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Abstract. With ever increasing pressure from collider physics and direct detection experi-
ments, particle physics models of TeV scale dark matter are gaining more attention. In this 
work, we consider two realizations of the class of scalar portal dark matter scenarios – the 
inverse seesaw model and the inert doublet model. Observations by the Cherenkov Telescope 
Array (CTA) of very-high-energy γ rays from dark matter annihilation in the context of these 
models are simulated for the Draco and Sculptor dwarf spheroidal galaxies, and later analyzed 
using ctools. We study the potential of CTA for the 5σ detection of a dark matter annihila-
tion signal. In the absence of a signal, we also derive the 2σ upper limits on the annihilation 
cross-section. We compare our projected CTA sensitivity against the projected sensitivity of 
the next generation of direct detection experiment, i.e. XENONnT. Although the limits from 
CTA are signifcantly improved compared with the previous generations of γ-ray experiments, 
they are still ̆  2 orders of magnitude above the thermal relic cross-section for the considered 
targets. In the case of the inverse seesaw model, the constraint from the future direct detec-
tion experiment XENONnT is much weaker than the CTA sensitivity, whereas for the inert 
doublet model, XENONnT gives a bound an order of magnitude stronger compared to the 
CTA limits. 
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1 Introduction 

A recent analysis of the cosmic microwave background indicates that baryonic matter only 
makes up 4.9% of the ΛCDM universe. The rest is dominated by the dark components, 
26.8% dark matter (DM) and 68.3% dark energy [1]. Although a lot of indicative evidence 
has been accumulated such as rotation curves of galaxies, gravitational lensing and structure 
formation, the mystery of DM still remains for more than eight decades since Frizt Zwicky 
frst coined the term (see e.g. [2] for a review). Despite this, DM has managed to escape all 
forms of detection and although a lot still remains unclear, some advancements have been 
made in understanding the unknown that these dark components represent [3–5]. One such 
advancement is the defnitive conclusion that DM lies beyond the Standard Model (SM) of 
particle physics. The most prominent candidate is the weakly interacting massive particle 
or “WIMP”. The typical annihilation cross-section of the WIMPs turns out to be around the 
same scale as the thermal relic cross-section hσvi ' 2.6 × 10−26 cm3/s, which is known as 
“the WIMP miracle” [6]. 

The lack of detection is not due to a lack of trying. Many di˙erent forms of experiments 
have been conducted with the aim of shedding light on DM [7]. Some are anticipating DM 
particles to collide with atomic nuclei, generically referred to as a direct detection experiment, 
resulting in recoil energy that might give some indication about the nature of DM. Some 
others are attempting to create DM particles inside a particle accelerator. While these types 
of experiments have failed to produce clues about what DM is, analyses of a wide range 
of available data [8] have established a deeper understanding regarding what DM is not. 
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Data from both direct detection experiments and collider searches have produced relevant 
constraints that help to frame our understanding of DM, which is also true for research on 
indirect detection. A core assumption about indirect detection experiments is that DM can 
annihilate, or decay, into SM particles such as photons, leptons, quarks and neutrinos. Based 
on this, experiments such as PAMELA, AMS02, and IceCube have reported constraints of DM 
masses ranging from MeV to GeV [9–11]. Gamma-ray experiments such as the Fermi Large 
Area Telescope (Fermi-LAT), as well as Imaging Atmospheric Cherenkov Telescopes (IACTs) 
have also provided constraints of DM properties with masses ranging up to few TeV [12]. 

IACTs are sensitive to γ rays in the Very-High Energy domain (VHE: 0.1 − 100 TeV). 
They detect the faint Cherenkov light produced in the atmosphere by the secondary particles 
of the atmospheric air showers induced by γ rays and cosmic rays. The properties of the image 
of the Cherenkov light on the telescope cameras are used to determine the characteristics of the 
incoming particle: its nature, its direction and its energy for instance. Current instruments, 
namely the High Energy Stereoscopic System (H.E.S.S.), the Major Atmospheric Gamma-ray 
Imaging Cherenkov telescope (MAGIC) or the Very Energetic Radiation Imaging Telescope 
Array (VERITAS) have searched for γ-ray signals from DM, and reported upper limits on 
the annihilation cross-section of DM particles (see for example [12–17]). In particular, dwarf 
spheroidal galaxies (dSph) are ideal candidates to look at for indirect detection of DM because 
of their expected lack of non-thermal γ-ray emission processes [18]. The next generation of 
IACT, the Cherenkov Telescope Array (CTA) [19, 20], will consist of two arrays of hundreds 
of IACTs of di˙erent sizes, allowing a wide energy coverage from ̆  20 GeV to ̆  300 TeV over 
both hemispheres. With a sensitivity one order of magnitude better than current instruments, 
CTA will be in a unique position to discover a DM signal or, in the absence of it, to signifcantly 
improve the current DM limits. 

