observable (BRinv, LUX, dwarfs, lines and DM relic density) we
include in the fit.3 We find that for both viable regions of parameter space the GCE global fit
is well compatible with all the constraints. A light tension is present only with respect to the
limits from the dwarf galaxies; the corresponding p-value of p = 0.23, is however well within
an acceptable range. Note, nonetheless, that we have assumed nominal values from [82, 83] for
the uncertainties in the J-factors of the dwarfs. On the other hand, it has been pointed out
that this uncertainty has been possibly underestimated [86]. This would contribute to relax the
dwarf constraints and alleviate the mild tension.

Finally, we have studied the impact of future direct detection experiments like XENON1T [80]
or DARWIN [81]. We simply assume a sensitivity to 〈σv〉 which is 10 or 50 times larger than that
of the current LUX limits, and include those potential future limits in our global fit. The result
is displayed in figure 12 where we show the viable regions in the R-λHS plane given the current
LUX bounds (left panel), and a 10 times (middle panel) and 50 times (right panel) larger poten-
tial future sensitivity. The future direct detection experiments will probe part of the currently
allowed region of parameter space, and stronger limits would exclude regions with both λHS and
R large. On the other hand, even limits corresponding to a 50 times larger sensitivity than that
of current direct detection experiments would leave viable regions of model parameter space,
corresponding to either sizeable Higgs-scalar couplings λHS ≈ 2× 10−2 and small R ! 0.1, or to
smaller λHS but values of R close to one. Note that future limits from CTA [87] will be relevant
for DM masses above about 100 GeV, see e.g. [88, 29, 33], and would thus not constrain the
GCE interpretation within the scalar Higgs portal model further. Also LHC searches for scalar
Higgs portal models with dark matter masses mS " mh/2 are not sensitive to the relevant model
parameter space, see [36–39]. The best test of these two regions will probably come from further
γ-ray searches. Limits from both dwarf galaxies and lines are expected to improve with time
while larger statistics is being collected. In addition, limits from dwarfs will further improve
since more dwarf galaxies, potentially with large J-factors, should be discovered in the next
years by current surveys like DES [89], and future ones like LSST [90]. This will clarify if the
present tension with the GCE will become more severe at the point of excluding the remaining
parameter space, or, if, eventually, a signal in dwarfs and lines will emerge, confirming the GCE
interpretation.

3The p-values are calculated considering the likelihood of the single observable Li, and finding the contour with
respect to the maximum Li which passes through the point corresponding to the best-fit when including all the
constraints. The p-value is the confidence level of the contour. To this purpose, since all the single observables do
not depend on J40◦ and depend on R only as a rescaling parameter, we assume that Li follows a χ2 distribution
with two degrees of freedom, i.e., that it depends only on the two parameters mS and a combination of R and
λHS. The γ-ray lines signal, instead, depends on J40◦ , but, again, only as a rescaling parameter. We thus assume
a χ2 distribution with two degrees of freedom also for the lines Li.
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Figure 4: An example of the loop processes contributing to the E/T + j signal from gluon

associated production at hadron colliders.

of jet-grooming algorithms is entirely unknown for future colliders, we do not estimate the

effects of pileup at
√
s = 100 TeV.

3.2 The Higgs Portal in E/T + j associated production

Next, we consider the sensitivity of searches for the Higgs Portal in the j + E/T channel via

gluon fusion with an associated jet. A sample diagram for this channel is depicted in Fig. 4.

Although this channel sets a sub-leading limit at
√
s = 8 TeV [15], the increasing gluon

partonic luminosity at higher center-of-mass energies makes it a promising channel for future

colliders. The primary backgrounds for this process are again Z+jets, W+jets, tt̄ + jets,

and QCD multijets. Here we simulate Zj and Wj matched up to one additional jet and tt̄

matched up to two additional jets, and again do not simulate QCD multijets but adopt a cut

flow designed to minimize this background.
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Figure 5: The ratio of the differential cross section for j + E/T for the full one-loop result

relative to the HEFT result at 14 and 100 TeV for a variety of singlet scalar masses. When

pT ∼ 2mt there can be an O(1) enhancement due to the top mass threshold in the loop. At

higher pT > 2mT the HEFT calculation may overestimate the signal rate significantly.

As
√
s � 2mt for the majority of signal events, the HEFT calculation of gg → gh∗ → gφφ

(which is accurate only to lowest order in 1/m2
t ) is not valid. To correct for this we perform a
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Figure 12: Results of a fit to the GCE with free parameters mS , λHS , R and log(J40◦/J40◦, nom). We take into
account all constraints (including the relic density constraint) and focus on the correlation between R and λHS .
In the middle and right panel we include potential future direct detection limits with a sensitivity of 10 and 50
times the current LUX sensitivity, respectively. The white dot denotes the best-fit point. The dark-red, red,
orange and yellow points lie within the 1, 2, 3 and 4σ region around the best-fit point, respectively.

