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Analyzing the neutrino Yukawa effect in the freeze-out process of a generic dark matter candidate with 
right-handed neutrino portal, we identify the parameter regions satisfying the observed dark matter relic 
density as well as the current Fermi-LAT and H.E.S.S. limits and the future CTA reach on gamma-ray 
signals. In this scenario the dark matter couples to the Higgs boson at one-loop level and thus could be 
detected by spin-independent nucleonic scattering for a reasonable range of the relevant parameters.
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1. Introduction

The smallness of neutrino masses may be explained by the 
presence of right-handed neutrinos (RHNs) with large Majorana 
mass realizing the seesaw mechanism [1]. It is conceivable that 
a dark matter (DM) candidate couples to a RHN and thus its pair-
annihilation to a RHN pair is responsible for the DM freeze-out. 
Such a situation can be realized specifically when RHNs are intro-
duced in association with an extended (B − L) gauge symmetry [2,
3]. In this scenario, an interesting feature arises in the process of 
DM thermal freeze-out. Due to a tiny neutrino Yukawa coupling 
of a RHN with lepton and Higgs doublet, the RHN may not be 
fully thermalized and thus the observed DM relic density can be 
achieved by the DM annihilation rate different from the standard 
freeze-out value [2,3]. Such a feature has been realized also in var-
ious scenarios [4–6].

The RHN as a portal to DM was suggested in a simple setup as-
suming the coupling Nχφ where a fermion χ or a scalar φ can be 
a DM candidate [7], and studied extensively in Refs. [8–14]. In this 
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paper, we explore the enlarged parameter space including the RHN 
Yukawa effect to investigate how it is constrained by the thermal 
DM relic density, direct and indirect detections. We will assume 
that DM is the fermion field χ , and thus the nucleon-DM scatter-
ing arises at one-loop through the φ–φ-Higgs coupling.

The rest of the paper is organized as follows. In Sec. 2, after 
describing the RHN portal structure with a fermionic DM can-
didate, we discuss the impact of neutrino Yukawa couplings to 
the thermal freeze-out condition of the DM pair-annihilation to a 
RHN pair. This allows us to identify parameter regions satisfying 
the observed DM relic density, which are constrained by indirect 
detection experiments. Applying the latest Fermi-LAT and H.E.S.S. 
data on gamma-ray signals, produced by RHN decays in our sce-
nario, we put combined constraints on the model parameter space 
in Sec. 3. In Sec. 4, we consider a direct detection process aris-
ing from one-loop induced DM–DM-Higgs coupling and limits from 
the recent data and future sensitivity on spin-independent (SI) DM 
scatterings. Finally we conclude in Sec. 5.

2. DM freeze-out including neutrino Yukawa effect

Let us consider the simplistic scenario for a RHN-portal DM 
based on the Type-I seesaw. The Lagrangian of such construct will 
contain the following new terms
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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Fig. 1. The Feynman diagrams for the DM particle χ annihilation to RHN N pair (a) 
and the decay of N to SM particles (b), (c) are shown.
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Here L and H are the SM SU (2)L doublets and N is a Majorana 
fermion (RHN). There are two new fields in the dark sector: a real 
scalar φ and a Majorana fermion χ which are singlets under the 
SM gauge group. For the stability of a DM candidate, we assigned, 
e.g., a Z2 parity under which the dark sector fields are odd. After 
the electroweak symmetry breaking, H = (v + h)/

√
2, we get the 

scalar mass m2
φ = m2

0 + κv2 and the h–φ–φ coupling κv .
There are two couplings λ and κ which connect the dark sector 

(φ and χ ) to the visible sector. When φ is a thermal DM candi-
date, the Higgs portal coupling κ plays an important role. In this 
case, the parameter space is highly constrained by various consid-
erations including the latest XENON1T result [15]. The RHN-portal 
process, φφ → N N through the t-channel exchange of χ , can also 
be operative to produce the right thermal relic density. Notice that 
a similar situation was studied in Ref. [2] where φ corresponds 
to a right-handed sneutrino DM. In this paper, we concentrate on 
the fermion χ as a DM candidate. Our results on the RHN-portal 
property can also be applied to the case of the scalar φ as a DM 
candidate.