A class of DM models that generically support TeV-scale or heavier DM are the portal-
type models, where the dynamics of the dark sector is connected to the SM sector through a 
mediator. In this study, we investigate CTA sensitivity of a class of portal models in which 
the mediator is a scalar particle [21–26]. In such a model, DM can be either a bosonic or 
a fermionic particle. For concreteness, we focus on the inverse seesaw portal DM model 
(IS) introduced in [27] and the inert doublet model (ID) [28–31]. The reason for this model 
specifc approach instead of an e˙ective approach is that the model parameters will allow 
us to project complementary limits from direct detection as well as collider limits on CTA 
sensitivity. We will frst use collider limits and theoretical limits in order to choose suitable 
benchmarks. Then we use the CTA science analysis tools ctools to compute the expected 
CTA sensitivity to each model, adopting the Draco and Sculptor dSphs as representative 
targets for each hemisphere. Finally, we will compare the CTA sensitivity to the projected 
sensitivity of future direct detection experiments such as XENONnT [32] , by translating such 
limit to the usual indirect detection parameter space. 

The outline of the paper is as follows. We introduce the two portal DM models in 
section 2, where also the benchmarks and specifc DM spectra are discussed. The simulation 
of CTA data for the two targets, the Draco and Sculptor dSphs, is described in section 3 as 
well as the method to derive the sensitivity curves for CTA. The results of the analysis are 
presented in section 4, where the CTA sensitivity is compared to direct detection limits from 
XENONnT. Our conclusions is drawn in section 5. 
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2 Portal dark matter models 

In this section, we give a short review of the IS and ID scenarios. 

2.1 Inverse seesaw model 

In the IS scenario, the DM particle is a Dirac fermion for which the dynamics of the DM 
sector is connected to the SM sector via the scalar mediator which is also responsible for 
neutrino mass generation. As a result, the neutrino mass scale sets the natural scale for the 
scalar mediator which, in turn, determines the scale of the DM particle. The smallness of 
neutrino mass dictates that DM must be of TeV scale. The potential for the scalar sector, 
(Φ, H), is given by 

2 
φ λφ λφH

V (Φ, H) = −µ 2H†H + λ(H†H)2 − 
µ 

Φ2 + Φ4 + Φ2H†H, (2.1)
2 4 2 

where µ, µφ are the mass parameters and λ, λφ, λφH are the quartic couplings. The DM 
particle, χ, is connected to the SM sector using the real scalar feld, Φ, as 

LDM = Φχ(G + i ˜ (2.2)Gγ5)χ + Mχχ, 

where M is the mass parameter for DM sector, G(G̃) is a (pseudo-) scalar coupling. After 
symmetry breaking, we can expand the physical degrees of freedom as � � 

H = p 1 0 
, Φ = φ0 + vφ, (2.3)

h0 + v2 

where v = 246 GeV and vφ are vacuum expectation values for the Higgs feld and the real 
scalar feld respectively. The mass of the DM particle can then be obtained by a chiral rotation 
and is equal to v u�p �2 � �2u et 2M + vφG + vφG 

mDM = . (2.4)
2 

The potential from Eq. 2.1 leads to the scalar mixing, i.e., � � � �� � 
h cos θ − sin θ h0 

= (2.5)
φ sin θ cos θ φ0 

where the mixing angle, θ, together with G and Ge, control how strong the SM sector is 
connected to the DM sector. Since the mixing angle θ changes the coupling of the 125 
GeV Higgs boson to other SM particles, the Higgs measurements from LHC [33–35] can be 
translated to the constraint on the mixing angle, i.e., | cos θ| � 0.975. 