6 Conclusion

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

relic density.

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

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

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

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

) and where an additional dark matter

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

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

These regions emerge from an interplay between the different scaling of the GCE signal and the

relic density with the fraction of WIMP dark matter, R = ρWIMP/ρtotal, and the strong velocity

dependence of the annihilation cross section near the resonance. Note that this effect can

potentially be of relevance for every model with resonant annihilation. The favoured regions of

scalar dark matter masses and couplings are hard to probe in future direct detection and collider

experiments. Future searches for γ-ray emission from dwarf spheroidal galaxies, however, will

be able to confirm or exclude the dark matter interpretation of the galactic center excess.

20

LUX                                10 x LUX sens.                  50 x LUX sens.

▪ LHC constraints: off-shell region                   difficult

▪ Constraints from dwarfs: General challenge for GCE
▪ Direct detection projections:

Future experimental prospects

Higgs-scalar coupling, λHS ! 10−2. After taking into account all constraints two viable regions of
parameter space emerge: one region where λHS ≈ 2×10−2 and where an additional dark matter
component beyond the scalar WIMP of our model is preferred (R ! 0.5), and one region where
the scalar WIMP constitutes all of dark matter, R ! 1, and where λ ≈ 2× 10−4 ! λHS ! 10−2.
For both these regions, the best fit point has χ2 ≈ 27 with respect to the GCE signal. For the 25
data points and the 4 parameters, this corresponds to a p-value of p = 0.18, and thus indicates
a reasonably good fit to the GCE.

In table 2 we also list the p-values corresponding to all the constraints we use, i.e., more
precisely, the confidence level at which the best fit is compatible with the constraints coming
from each single additional observable (BRinv, LUX, dwarfs, lines and DM relic density) we
include in the fit.3 We find that for both viable regions of parameter space the GCE global fit
is well compatible with all the constraints. A light tension is present only with respect to the
limits from the dwarf galaxies; the corresponding p-value of p = 0.23, is however well within
an acceptable range. Note, nonetheless, that we have assumed nominal values from [82, 83] for
the uncertainties in the J-factors of the dwarfs. On the other hand, it has been pointed out
that this uncertainty has been possibly underestimated [86]. This would contribute to relax the
dwarf constraints and alleviate the mild tension.

Finally, we have studied the impact of future direct detection experiments like XENON1T [80]
or DARWIN [81]. We simply assume a sensitivity to 〈σv〉 which is 10 or 50 times larger than that
of the current LUX limits, and include those potential future limits in our global fit. The result
is displayed in figure 12 where we show the viable regions in the R-λHS plane given the current
LUX bounds (left panel), and a 10 times (middle panel) and 50 times (right panel) larger poten-
tial future sensitivity. The future direct detection experiments will probe part of the currently
allowed region of parameter space, and stronger limits would exclude regions with both λHS and
R large. On the other hand, even limits corresponding to a 50 times larger sensitivity than that
of current direct detection experiments would leave viable regions of model parameter space,
corresponding to either sizeable Higgs-scalar couplings λHS ≈ 2× 10−2 and small R ! 0.1, or to
smaller λHS but values of R close to one. Note that future limits from CTA [87] will be relevant
for DM masses above about 100 GeV, see e.g. [88, 29, 33], and would thus not constrain the
GCE interpretation within the scalar Higgs portal model further. Also LHC searches for scalar
Higgs portal models with dark matter masses mS " mh/2 are not sensitive to the relevant model
parameter space, see [36–39]. The best test of these two regions will probably come from further
γ-ray searches. Limits from both dwarf galaxies and lines are expected to improve with time
while larger statistics is being collected. In addition, limits from dwarfs will further improve
since more dwarf galaxies, potentially with large J-factors, should be discovered in the next
years by current surveys like DES [89], and future ones like LSST [90]. This will clarify if the
present tension with the GCE will become more severe at the point of excluding the remaining
parameter space, or, if, eventually, a signal in dwarfs and lines will emerge, confirming the GCE
interpretation.