When χ is lighter than φ, it becomes a viable DM candidate. 
For mN < mχ , the DM particle χ can annihilate to the RHN pair 
via a t-channel exchange of φ (Fig. 1(a)). The thermal average an-
nihilation cross section is given by,

〈σ v〉χχ→N N = λ4
(
mχ + mN

)2
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)2

(
1 − m2

N

m2
χ

)1/2

. (2)

There are other relevant annihilation processes like φφ →
χχ (N, N), φφ → SM particles and co-annihilation channel χφ →
N → SM particles which can contribute in the evaluation of DM 
number density. We quote these expressions in Appendix A. We 
notice that the co-annihilation channel is suppressed by two rea-
sons; firstly the tiny Yukawa coupling yN , secondly the choice of 
parameter space away from the resonant N production, and thus 
has insignificant effect in the freeze out mechanism. We start with 
the coupled Boltzmann equations written in terms of the variable 
Yi ≡ ni/s, describing the actual number of particle i per comoving 
volume, where ni being the number density, s is the entropy den-
sity of the Universe, and the variable x ≡ mχ/T . The Boltzmann 
equations relevant for our study are
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The entropy density s and Hubble parameter H at the DM mass is

s(mχ ) = 2π2

45
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90
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χ ,

where Mr
pl = 2.44 × 1018 GeV is the reduced Planck mass and Y eq

N
is the equilibrium number density of i-th particle given by
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Here in the last line of Eq. (6) we use the effective number of rel-
ativistic degrees of freedom g∗ 	 100 and the internal degrees of 
freedom gχ,N = 2 for the two Majorana particles χ , N and gφ = 1
for φ being the real scalar. The first terms on the right-hand side of 
Eqs. (3) and (5) denote the forward and backward reactions of χχ

to N N through t-channel φ exchange shown in Fig. 1(a). It can be 
seen from Eq. (1) that the Yukawa interaction of the right-handed 
neutrino allows it to decay to SM particles via the mixing with the 
SM neutrinos proportional to the coupling yN . The third term of 
Eq. (5) describes the decay and the inverse decay of N shown in 
Fig. 1(b) and (c) where � being the total decay width of N . Below 
we quote the expressions of the partial decay widths of N to three 
possible channels hν , 
±W ∓ and Zν , respectively.
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The relic abundance of the DM candidate χ can be evaluated by,

�h2 = mχ s0Yχ (∞)

ρc/h2
, (10)
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Fig. 2. The actual number of χ, φ and N per comoving volume are shown in blue dashed, green dot-dashed and red dotted curves, respectively. The panels from (a) to (d) 
are obtained by solving the coupled Boltzmann equations (Eqs. (3)–(5)) with the total decay width � of N as 10−10 GeV, 10−15 GeV, 10−20 GeV and 0 GeV, respectively. The 
effect of decay term is prominent from the plots. The masses of χ , N , φ are assumed to follow mχ = n mN = 1/n mφ with n = 1.2, mN = 300 GeV and the couplings λ = 0.4, 
κ = 1. The observed relic density is satisfied in panel (b) with � = 10−15 GeV.
where s0 = 2890 cm−3 is the current entropy density of the Uni-
verse and ρc/h2 = 1.05 × 10−5 GeV/cm3 is the critical density. 
Yχ (∞) is the asymptotic value of the actual number of χ per co-
moving volume obtained from numerical solutions of the above 
Boltzmann equations. We illustrate the effect of decay and inverse 
decay of RHN in the evaluation of DM density, for a benchmark 
case, in Fig. 2. It can be seen that, in this case, the contribution of 
scalar DM φ to relic density is negligible compared to the Majo-
rana fermion χ .