Due to the small mixing angle, the DM annihilation process is dominated by χχ ! φφ, 
hh ! jjj0j0 where the fnal states are four SM particles, j, j0 = µ, τ, c, b, t, W ±/Z, g. In the 
rest frame of the scalar, φ or h, the momenta of the SM particles are back to back. Hence 
the 4-momenta of the fnal states are isotropically distributed. Assuming isotropicity and 
boosting the momenta back to the DM center of mass frame, the energy of the fnal states 
Ej ranges between Emin and Emax given by 0 s s 1� �2 � �2 

φ,h mDM mφ,h 2mj
E = @1 ± 1 − 1 − A . (2.6)max,min 2 mDM mφ,h 
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Averaging all possible directions, the di˙erential probability of fnding the SM particle with 
energy Ej is s� �� � 

2 2 � �2m 4mφ,h j 2Ej� � 1 − 2 1 − 2 − 1 − 
m m mDMDM φ,hdP 4 

= � �� � . (2.7)
dEj πmDM mφ,h 

2 4m2 
jφ,h 1 − 2 1 − 2m mDM φ,h 

Finally, the γ-ray spectrum in the center of mass frame of the annihilating DM particle can 
be written as � � Z φ,h � � � � 

dNj
Emax dNj dP 

= 2 dEj , (2.8)
dEγ φ,h dEγ dEjφ,h!jj E j φ,h� � min 

dNjwhere is the γ-ray spectrum from the SM particle. To simplify the model further, we dEγ j 

assume that φ has a negligible coupling to neutrinos such that it decays similarly to Higgs. 
Since the couplings to the SM particles of φ is modifed by the same factor, we can assume 
that its branching ratios are similar to those of Higgs particle. 

The full spectrum coming from the DM annihilation is written as � � � �X XdΦ dNj dNj
= hσviχχ!φφBr(φ ! jj) + hσviχχ!hhBr(h ! jj) ,

dEγ dEγ dEγφ!jj h!jjj j 

(2.9) 
where Br(X ! jj̄) is a branching ratio of a mother particle X into a pair of daughter particles 
jj̄. The cross-section for DM particles annihilating into a pair of scalar bosons are given in 
Appendix A.1. E˙ectively, there are 6 parameters relevant to the DM direct and indirect 
detection, i.e, the DM particle mass, the scalar mediator mass, the vacuum expectation of 
the scalar feld, the DM couplings and the mixing angle: � � 

mDM,mφ, vφ, G, G, θe . (2.10) 

The benchmark points are shown in Tab. 1. 

benchmark mφ vφ sin2(θ) 

ISb1 
ISb2 
ISb3 
ISb4 

mφ = mDM − 10 GeV 
mφ = mDM − 10 GeV 

mφ = 0.9mDM 

mφ = 0.9mDM 

vφ = mφ 

104 GeV 
vφ = mφ 

104 GeV 

2 × 10−8 
1 × 10−8 
0.049375 
0.049375 

Table 1. Choice and relation between parameters for each benchmark. In all benchmarks, the DM 
particle mass, mDM, is treated as a free parameter. For ISb2 and ISb4, the DM particle mass is 
bounded below ̆  105 GeV due to the perturbativity of the scalar coupling. The values of the mixing 
angles in ISb3 and ISb4 are chosen from the saturation of the LHC constraints, i.e., cos θ = 0.975. 

2.2 Inert doublet model 

For the ID model, an additional Higgs doublet, which does not participate in an electroweak 
symmetry breaking, is introduced. The physical neutral scalar or pseudoscalar component 
of this new Higgs doublet, whichever is the lightest, is a DM particle. As a result, the DM 
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particle in this scenario is its own antiparticle. The DM dynamics in the ID scenario is 
connected to the dynamics of the SM Higgs boson. Compatibility with the observed DM relic 
density typically requires a heavy DM particle mass, mDM & 600 GeV [30, 36]. The scalar 
sector of the ID model consists of the usual SM Higgs doublet, Φ, and an additional doublet, 
Φ0 . The two doublets interact via a potential 

02Φ0†Φ0 
λ1 

(Φ0†Φ0)2V (Φ, Φ0) = µ 2Φ†Φ+ µ + (Φ†Φ)2 + 
λ2 

2 2� � (2.11)
λ5 

+ λ3Φ
†ΦΦ0†Φ0 + λ4Φ

†Φ0Φ0†Φ+ (Φ0†Φ)2 + h.c. ,
2 

where µ(0) is the mass parameter and λi is the quartic coupling. The doublet Φ0 does not par-
ticipate in the Higgs mechanism, hence the name inert doublet. After electroweak symmetry 
breaking, the physical degrees of freedom in both doublets can be written as � � �p � 