3The p-values are calculated considering the likelihood of the single observable Li, and finding the contour with
respect to the maximum Li which passes through the point corresponding to the best-fit when including all the
constraints. The p-value is the confidence level of the contour. To this purpose, since all the single observables do
not depend on J40◦ and depend on R only as a rescaling parameter, we assume that Li follows a χ2 distribution
with two degrees of freedom, i.e., that it depends only on the two parameters mS and a combination of R and
λHS. The γ-ray lines signal, instead, depends on J40◦ , but, again, only as a rescaling parameter. We thus assume
a χ2 distribution with two degrees of freedom also for the lines Li.
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The Inert Doublet Model (IDM)

 ▪ Add second Higgs doublet    and Z2-symmetry:

[Deshpande, Ma '78; Ma '06; Barbieri, Hall, Rychkov: '06; ...]
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where fN = 0.30 [6] denotes the strength of the effective Higgs-nucleon interaction, and µr =
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3.5 Fit to the GCE signal

Description of the fit, tools, likelihood, etc. → Jan, Benedikt, Alessandro
Results in form of large triangle plot with GCE only. → all

4 Constraints

[Just put it here for now:] We checked that constraints for CMB distortions [39] on the an-
nihilation cross section are less constraining than limits from dwarf spheroidal galaxies in the
relevant region of parameter space (10GeV � mS � 1TeV). Limits from CMB distortions were
considered in [22].

4.1 Higgs invisible width

→ Jan, Michael
Implement log-likelihood from ATLAS analysis [40].

4.2 Direct detection

→ Jan, Michael
LUX limits [41] log-likelihood and p-value. We compute the spin-independent WIMP nucleon

scattering cross section with [22]
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4.3 Indirect detection: dwarf spheroidal galaxies and spectral γ lines

→ Alessandro, Benedikt
Dwarf Galaxies: Use log-likelhoods from Ref. [42]; bin spectra; implement on-the-fly marg

for J̄
Gamma lines: Use Ref. [43] – approximate log-likelihood from parabola or linear functions;

use R3 and R16; investigate correlation between J̄ for GCE and lines (formulas, plot); no big
variation from r⊙ → just take 100% correlation; use Higgs effective field theory to compute
(σv)γγ (checked against Higgs BR fromHWG).

4.4 Relic density

→ Jan, Michael

5 Results and discussion

→ all
Outlook: mention CTA , only relevant for dar makkter masses above about 100 GeV [44,
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6 Conclusion

→ all

χ2
GCE = 19.3

7

logL contribution GCE +BRinv +LUX +dwarfs +lines +relic den. 2nd region

mS [GeV] 45.50+5.98
−5.36 61.07+2.65

−1.98 61.55+1.78
−0.85 61.35+1.90

−0.79 61.46+1.87
−0.85 62.70+0.57

−0.18 62.52+0.02
−0.01

λHS 0.17+11.67
−0.09 0.0125+7.31

−0.0125 0.0082+0.317
−0.0082 0.0087+0.312

−0.0087 0.0082+0.315
−0.0082 0.022+0.015

−0.013 0.00029+0.0078
−0.00010

R 0.68+0.32
−0.65 1.0+0.0

−1.0 0.99+0.01
−0.99 1.0+0.0

−1.0 1.0+0.0
−1.0 0.054+0.141

−0.053 0.498+0.502
−0.496

log J/Jnom 0.0+0.44
−0.44 −0.05+0.48

−0.36 0.02+0.42
−0.43 0.22+0.36

−0.35 0.12+0.31
−0.29 0.13+0.30

−0.32 0.13+0.32
−0.31

σv [10−26 cm3/s] 1.97+1034
−1.38 1.28+4.1e6

−0.61 1.23+1.7e6
−0.55 0.96+1.3e6

−0.37 1.04+1.3e6
−0.42 359+9.7e5

−327 4.3+1.6e5
−0.9

σv R2 [10−26 cm3/s] 0.91+0.53
−0.35 1.28+2.02

−0.53 1.21+0.68
−0.45 0.96+0.43

−0.31 1.04+0.39
−0.32 1.06+0.42

−0.32 1.06+0.43
−0.31

χ2
GCE 19.3 25.3 25.6 26.0 26.0 26.8 26.7

p(χ2
GCE) 0.57 0.20 0.24 0.22 0.21 0.18 0.18

p(BRinv) 0.0 0.90 0.97 0.97 0.97 1.0 1.0

p(LUX) 0.0 0.32 0.62 0.58 0.62 0.84 1.0

p(dwarfs) 0.18 0.16 0.18 0.24 0.22 0.22 0.22

p(lines R3) 0.5 0.5 0.5 0.5 0.5 0.5 0.5

p(relic den.) 0.03 0.0 0.0 0.0 0.0 0.99 1.0

Table 2: Best fit points and corresponding 1σ error for fits to the GCE only, and including successively constraints from the invisible Higgs branching ratio, direct

detection limits, independent searches for γ-rays from dwarf satellite galaxies, searches for spectral γ lines, and from the dark matter relic density. We also display the

best fit in a second, viable region of parameter space (last column). Also shown are the χ2
GCE and the p-values of the respective best-fit points taking into account the