Depending on the flavor structure of the Yukawa coupling yN , 
the RHN decays differently to each lepton flavor, which will lead 
to a different prediction for indirect detection. For our analysis of 
indirect detection, we will assume N decaying equally to three lep-
ton flavors.

3. Indirect detection

Here we would like to mention that the RHN-portal models 
can be probed by indirect detection experiments. The annihilation 
of DM pair to RHNs, which then decay through weak interactions 
induced by active-sterile neutrino mixing, leads to gamma-ray sig-
nals that can be probed by experiments such as Fermi-LAT and 
H.E.S.S. telescopes [12,13]. In our work we employed the receipt 
described in [12] to find the H.E.S.S. bounds and the results from 
[16] for the Fermi-LAT bound on the dark matter annihilation cross 
section for the χχ → N N process which is depicted in Fig. 3. 
We emphasize that H.E.S.S. and CTA limits rely on the current 
(projected) sensitivity to gamma-ray emission stemming from the 
Galactic Center. Since no excess has been observed, stringent con-
straints have been placed on the dark matter annihilation cross 
section. It is clear from the figure that the CTA limit is more con-
straining and this is a direct result of the CTA array containing 
Large, Medium and Small-Sized Telescopes that will significantly 
strengthen CTA sensitivity to dark matter models [17]. We focus 
our discussion on the benchmark scenario where mχ = n mN =
1/n mφ .

The left panel of Fig. 3 in the 〈σ v〉 − mχ plane shows the 
lines satisfying observed relic abundance by Planck data �h2 =
0.1199 ± 0.0027 [18] achieved for different values of the cou-
pling λ. The green and yellow shaded regions depict 90% C.L. limit 
on annihilation cross section from Fermi-LAT [16] and 95% C.L. 
bound from H.E.S.S. data [12], respectively. The right-panel shows 
the corresponding situation in the mN − yN plane. One can observe 
an important feature that given a fixed value of λ, the observed 
relic can be obtained for quite extended ranges of the DM mass mχ

by changing the neutrino Yukawa coupling yN , viz controlling the 
decay width �. This parameter space is currently allowed by the 
limits from indirect detection experiments however can be probed 
by the projected bound from CTA in future. The system of the cou-
pled Boltzmann equations, (3) and (5), reduces to the conventional 
one where the RHN is assumed to be in thermal equilibrium. This 
is realized when 〈σ v〉 	 2 × 10−9 GeV2 and the result becomes in-
dependent of yN , which is nicely depicted in the right panel. The 
gray shaded region is forbidden by the perturbativity limit on λ. 
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Fig. 3. The left and right panels show the allowed parameter space in the plane of (mχ 〈σ v〉) and (mN , yN ), respectively. The observed relic density is obtained for the DM 
coupling λ = 0.4 (dashed), 0.6 (dot-dashed), 0.8 (dotted), 1.0 (long-dashed) and 

√
4π (solid). The green and yellow shaded regions are excluded by Fermi-LAT (at 90% C.L.) 

and H.E.S.S. (at 95% C.L.) data, respectively. The blue solid curve represents future bound from CTA where the region above (below) will be excluded at 90% C.L. for left (right) 
panel. The gray region is forbidden by perturbativity limit. The masses of χ , N , φ are assumed to follow mχ = n mN = 1/n mφ with n = 1.2, κ = 1, and the RHN is assumed 
to decay equally to each lepton flavor.
Fig. 4. The interaction of the DM χ with the Higgs h induced at one-loop level.

For higher values of n, the parallel lines for yN ≥ 10−7 in the left 
panel of Fig. 3 would be satisfied for higher values of λ for a given 
mN . This is due to the fact that an increase in n decreases 〈σ v〉, 
which can be read from Eq. (2).