1 1 2H+ 

Φ = p 0 
, Φ0 = p , (2.12)

v + h H + iA2 2 

where v = 246 GeV is the electroweak vacuum expectation value, h is the SM Higgs boson 
observed at the LHC, H+ is a charged scalar boson and H and A are neutral scalar bosons. 
The mass of the Higgs bosons are 

λ3 λ4 + λ52 2 2 2 2 2 2 2 2 2 2 mh = λ1v , mH+ = µ2 + v , mH = mφ+ + v , mA = mDM − λ5v . (2.13)
2 2 

The lightest of the neutral particle H and A is the DM particle candidate. 
The phenomenology of the model depends on 5 unknown parameters: the 3 scalar masses 

mH+ , mH and mA as well as two linear combinations of the quartic couplings typically taken 
to be λ2 and λ345 � λ3 + λ4 + λ5. In the case where the DM particle is the H particle, λ345 

is its coupling to the SM Higgs boson, h. If instead, A is the DM particle, it couples to h via 
λ̄345 � λ3 + λ4 − λ5. The DM-h coupling, λ345(λ̄ 345) plays a crucial role in determining the 
DM-nucleon scattering cross-section in direct detection experiments, DM annihilation cross-
section in indirect detection experiments and the invisible decay of the SM Higgs boson in 
collider experiments. 

Constraints on the ID model include theoretical bounds from stability of the electroweak 
vacuum [37] and unitarity of the 2-2 scattering amplitudes [38]. These translate to constraints 
on the quartic couplings λ’s as follow: p p

λ1 > 0, λ2 > 0, λ3 > − λ1λ2, λ3 + λ4 − |λ5| > − λ1λ2, p (2.14) 
|λ3 + 2λ4 ± 3λ5| � 8π, 3(λ1 + λ2) + 9(λ1 − λ2)2 + 4(2λ3 + λ4)2 � 16π. 

These constraints put an upper limit on how heavy a DM particle can be. 
From the experimental side, DM particles can be searched for at a particle collider such 

as the LHC. However, for heavy DM scenario (mDM & 1 TeV), collider search loses sensitivity 
because these DM particles cannot be produced eÿciently [31]. Indeed, the sensitivity of 
direct detection experiments depends on the fux of DM particles passing through the detector. 
Hence, since the fux decreases with increasing DM particle mass, direct detection experiments 
lose sensitivity for heavy DM particles. For indirect detection experiments, the sensitivity for 
heavy DM particles is limited by the telescope ability to detect high energy γ rays. 
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benchmark Δ0 [GeV] Δ+ [GeV] 
IDb1 2 7 
IDb2 0.2 0.7 

Table 2. Benchmark scenarios for the ID model. For a given value of Δ0 , Δ+ and mDM, λ345 is 
chosen so that the correct DM relic density is reproduced. 

The ID model contains 7 real parameters as can be seen in Eq. 2.11. Two of the param-
eters are fxed by the 125 GeV Higgs boson mass and the electroweak vacuum expectation 
value. The remaining 5 free parameters are taken to be the DM particle mass mDM, the mass 
splitting between the DM particle and its neutral cousin Δ0 , the mass splitting between the 
DM particle and its charged cousin Δ+ , λ345 and λ2. In this study, we consider two bench-
mark scenarios for Δ0 and Δ+ shown in Tab. 2. In each benchmark scenario, for a given 
value of mDM, λ345 is chosen so that the correct relic abundance of DM particles is produced. 
Note that the parameter λ2 plays no role in DM phenomenology. 