log-likelihood contributions of the observables given in the first line. p(χ2
GCE) represents the goodness of the GCE fit for 25 data points and 4 fitted parameters. The

remaining p-values represent the confidence level at which the best fit is compatible with the constraints coming from each extra-observable we include in the fit (see text

for more details).
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detection limits, independent searches for γ-rays from dwarf satellite galaxies, searches for spectral γ lines, and from the dark matter relic density. We also display the

best fit in a second, viable region of parameter space (last column). Also shown are the χ2
GCE and the p-values of the respective best-fit points taking into account the

log-likelihood contributions of the observables given in the first line. p(χ2
GCE) represents the goodness of the GCE fit for 25 data points and 4 fitted parameters. The

remaining p-values represent the confidence level at which the best fit is compatible with the constraints coming from each extra-observable we include in the fit (see text

for more details).
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Figure 5: Results of a fit to the GCE with free parameters mS , λHS , R and log(J40◦/J40◦, nom). The white dot
denotes the best-fit point. The dark-red, red, orange and yellow points lie within the 1, 2, 3 and 4σ region around
the best-fit point, respectively. We take into account the log-likelihood from the GCE only.
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3.2 Annihilation cross section and photon spectrum

Dark matter annihilation in the scalar Higgs portal model proceeds through s-channel Higgs,

t-channel scalar exchange, and the S2h2 interactions, see Fig. 2.
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Figure 1: Feynman diagrams for all WIMP annihilation processes, SM = t, h, Z,W, b, τ, c, g, γ. Below mS = mh
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Figure 2: Feynman diagrams for all WIMP annihilation processes, SM = t, h, Z,W, b, τ, c, g, γ. Below mS = mh

only processes of type a) are present. Above the hh threshold all three diagrams contribute.

Annihilation cross section mechanism, relative contributions of different channels, energy

spectrum for two masses. → Jan, Benedikt If photons are not produced directly in the loop

supressed process SS → h → γγ , they are generated at all steps in the hadronization and decay

processes of possible SM final state particles. Thereby, the main contribution of high energetic

photons stem from the decay of π0
-states originating from the cascade.

[ ( 90%) in a bb event @ 100GeV c.o.m]
[Possible commentary on Bremsstrahlung, electroweak Corrections (1009.0224v1:Weak Cor-

rections are Relevant for Dark Matter Indirect Detection)]
The resulting γ-ray spectra are generated with the PYTHIA [38] event generator (version

8.209) for each final state separately by simulating the production of SM+SM at a center of

mass energy of 2mS . All spectra are then combined in a model dependent way according to

Fig. 3 to yield the gamma ray flux of annihilating dark matter:
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=
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�
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3 The galactic center excess

3.1 The Fermi-LAT observation

The presence of a GCE has been reported by several groups in the last few years [7–15]. The
GCE seems compatible with a spherical morphology, extending up to at least 10◦ away from the
galactic center, and with a steep ‘cuspy’ radial profile [14, 15]. The inferred energy spectrum is
peaked at a few GeV in the usual E2× flux representation. Various astrophysical mechanisms
and scenarios have been proposed to explain the excess [17, 18, 23]. On the other hand, intrigu-
ingly, it has been shown that the excess is also compatible with an interpretation in terms of
DM annihilation, with a cross section close to the thermal value and with a DM mass around
50 GeV. Recently, the GCE has also been confirmed by the Fermi-LAT collaboration [16]. In the
present analysis, we will use the results from [15], where a detailed spectral and morphological
analysis of the excess has been performed and where the inferred energy spectrum has been
made available together with an error covariance matrix. The covariance includes an estimate
of systematic uncertainties related to the galactic foreground emission, inferred from a grid of
different foreground models and from a scan of the typical model residuals along the galactic
plane.

3.2 Annihilation cross section and photon spectrum

DM annihilation in the scalar Higgs portal model proceeds through s-channel Higgs and t-channel
scalar exchange, and through the S2h2 interaction, see figure 1.

a)
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h
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b)

S

S

S

h

h

c)

S

S

h

h

Figure 1: Feynman diagrams for all WIMP annihilation processes. Below mS = mh only processes of type a) are
present, where SM = t, h, Z,W, b, τ, c, g, γ. Above the hh threshold all three diagrams contribute.

Below mS = mh, only the s-channel Higgs diagram, figure 1 a), contributes to the annihila-
tion cross section, and the relative strength of the different SM final states (f = t, h, Z,W, b, τ, c,
g, γ) is determined by the SM Higgs branching ratios, independent of the Higgs-scalar coupling
λHS . Above the Higgs threshold, mS ≥ mh, all diagrams depicted in figure 1 contribute, and,
in particular, the hh final state opens up. The strength of the annihilation into Higgs pairs, as
compared to W,Z or top-quark pairs, depends on the size of the Higgs-scalar coupling λHS .