4. Direct detection

Notice that the model contains no tree-level coupling of the 
fermionic DM to the Higgs boson, but an effective h–χ–χ coupling 
arises from the one-loop diagram shown in Fig. 4:

−Lhχχ =κ ′hχ̄χ where

κ ′ ≡λ2κv

16π2

mχ c1(x) − mN c0(x)

m2
φ

, (11)

and c1,0(x) are loop-functions of x ≡ m2
N/m2

φ given by

c1(x) = 1 − 4x + 3x2 − 2x2 ln x

2(1 − x)3
,

c0(x) = 1 − x + x ln x

(1 − x)2
.

The induced h–χ–χ coupling κ ′ (Eq. (11)) controls the SI nucle-
onic cross-section

σSI = 4

π
μ2

r

(
κ ′gnnh

m2
h

)2

, (12)

where μr = mχmn/(mχ + mn) is the reduced mass and gnnh ≈
0.0011 is the nucleon-Higgs coupling. The measurements of DM-
nucleon SI cross section constrain the effective Higgs-DM coupling 
stringently and the result is depicted in Fig. 5 which shows the 
latest bound from XENON1T 2018 result [19] and the future lim-
its from LZ [20] and XENONnT [21] experiments. The region above 
the mentioned curves are excluded at 90% confidence level.
Fig. 5. The contour plot for direct detection cross-section through a loop induced 
h–χ–χ coupling is shown in mχ − |λ2κ | plane. The 2018 XENON1T bound [19]
is shown by the red-dashed curve. The green- and orange-dotted curves are the 
expected bounds from LZ [20] and XENONnT [21] experiments, respectively. The 
region above the mentioned curves are excluded at 90% confidence level.

It can be seen that the latest data from XENON1T experiment 
excludes |λ2κ | ≥O(1) for mχ ≤ 150 GeV and the future sensitivity 
of XENONnT can rule out such value of |λ2κ | up to 600 GeV DM 
mass. As the direct detection process arises at one-loop level with 
an additional coupling κ irrelevant for the DM annihilation, there 
remains a wide range of parameter space to be probed by both 
direct and indirect detections.

5. Conclusion

The dark sector may possibly be connected to the visible sec-
tor through heavy Majorana RHNs which are introduced to explain 
the observed neutrino masses and mixing. Assuming a fermionic 
DM candidate which pair-annihilates to a RHN pair, we performed 
a comprehensive analysis of the parameter space considering the 
neutrino Yukawa effect in the thermal freeze-out process and im-
posing the current results of indirect and direct detection ex-
periments. When the neutrino Yukawa coupling is too small to 
maintain the RHN in full thermal equilibrium, the DM annihilation 
cross-section needs to be larger than the standard freeze-out value 
to obtain the observed relic density. However, the allowed param-
eter region is quite limited and well below the current limits from 
Fermi-LAT and H.E.S.S. telescopes detecting gamma ray signals. The 
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CTA will be able to probe a large part of the region as shown in 
Fig. 3. In this scenario, a DM-Higgs coupling arises at one loop 
and thus could be probed by direct detection experiments through 
spin-independent scattering. The 2018 XENON1T bound and future 
limits are illustrated in Fig. 5.
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Appendix A

In this section we provide the expressions for cross sections 
involved in the coupled Boltzmann equations (Eqs. (3)–(5)). The 
scalar DM particle φ can annihilate to χ(N) pair via a t-channel 
exchange of N(χ) and the thermally averaged cross section is 
given in Eq. (13) ((14)). The φ pair can also annihilate to the 
SM particles where the dominant channels are φφ → hh and 
φφ → h → tt̄, W W , Z Z where h is the SM Higgs boson. The pro-
cess φφ → hh combines three contributions as shown in Eq. (15); 
contact 4-point interaction (first term), s-channel Higgs exchange 
(second term) and t-channel φ exchange (third term). All three 
channels written in Eq. (16) proceed through a s-channel Higgs 
exchange and hence are less dominant far from the resonant Higgs 
production. We use these expressions in solving the Boltzmann 
equations (Eqs. (3)–(5)) in Secs. 2 and 3.
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