3 Methodology 

3.1 Targets and CTA simulation 

The source di˙erential DM fux is given by 

Xdφ 1 J dNi 
= hσvii (3.1)2dE 8π m dEDM i R 

where J = ρ2dr is the astrophysical factor corresponding to the DM density squared inte-
grated along the line of sight. The overall factor 1/8π comes from the combination of solid 
angle, the assumption that there are as many DM particles as their antiparticles and the fact 
that the spectrum from a SM particle and its antiparticle are identical. dNi is the di˙erential dE 
photon number density from DM annihilation in the channel i. This equation applies in the 
case where the DM particle is not its own antiparticle as it is the case for the IS model. If 
the DM particle is its own antiparticle, as in the case of the ID model, the fux should be 
multiplied by a factor 2. Examples of γ-ray spectra for both the IS and the ID models from 
DM annihilation inside Draco are shown in Fig. 1 for various DM particle masses. Note that 
for the ID model, the DM particle mass must be between 0.7 and 23 TeV. Hence, the spectrum 
is shown up to 20 TeV. 

Two dwarf spheroidal galaxies are used as targets: Draco in the northern hemisphere, 
and Sculptor in the southern hemisphere. Both are classical DM targets, extensively studied 
before, and the uncertainties on the DM fux are expected to be much lower compared to other 
DM targets. For these resaons, they are suited to test the IS and the ID model presented 
in sections 2.1 and 2.2. As a typical exposure time [20], 300 hours of observations of these 
two targets are simulated using the ctools software package [39] and adopting CTA-North 
array for Draco and the CTA-South array for Sculptor. Tab. 3 gathers the useful parameters 
for these two targets. Gamma-ray events with energy between 30 GeV and 100 TeV are 
generated from each target source with ctobssim assuming a point-like source, using the 
corresponding instrument response functions (IRF [40]), and a pointing o˙set of 0.5° from the 
source coordinates. 
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Target (RA,Dec) [°] IRF J [1018 GeV2 
]cm5 

Draco 
Sculptor 

(260.05, 57.915) 
(15.0375, -33.7092) 

North_z20_50h 
South_z20_50h 

14.2 
3.56 

Table 3. Parameters of the two dwarf spheroidal galaxies used as targets in this study. The IRFs 
correspond to the prod3b_v2 publicly released by CTA [40]. The J factors are taken from [41]. 
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Figure 1. Spectral energy distribution for the inverse seesaw model with benchmark scenario 
ISb1 (left) and the inert doublet model with benchmark IDb1 (right), adopting the Draco J fac-
tor J = 1.42 × 1019 GeV2 cm−5 , for di˙erent DM particle masses. 

3.2 Sensitivity curves and upper limits 

To derive the CTA sensitivity for both models and for both targets, we closely follow the 
methodology in [42]. For each tested DM particle mass, from 30 GeV to 100 TeV, we use 
ctlike to calculate the Test Statistic (TS), which compares the likelihood that a signal s is 
present, L(Ms+b), against the hypothesis that there is background b only, L(Mb): 

TS = 2(ln L(Ms+b) − ln L(Mb)). (3.2) 

The simulated γ-ray fux predicted by each model is boosted by a factor f , which is equivalent 
to increasing the cross-section, until the signal is detected with a TS of 25 ± 0.25. 

In the case where no signal is detected with ΔTS � 25 within 300 hours of simulated 
observations, we also calculate the upper limit on the fux, fulm, using ctulimit. We consider 
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the 95% confdence level (CL) upper limit and derive the upper limit boost factor, fulm, by 

φulm
fulm = R , (3.3)mDM dφ dEEmin dE 

where Emin = 30 GeV and mDM the mass of the DM particle. Finally, the fulm is translated 
to the 95% CL upper limit on the DM annihilation cross-section. In both cases we performed 
50 realisations and calculated the mean and standard deviation. 

4 Results 

4.1 Detection prospects and upper limit to the annihilation cross section 

Using 300 hours of simulated CTA observations of the Draco and the Sculptor dSph galaxies, 
the value of the cross-section that would be needed for the 5σ discovery limit of the DM 
annihilation signal from Draco (Sculptor) is shown in the top left (right) panel of Fig. 2 for 
both the IS and the ID models. Similarly, the 95% CL exclusion limits for both targets, in 
case no signal was found, are shown in the bottom panels of Fig. 2. For comparison, we also 
provide our estimate for a simplifed scenario where DM only annihilates to W +W − . 