We have implemented the scalar Higgs portal model into FeynRules [50] and used mi-
crOMEGAs [51] linked to CalcHEP [52] to compute the velocity-averaged annihilation cross
sections �σv�f for the various SM final states f . The loop-induced annihilation processes
SS → gg, γγ have been included using the effective Lagrangian [53–55]

LHEFT =
1

4
geff
hgg

Ga

µνG
µν,ah+

1

4
geff
hγγ FµνF

µνh (3)
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Figure 5: Results of a fit to the GCE with free parameters mS and λHS and with R = 1 and log(J40◦/J40◦, nom) = 0
fixed. We also show the annihilation cross section today, �σv�. The white dot denotes the best-fit point. The
dark-red, red, orange and yellow points lie within the 1, 2, 3 and 4σ region around the best-fit point, respectively.
We take into account the log-likelihood from the GCE only.

to the astrophysical scenario, R and log(J40◦/J40◦, nom).
Figure 6 shows the result of the complete fit of the GCE for the four input parameters mS ,

λHS , R and log(J40◦/J40◦, nom). Instead of the narrow Y-shaped stripe with λHS � 0.1 which

we observe for the case R = 1 (figure 5), the region of larger λHS is now also allowed as R < 1

can compensate for the larger annihilation cross section (see upper left panel). In addition, as

R �= 1 relaxes the tight connection between the normalization (governed by �σv�R2
) and the

shape of the photon spectrum (governed by λHS for a given mass mS), a new region appears

for DM masses above the Higgs threshold, mS ≥ mh. At the hh-threshold the spectral shape

for annihilation into hh fits better than for WW and so large λHS are preferred. However, for

large λHS the overall γ-ray flux is too large to accommodate the GCE signal unless R is small.
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4 Constraints

The scalar singlet Higgs portal model is constrained by the Higgs invisible width, by direct

detection searches, by searches for γ-rays from dwarf spheroidal galaxies, by searches for γ
spectral lines, and by the DM relic density. We will discuss these constraints in turn below and

quantify their impact by including the corresponding likelihoods into the global fit of the GCE

signal. We have checked that constraints for CMB anisotropies [75] on the annihilation cross

section are less constraining than limits from dwarf spheroidal galaxies in the relevant region of

parameter space (10GeV � mS � 1TeV). Limits on the scalar Higgs portal model from CMB

anisotropies have been considered in [29, 33].
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Global fit in the IDM

▪ Similar astrophysical phenomenology 

▪ Additional region around 72 GeV:
   H0H0→WW (4-vertex) yields the right cross section

▪ Constraints from S,T,U parameters, vacuum stability, ... 
   with 2HDMC [Eriksson et al. 0902.0851]

▪ Different implications for LHC



Jan Heisig (RWTH Aachen University)                                   25                                      Fit(s) for LHC Run-2, Oct 10, 2016

3

In order to work out the current LHC constraints on

the IDM, we recast these two ATLAS analyses using

the MadAnalysis 5 [41, 42] framework. The SUSY

search [38], was already available in the Public Analy-

sis Database [43] as the recast code [44]. The invisi-

ble Higgs search [39] was implemented and validated for

this Letter and is available at [45]. The signal gener-

ation is done with MadGraph 5 [46, 47] with model

files generated using the FeynRules IDM implementa-

tion presented in [24]; the particle widths are calculated

with CalcHEP [48, 49]. The parton-level events are

passed through Pythia 6.4 [50] for parton showering and

hadronization before being processed with the ‘MA5tune’

version of Delphes 3 [51] (see Section 2.2 of [43]) for the

simulation of detector effects. The number of events af-

ter cuts are then evaluated with the recast codes [44, 45].

For the statistical interpretation, we make use of the

module exclusion CLs.py [43]: given the number of sig-

nal, observed and expected background events, together

with the background uncertainty, exclusion CLs.py de-

termines the most sensitive SR, the exclusion confidence

level using the CLs prescription, and the nominal cross

section σ95 that is excluded at 95% CL.
1

The IDM parameter space, see Eq. (3), is sampled tak-

ing into account the following considerations. First, in

light of the constraints discussed above which require λL

to be tiny, process (11) is essentially irrelevant for the

entire analysis. We can therefore choose λL = 0 without

loss of generality. Besides, λ2 is irrelevant for all observ-

ables at tree-level. The mass of the charged inert scalar

is important mostly for process (10), which comes with

the price of an additional EW coupling factor with re-

spect to (9) and turns out to be numerically insignificant

unless mH± is very light.
2
We are thus left with mA0 and

mH0 to scan over. For mH± , we choose two representa-

tive values: mH± = 85 GeV, which is the lower allowed

limit by LEP, andmH± = 150 GeV, which is significantly

higher but still safely within the bounds imposed by the

T parameter, which limits the mass splitting between the

inert scalar states (see also the analysis in [24]).

The main results of our analysis are presented in Fig-

ure 1, where we show µ ≡ σ95/σIDM in the form of tem-

perature plots in the (mA0 ,mH0) plane for the two chosen

values of mH± . Here, σIDM is the cross section predicted

by the model while σ95 is the cross section excluded at

95% CL. With this definition, regions where µ ≤ 1 are

excluded at 95% CL.

As can be seen, the Run 1 ATLAS dilepton searches

exclude, at 95% CL, inert scalar masses up to about

35 GeV for pseudoscalar masses around 100 GeV, with

1 Note that we do not simulate the backgrounds but take the back-
ground numbers and uncertainties directly from the experimental
publications [38] and [39].

2 Process (12) is also subdominant because the ZZH
0
H

0 coupling
is quadratic in the weak coupling whereas the coupling ZA

0
H

0

is only linear.

FIG. 1. The ratio µ ≡ σ95/σIDM in the (mA0 ,mH0) plane
for two representative values of the charged inert scalar mass,
mH± = 85 GeV (upper panel) and mH± = 150 GeV (lower
panel). The solid black lines are the 95% CL exclusion con-
tours, µ = 1. The dashed black lines are given for illustration
and correspond to the µ = 0.5 and µ = 2 contours. The grey
dashed lines indicate mA0 −mH0 = mZ .

the limits becoming stronger for larger mA0 , reaching

≈ 45 (55) GeV for mA0 ≈ 140 (145) GeV and mH± = 85

(150) GeV. For massless H
0
, A

0
masses up to about 135–

140 GeV are excluded (note that mH0 and mA0 are gen-

erally interchangeable here). Several interesting features

merit some discussion.

First, we observe that the constraints are slightly

stronger for heavier charged scalars. This is in part due to

the small contribution from process (10) and from qq̄ →
W

± → AH
± → Z

(∗)
HW

±(∗)
H where one of the leptons

is missed: although the cross section is much larger for

mH± = 85 GeV as compared to mH± = 150 GeV, the

resulting leptons are much softer and almost never pass

the signal requirements. A more significant difference be-
tween the mH± = 85 GeV and 150 GeV cases arises from

the fact that at large mA0 the signal from process (9)

is suppressed by the decay A
0 → W

±(∗)
H

∓
followed by

H
∓ → W

∓
H

0
, that competes with A

0 → Z
(∗)

H
0
. While

the former decay mode also leads to dileptons, these lep-

tons are, as above, much softer and almost never pass

[Bélanger, Dumont, Goudelis, 
Herrmann, Kraml, Sengupta 
1503.07367]

2

loss of generality), to the mass hierarchymH0 < mA0,H± ,
the IDM can reproduce the observed [25] DM abundance
according to the freeze-out mechanism in three regimes:
the low-mass regime (mH0 < mW ), where the relic den-
sity is governed by the coupling λL of two H

0 particles
to a Higgs boson and the distance of mH0 from mh/2
(the exact difference between mH0 and mW also plays
a role when the former is larger than ∼ 70 GeV), the
intermediate-mass region (mW < mH0 � 115 GeV),
where the relic density depends on mH0 and λL, and
the high-mass regime (which will not be of interest for
this work) where all parameters of the scalar potential
except λ2 drastically affect the DM relic abundance.

The IDM parameter space is subject to numerous con-
straints that we shall impose throughout our analysis
(for a detailed account see, e.g., [24]). First, there is a
minimal set of theoretical requirements (stability of the
EW vacuum, perturbativity of all couplings and pertur-
bative unitarity of the scattering matrix) rendering the
IDM a consistent and calculable quantum field theory
(see also [26, 27]). We demand that these three require-
ments be satisfied up to at least a scale of 10 TeV. We
moreover have to ensure that there are no excessive con-
tributions to the oblique parameters S, T and U , for
which we consider the 3σ ranges from [28]. The analy-
sis presented in [15] showed that (assuming for concrete-
ness mH0 < mA0) the neutralino searches at LEP impose
the bound mA0 � 100 GeV. A recast of the chargino
searches at LEP [29] also amounts to a constraint on the
charged scalar mass, namely mH± � mW . Finally, for
mH0 ≤ mh/2, we have to make sure that the Higgs boson
decay modes predicted by the IDM are in agreement to
those observed at the LHC. For SM-like couplings to all
SM particles, the invisible branching ratio of a Higgs into
two H

0 particles is restricted to BR(h → inv.) < 0.12 at
95% confidence level (CL) [30] (see also [31–34]).