For both targets, the IS model provides both an easier discovery and better exclusion 
limits compared to the W+W − scenario for mDM & 1 TeV. In the IS model, DM particles 
annihilate into a pair of secondary particles (φ and h), which subsequently decay into a pair 
of SM particles (φ, h ! W+W − , tt̄). This two-step process accounts for most of the γ-ray 
spectrum produced. As a result, for DM particle masses below 1 TeV, corresponding to 0.5 
TeV energy of the SM particle producing γ rays, the majority of the γ-ray spectrum is below 
the CTA sensitivity threshold. On the other hand, the tt̄  channel, which gives a stronger 
γ-ray spectrum at higher energy, provides the strongest limit for the IS model compared to 
the W +W − spectrum in the region of mDM & 1 TeV. 

The ID model provides both the best prospects for discovery and most stringent exclusion 
bounds in case no signal is detected. This is due to the fact that for mDM & 600 GeV, 
consistency with the DM relic abundance is achieved via the co-annihilation mechanism [43]. 
It allows the DM annihilation cross-section to be larger than the nominal thermal relic cross-
section hσvi ' 2.6×10−26 cm3/s. For the benchmark scenario considered, internal consistency 
dictates that the DM particle mass must lie in a region between 0.7 and 23 TeV. As a result, 
the energy range that can be probed with the ID model is smaller than with the IS model. 

4.2 Constraint from direct detection experiments 

In this subsection we compare the projected CTA sensitivity to a DM signal from dSph 
galaxies to that of direct detection experiments. For defniteness, we take the XENONnT 
projection [32] as a representative of direct detection limits. Other planned direct detection 
experiments such as DarkSide-20k [44], LUX-ZEPLIN [45] and PandaX-4T [46] are expected 
to provide comparable sensitivity. 

We translate the XENONnT constraint on the spin-independent DM-nucleon scattering 
cross-section into a constraint on DM annihilation cross-section. The direct detection cross-
sections for IS and ID models can be found in Appendix A.2. Since XENONnT only provides 
an upper bound up to mDM = 1 TeV, we perform a linear extrapolation to get an upper 
bound for heavier DM masses. Fig. 3 shows a comparison between the projected CTA and 
XENONnT sensitivities. For the benchmark scenarios considered here, XENONnT provides 
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Figure 2. Annihilation cross-section as a function of the DM particle mass for the IS model (blue 
curves) and the ID model (orange) in the case of Draco at the top and Sculptor at the bottom. The 
cross-section for the SM annihilation channel W +W − is also shown for comparison (green curve). 
The shaded bands represent the 1σ uncertainties. 

better constraints for the ID model than CTA. However the XENONnT limit is not strong 
enough to exclude the parameter space relevant for the IS model. This can be seen from 
Eq. A.10. Due to the strong suppression of the mixing angle, projection limits on spin-

˘ 10−47 2independent cross-section from XENONnT, σSI cm , implies that the excluded 
values of the DM coupling to the mediator are generically larger than the perturbativity 
limit, i.e., G2 + G̃2 & 102 for mDM & 103 GeV. 

For the ID model, we also compare the CTA sensitivity to the exclusion limit (90% CL) of 
one year data from IceCube [47]. We fnd that the projected CTA sensitivities for both Draco 
and Sculptor are stronger than IceCube upper limit by roughly 2 orders of magnitude. On 
the other hand, the typical neutrino production cross-section from the IS model is expected 
to be of the order 10−31 cm3/s [27], which is much lower than the current constraints from 
IceCube. 

5 Discussion and Conclusion 

In this paper, we studied the detectability of DM particles in the context of portal-type DM 
models, namely the inverse seesaw model and the inert doublet model. CTA is a particularly 
suited instrument thanks to its sensitivity in the TeV energy range, where we expect DM signal 
from the two models considered in this study. First, we derived the expected cross-section for 
a 5σ detection using the Draco and the Sculptor dwarf spheroidal galaxies as astrophysical 
targets. Unfortunately, the DM annihilation cross-section required for a discovery is 2 to 3 
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Figure 4. Comparison of the 95% CL ULs on the DM annihilation cross-section for the IS and ID 
model and for the W+W− channel, with 95% CL ULs derived by the MAGIC collaboration for the 
W +W − channel [48]. The blue dashed line represents the 90% CL UL from IceCube for the W +W − 

channel in the direction of Draco [49] and the green dashed line shows the predicted upper limit at 
95% confdence level after 1 year of observation with LHAASO for the W +W − channel [50]. 