Additional constraints arise once the IDM is consid-
ered as a DM model. Essentially the entire region where
mH0 < mh/2 is ruled out due to the invisible Higgs
branching ratio constraint, which imposes λL � 6×10−3,
while XENON100 [35] already eliminated the entire low-
to-intermediate mass regime where the IDM can explain
DM according to the thermal freeze-out mechanism. The
only exception is a narrow region around mH0 � mh/2
which is characterised by λL ∼ 0, implying a feeble DM–
Higgs (and, hence, DM–nucleon) coupling [24]. The more
recent LUX results [36] only render these constraints
quantitatively stronger, forcing one to move even deeper
into the “Higgs funnel” in order to find parameter space
points compatible with the relic density constraints from
Planck.

All constraints coming either from invisible Higgs de-
cays or from direct detection experiments however vanish
in the limit λL → 0. Therefore this regime of feeble λL

coupling appears to be extremely challenging experimen-
tally. While it might be argued that, with the exception
of the finely-tuned Higgs funnel region, this regime leads
to a DM overabundance, it is definitely relevant to seek

for constraints on DM models that do not depend in any
way upon astrophysical or cosmological assumptions. In
particular, the “no-go” argument for DM overabundance
holds only in the context of a “vanilla” picture for the
thermal history of the universe — numerous situations
can arise in embedings of the IDM which can lead to
an eventual dilution of the DM density, along the lines
discussed, e.g., in [37]. Besides, the IDM needs not be
viewed as a DM model, in the sense that it provides an
interesting phenomenology in itself. In this spirit, we will
see that the dilepton searches at the LHC provide con-
straints that are complementary to those obtained from
other experimental searches.
The dilepton + E

miss
T

signature in the IDM was first
studied in [17]. Four processes provide the main signal
contributions to this final state, namely

qq̄ → Z → A
0
H

0 → Z
(∗)

H
0
H

0 → �+�−H0
H

0
, (9)

qq̄ → Z → H
±
H

∓ → W
±(∗)

H
0
W

∓(∗)
H

0 (10)

→ ν�+H0ν�−H0
,

qq̄ → Z → Zh
(∗) → �+�−H0

H
0
, (11)

qq̄ → Z → ZH
0
H

0 → �+�−H0
H

0
. (12)

Process (11) directly depends on the coupling λL while
all others involve only gauge couplings and thus depend
only on the masses of the inert doublet fields.
Searches for two opposite-sign leptons plus Emiss

T
have

been performed by both the ATLAS and CMS collabora-
tions at Run 1. While no interpretation in the IDM was
given by the experiments, there are various Higgs and
SUSY analyses that are potentially sensitive to the IDM
signatures. In the following, we will discuss the results
obtained by ATLAS.
On the SUSY side, there is a search for neutrali-

nos, charginos, and sleptons [38]. In this context, the
�+�−+E

miss
T

signature arises from chargino-pair produc-
tion followed by χ̃± → W

±(∗)χ̃0
1 or χ̃± → �±ν̃/ν̃�± de-

cays, or slepton-pair production followed by �̃± → �±χ̃0
1

decays. All signal regions (SRs) based on purely lep-
tonic final states require |m�� −mZ | > 10 GeV, i.e. they
veto leptons coming from Z decays. One of the simpli-
fied models considered in this search, χ̃+χ̃− → W

+(→
�+ν)χ̃0

1W
−(→ �−ν)χ̃0

1, can be directly matched with pro-
cess (10). Several SRs are designed to optimize sensi-
tivity to different mass splittings mχ̃± − mχ̃0

1
. Inter-

estingly, note that the SUSY equivalent of process (9),
χ̃0
2χ̃

0
1 → Z

(∗)(→ �+�−)χ̃0
1χ̃

0
1, has not been considered in

any ATLAS or CMS search.
On the Higgs side, there is the search for invisible de-

cays of a Higgs boson produced in association with a Z

boson [39]. It requires |m�� − mZ | < 15 GeV, and can
be matched to processes (11) and (12); it may also have
sensitivity to process (9) if mA0 − mH0 > mZ . Finally,
there is another search in the �+�−+E

miss
T

final state, fo-
cused on DM [40]. However, it requires Emiss

T
> 150 GeV,

which completely removes all of our signal.

LHC constraints on the IDM

 ▪ Reinterpretation of ATLAS
    Di-lepton+MET searches 
     [ATLAS 1403.5294 (EW SUSY search);
      ATLAS 1402.3244 (inv. Higgs decay)]



Summary

▪ GCE:  Astrophysics or  WIMPs?