orders of magnitude higher than the thermal relic cross-section. Therefore, it seems unlikely 
that CTA will detect DM particles from the IS and ID models. Hence, for the case of no 
signal, we derived the 95% CL upper limits on the annihilation cross-section. These limits 
turn out to be weak as they are also 2-3 orders of magnitude above the typical thermal relic 
cross-section. In Fig. 4, we compare them with the upper limits for the W+W − channel 
published by the MAGIC collaboration for ˘ 52 hours of Draco observations and for the 
combined analysis of four dSph galaxies (Segue I, Ursa Major II, Draco and Coma Berenices) 
leading to ̆  350 hours of combined observations [48]. As expected, the upper limit of CTA 
is more than one order of magnitude stronger than MAGIC in the case of Draco alone, and 
˘ 4 times stronger in the case of the combined limit. The upper limit at 90% confdence level 
from IceCube [49] using high energy neutrinos over 340 days coming from the direction of 
Draco for the W+W − channel is also shown, as well as the upper limit at 95% confdence level 
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predicted after 1 year of observation with LHAASO for the W+W − channel [50]. For the ID 
model, we also compare in Fig. 3 our simulated CTA exclusion limit against the projected 
XENONnT limit, which is roughly 1 order of magnitude stronger. A similar comparison for 
the IS model is not possible since the DM-nucleon cross-section is highly suppressed due to a 
small mixing between the mediator φ and the Higgs boson h, which is tightly constrained by 
the 125 GeV Higgs boson measurements at the LHC. 

We note that the CTA sensitivity could be improved by either astrophysical boosting 
e˙ects, such as black-hole induced clamping [51, 52] or subhalo boosting [53–55], or by Som-
merfeld enhancement of the annihilation cross-sections [56, 57]. Another improvement could 
come from a combined analysis of multiple dSph observations. Indeed, the latter can increase 
the statistics and improve the upper limit by at least a factor 2. For example, the combina-
tion of the observations from 20 dSph galaxies, recently performed by the Fermi-LAT, HAWC, 
H.E.S.S., MAGIC, and VERITAS collaborations using a joint maximum likelihood approach, 
leads to upper limits that are 2 to 3 times stronger than using individual instruments [58]. 

It must be also noted that direct detection constraints are sensitive to the local DM 
density, ρ0. Recent studies of the DM distribution in the Milky Way suggest that 0.4 
GeV/cm3 . ρ0 . 0.7 GeV/cm3 at 95% CL [59, 60] with the best ftted value ρ0 ' 0.57 
GeV/cm3 . This would result in a more constraining direct detection upper limit. However, 
in our analysis, we follow XENONnT by adopting the standard value ρ0 = 0.3 GeV/cm3 . As 
a result, our projected constraints from direct detection are conservative. 

Although the CTA sensitivity for portal-type DM models is weak for Draco and Sculp-
tor, the Galactic centre (GC) can be the next promising target to test the model. Recent 
results for the sensitivity of CTA to a DM signal from the GC, with both cusp and core 
profles, have shown that CTA will be able to reach the thermal cross-section for TeV-scale 
DM [61]. In the near future, we will test IS and ID models in the GC following the method 
in [61], which also considered the interstellar emission model, known and unknown sources in 
the GC area and the Fermi bubbles. 
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A Analytic expressions for cross-sections 

In this appendix we provide analytic expressions for DM self-annihilation cross-sections, rel-
evant for indirect detection experiments, and the DM-nucleon cross-sections, responsible for 
direct detection experiments. 

A.1 Self-annihilation cross-sections 

For the IS model, annihilation into the φφ and hh fnal states, responsible for most of the 
annihilation cross-sections, are given by !2s 

+ G̃2 
χG

2 

hσvihh = 1 − 
2 2β 24mDMGsθ sθλhhh cθλφhhmh (A.1)− − ,2 2m2 

DM − m2 
h 4m2 

DM − m2 
h 4m2 

DM − m232π mDM φ !2
s 

+ G̃2 2 
χG

2 

hσviφφ = 1 − 
2β 24mDMGsθ sθλφφh cθλφφφmφ (A.2)− − .2 2m2 

DM − m2 
φ 4m2 

DM − m2 
h 

2 
DM 

2− m32π 4mmDM φ q 
24mDMwhere βχ � 1 − and the couplings are given by s � � � � 

222 
φc hs hc 

λhhh = − − 
vφ v� � 

3 2 2 3 2 2+ mφs
2 
θ6s 6c+ mm mθ θ θ θ θ 

2 − m2 
h cθsθ �mφ 2 

θsθ + 3vcθs � � 
2 (A.3)− 3vφc ,θ vvφ� � ��2 2cθsθ + + m 
3 3cθs c s2 2 θ θ 

vφ v vφ v� � θλφhh = −3s2θ +mφ h 

2 2− m �m cθsθφ h 223 vφcθ + 2vcθsθ − 2vφcθsθ − vs ,θ vvφ� 
3 (A.4)− � � � ��2cθsθθ 