▪ Singlet Scalar Higgs Portal Model: Good fit! 

▪ After constraints: Only Higgs-resonance remains

▪ Allow for additional non-WIMP DM component
▪ Non-trivial implications for WIMP fraction near
   resonance (large velocity dependence)
▪ Inert Doublet Model: Interesting interplay with LHC
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Back-up I: Photon spectra for best-fit points 
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Figure 10: The correlation between the annihilation cross section as of today, �σv�, and the input parameters of
the fit, mS , λHS , R and log(J40◦/J40◦, nom) for the case of the GCE-only fit (upper row) and taking into account
all the constraint, including the relic density constraint (lower row). The white dot denotes the best-fit point. The
dark-red, red, orange and yellow points lie within the 1, 2, 3 and 4σ region around the best-fit point, respectively.

theory prediction as explained in section 3.5. In Fig. 11 we show the errors for the GCE-only

fit although the difference to the fit including all constraints would be barely noticeable in the

figure.

Figure 11: Spectral fit for the best fit point taking in account all constrains (red) and fitting only the GCE (blue).
The red band displays the diagonal part of the covariance matrix including a 10% error on the predicted flux (red
curve). The black points are the Fermi-LAT observation including an uncorrelated statistical error.

In table 2 we have collected the best fit values for the scalar Higgs portal model parameters

mS , λHS , and for the astrophysical parameters R = ρWIMP/ρtotal and J40◦ . We show results for

the various global fits, including the GCE signal only, and for the GCE signal with the different
constraints added successively. As discussed above, the scalar Higgs portal model can describe

the GCE signal for dark matter masses near mS = mh/2, and for perturbative values of the

17

GCE only (blue) and after all constraints (red):
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logL contribution GCE +BRinv +LUX +dwarfs +lines +relic den. 2nd region

mS [GeV] 45.50+5.98
−5.36 61.07+2.65

−1.98 61.55+1.78
−0.85 61.35+1.90

−0.79 61.46+1.87
−0.85 62.70+0.57

−0.18 62.52+0.02
−0.01

λHS 0.17+11.67
−0.09 0.0125+7.31

−0.0125 0.0082+0.317
−0.0082 0.0087+0.312

−0.0087 0.0082+0.315
−0.0082 0.022+0.015

−0.013 0.00029+0.0078
−0.00010

R 0.68+0.32
−0.65 1.0+0.0

−1.0 0.99+0.01
−0.99 1.0+0.0

−1.0 1.0+0.0
−1.0 0.054+0.141

−0.053 0.498+0.502
−0.496

log J/Jnom 0.0+0.44
−0.44 −0.05+0.48

−0.36 0.02+0.42
−0.43 0.22+0.36

−0.35 0.12+0.31
−0.29 0.13+0.30

−0.32 0.13+0.32
−0.31

σv [10−26 cm3/s] 1.97+1034
−1.38 1.28+4.1e6

−0.61 1.23+1.7e6
−0.55 0.96+1.3e6

−0.37 1.04+1.3e6
−0.42 359+9.7e5

−327 4.3+1.6e5
−0.9

σv R2 [10−26 cm3/s] 0.91+0.53
−0.35 1.28+2.02

−0.53 1.21+0.68
−0.45 0.96+0.43

−0.31 1.04+0.39
−0.32 1.06+0.42

−0.32 1.06+0.43
−0.31

χ2
GCE 19.3 25.3 25.6 26.0 26.0 26.8 26.7

p(χ2
GCE) 0.57 0.20 0.24 0.22 0.21 0.18 0.18

p(BRinv) 0.0 0.90 0.97 0.97 0.97 1.0 1.0

p(LUX) 0.0 0.32 0.62 0.58 0.62 0.84 1.0

p(dwarfs) 0.18 0.16 0.18 0.24 0.22 0.22 0.22

p(lines R3) 0.5 0.5 0.5 0.5 0.5 0.5 0.5

p(relic den.) 0.03 0.0 0.0 0.0 0.0 0.99 1.0

Table 2: Best fit points and corresponding 1σ error for fits to the GCE only, and including successively constraints from the invisible Higgs branching ratio, direct

detection limits, independent searches for γ-rays from dwarf satellite galaxies, searches for spectral γ lines, and from the dark matter relic density. We also display the

best fit in a second, viable region of parameter space (last column). Also shown are the χ2
GCE and the p-values of the respective best-fit points taking into account the

log-likelihood contributions of the observables given in the first line. p(χ2
GCE) represents the goodness of the GCE fit for 25 data points and 4 fitted parameters. The

remaining p-values represent the confidence level at which the best fit is compatible with the constraints coming from each extra-observable we include in the fit (see text

for more details).
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Back-up II: Table with best-fit points
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