vφ v vφ v� � 
3 3 2c s cθs2 2θ+ + m θλhφφ = −3s2θ +mφ h 

2 2− m �m cθsθφ h 223 vφsθ − 2vcθsθ − 2vφcθsθ + vc ,θ vvφ� � � � 3 (A.5)− 

222 
φc hs hc 

λφφφ = − + 
vφ v� � 

3 2 2 3 2 2+ mφs
2 
θ6c 6s+ mm mθ θ θ θ θ 

2 − m2 
h cθsθ �mφ 23vφcθsθ − 3vc 2 (A.6)− θsθ . vvφ 
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For the ID model, the relevant annihilation cross-sections in the case where H is a DM 
particle, are given by 

λ2 2
Nc 345mf 

(1 − rf )3/2 , (A.7)hσff̄vi = 
2 24π (4mχ − m )2 h" #2

21 λ2 3m 2λv2 p
345 hhσhhvi = 1 + + 1 − rh , (A.8)
2 2 2 2 264π m 4mχ − m m − 2mχ h h χ2 !2 � � 

m2 λv2 3 4mχ 
4 

DM 2hσV V vi = 4 1 + 1 − rV + r + (1 − rV )2 V2 2 2 2 2 )22δV πv4 4mχ − m 4 (m + mχ − mh φ V ! # 
22m λv2 p

2− χ 
1 + (2 − 3rV + rV ) 1 − rV . (A.9)2 2 2 2 2(m + mχ − m ) 4mχ − mφ V h 

2where Nc is the number of color for a fermion f , rx = m /m2 = W ±, Z and δW (Z) = x DM , V 
1(2). In the case where A is the DM particle, the coupling λ345 = λ3 + λ4 + λ5 becomes 
λ̄345 = λ3 + λ4 − λ5. 

A.2 Direct detection cross-sections 
For the IS model, the DM-nucleon scattering cross-section is given by !2 

f2 (G2 + G̃2)s2 2 2 
N 2θ DMmNσDM−N = 

m 1 
2 − 

1 
. (A.10)24π (mDM + mN )2 m mφ h 

where fN is the nucleon matrix element of the scalar current which is given by 0 1 X2 mN 7 (N)
fN � hN |Sq|Ni = @1 + f A . (A.11)Tq 9 v 2 

q=u,d,s 

For the u, d, and s form factor, we use the following values [25]: 
(p) (n)

f = (1.8 ± 0.5) × 10−2 , f = (1.6 ± 0.5) × 10−2 ,Tu Tu 

(p) (n)
f = (3.4 ± 1.1) × 10−2 , f = (3.8 ± 1.1) × 10−2 , (A.12)
Td Td 

(p) (n)
f = 0.043 ± 0.011, f = 0.043 ± 0.011.Ts T s 

The DM-nucleon scattering cross-section for the ID model, in the case H is the DM 
particle, is given by 

λ2 2 f2 2 
345v NσDM−N = 4 

N m . (A.13) 
m (mDM + mN )2 h 

Again, as in the case of DM annihilation, the DM-nucleon scattering cross-section in the case 
where A is the DM particle can be obtained by a replacement λ345 ! λ̄ 345. 

B The CTA sensitivity of other benchmarks 

In this appendix we provide the CTA 5σ detection and 95% CL exclusion limit for the rest 
of the benchmark scenarios. For the IS model, the CTA limits for benchmarks ISb2-4, see 
Tab. 1, are shown in Fig. 5. The CTA sensitivity for the benchmark IDb2 is shown in Fig. 6. 
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Figure 5. CTA 5σ discovery (solid) and 95% CL exclusion (dashed) limits for the IS model bench-
marks shown in Tab. 1. The shaded band represents the corresponding 1σ uncertainty. The dotted 
line represent the thermal cross-section. 
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