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1 Introduction

Revealing the identity of dark matter in our universe is one of the most important prob-
lems in particle physics. Among various candidates, the thermal dark matter, i.e. the one
that experienced the thermal equilibrium with standard model (SM) particles in the early
universe, is known to be an attractive candidate, as it is free from the initial condition
problem of the dark matter density and possible to be detected based on the interaction
dependable on maintaining the above equilibrium. Moreover, the thermal dark matter with
electroweak-sized interaction and mass, which is called the weakly interacting massive par-
ticle (WIMP), is particularly interesting, as it could naturally explain the observed dark
matter density by the so-called freeze-out mechanism, i.e. the one makes the modern cos-
mology successful via the Big Bang nucleosynthesis and the recombination of the universe.
The fact that the WIMP naturally explains the observed dark matter density is called the
‘WIMP-Miracle’.

With these attractive features mentioned above, many types of WIMPs are indeed
being intensively searched for in various experiments and observations. Uncharted types of
WIMPs are, however, still exist, and one of them is the WIMP that is charged under the
weak interaction, i.e. the one described by an electrically neutral component in the SU(2)L
multiplet of either a scalar, fermion, or vector field [1]. Such a WIMP is sometimes called
the electroweakly interacting massive particle (EWIMP). The EWIMP is also known to
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be an attractive WIMP candidate from the viewpoint of minimality, as it is described by a
smaller number of new physics parameters than other WIMPs, and the ‘WIMP-Miracle’, as
its interaction is nothing but the weak interaction itself. Moreover, the EWIMP is predicted
in various attractive new physics scenarios; the Wino (Majorana fermion triplet EWIMP)
or Higgsino (pseudo Dirac fermion doublet EWIMP) in the minimal supersymmetric SM
(MSSM) and the minimal dark matter (Majorana fermion quintplet EWIMP, etc.) [2].
Among various EWIMPs, we comprehensively study the EWIMP that is one of the most
minimal candidates while not very much studied compared to others, namely the real scalar
triplet EWIMP.

There are several (recent) studies on the real scalar triplet dark matter. In ref. [3], the
relic abundance of the dark matter has been calculated including the Sommerfeld effect
caused by the weak interaction. In ref. [4], the collider phenomenology of the dark matter
has been thoroughly studied taking into account the above relic abundance but also with
a rough estimate on the effect of the scalar interaction between the dark matter and the
Higgs boson. In ref. [5], the phenomenology of the dark matter including calculations of
signals at colliders, underground laboratories and astrophysical observatories have been
comprehensively studied regardless of the ‘WIMP-Miracle’ condition, i.e. focusing mainly
on the case that the dark matter has an electroweak scale mass rather than the TeV scale
mass. In this paper, we comprehensively study the dark matter by calculating the relic
abundance including the Sommerfeld effect with the full treatment of the scalar interaction,
the direct dark matter detection signal at two-loop level and the indirect dark matter
detection signal including the Sommerfeld effect with the scalar interaction. It is found
that taking into account both the Sommerfeld effect and the scalar interaction allows us
to find the ‘WIMP-Miracle’ region of the real scalar triplet dark matter. Together with
the scattering cross section between the dark matter and a nucleon at two-loop level, those
calculations are also mandatory to quantitatively discuss the future prospects of detecting
the dark matter.

This paper is organized as follows. In section 2, we give the lagrangian describing the
real scalar triplet dark matter. We also calculate the favored parameter region, in which
the theory does not break down up to high energy scale, by solving appropriate renor-
malization group equations with two-loop β functions explicitly shown in appendix A. In
section 3, we calculate the relic abundance including the Sommerfeld effect. In section 4,
we consider various constraints on the dark matter from collider, direct and indirect de-
tection experiments at present and in near future. Finally, we summarize our discussion in
section 5.

2 Real scalar triplet dark matter

After giving the minimal theory for the real scalar triplet dark matter and addressing inter-
actions between the dark matter and SM particles, we discuss the preferred range of cou-
pling constants for the interactions when we postulate that the theory does not break down
up to high-energy scale by solving corresponding renormalization group equations (RGEs).
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2.1 Lagrangian

The minimal and renormalizable theory describing interactions between the real scalar
triplet field χ and the SM particles is defined by the following simple lagrangian:

L = LSM + 1
2(|Dµχ|2 − µ2

χ |χ|
2)− λχH |HSM|2 |χ|2 − λχ |χ|4 , (2.1)

where LSM is the SM lagrangian, Dµ = ∂µ + ig2T
aW a

µ is the covariant derivative acting
on the triplet field χ with g2, T a and W a

µ being the coupling constant, the generator and
the gauge boson field of the weak interaction, respectively, while HSM is the SM Higgs
doublet field. The triplet scalar field χ has three components as (χ+, iχ0, χ−)T with χ0

being its neutral component and describing the dark matter. In order to make the dark
matter stable, a Z2 symmetry is imposed, where χ (SM particles) is odd (even) under
the symmetry.1

After the electroweak symmetry breaking, HSM = (0, vH +h)T /
√

2 with vH ' 246GeV
being the vacuum expectation value of the Higgs field and h being the field describing the
physical mode of the field (Higgs boson), the above lagrangian is expanded as follows:

L = LSM −
1
2χ

0(∂2 +m2
χ)χ0 − χ+(∂2 +m2

χ)χ− − λχ[(χ0)2 + 2χ+χ−]2 + Lint, (2.2)

where m2
χ = (µ2

χ + λχHv
2
H), and Lint involves all interactions between the dark matter χ0

(as well as its SU(2)L partners χ±) and the SM particles. Here, we take the unitary gauge
to write down the interactions. Explicit forms of the interactions in Lint are given by

Lint = g2[Wµ(χ0←→∂µχ+) + h.c.]− ig2(cWZµ + sWA
µ)(χ+←→∂µχ−)

+ (g2
2/2)(WµW

µχ+χ+ + h.c.) + g2
2WµW

µ†[χ+χ− + (χ0)2]
− g2

2(cWZµ + sWA
µ)(iWµχ

0χ+ + h.c.) + g2
2(cWZµ + sWA

µ)2χ+χ−

− λχHvHh[(χ0)2 + 2χ+χ−]− (λχH/2)h2[(χ0)2 + 2χ+χ−], (2.3)

where cW (sW ) = sin θW (cos θW ) with θW being the Weinberg angle. The dark matter χ0

as well as its SU(2)L partners χ± interact with SM particles through the weak interaction
and the scalar interaction between HSM and χ, so that the strength of the interactions
is governed by the couplings g2 and λχH . Since the dark matter does not couple to the
Z boson, it does not suffer from too much severe constraints from the direct dark mat-
ter detection.

As seen in eq. (2.2), the neutral and charged components of the triplet scalar field χ are
degenerate in mass at tree level. On the other hand, at one-loop level, radiative corrections
break the degeneracy. When the mass of the triplet field is much larger than the vacuum
expectation value vH , the mass difference between the components is estimated to be [1]:

δm ≡ mχ± −mχ0 ' g2
2/(4π) (g2vH/2) sin2(θW /2) ' 166 MeV. (2.4)

The mass difference is proportional to a single power of the vacuum expectation value due
to the nature (threshold singularity) of the corrections. Since the mass of the triplet dark
matter is expected to be O(1)TeV as discussed in the next section, the above estimation
indicates that the dark matter is highly degenerate (. 10−4) with its SU(2)L partners.

1Without the Z2 symmetry, the termH†SMσ
aHSMχa exists and induces the decay of χ0 → hh at tree level.
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Figure 1. The parameter region that the scalar triplet theory does not break down up to the energy
scale of 1018, 1016 and 1014 GeV are depicted as white, light grey and gray regions, respectively.

2.2 Preferred region of model parameters

As seen from the lagrangian in eq. (2.2), physics of the triplet dark matter and its SU(2)L
partners is governed by three types of interactions: the weak interaction, the interaction
with the Higgs boson and the self-interaction. Since the coupling constant of the weak
interaction is already fixed by experiments performed so far, there are two undetermined
couplings, λχH and λχ, in addition to an undetermined mass parameter mχ in the theory.
Since phenomenology of the dark matter is governed by mχ and λχH , while not relevant
to λχ at present, we consider the range of the first two parameters. Moreover, we focus on
the range so that λχH is positive to make the discussion of the vacuum stability simple.2

When we postulate that the theory of the scalar triplet dark matter does not break
down up to high energy scale, the parameters are required to be in a certain region. By
integrating RGEs of the theory with two-loop β functions shown in appendix A, such a
region is obtained as depicted in figure 1, where the coupling constant λχH is defined at
the scale of mχ. In order to figure out the region, we match two types of RGEs at the
scale mχ: RGEs of the SM with appropriate initial conditions of the SM couplings below
the scale [6], while those including the contribution of the scalar triplet with the initial
condition λχ(mχ) = 0 above the scale. The initial condition of λχ is optimized in order
to make the preferred parameter region conservative [7], namely it makes the preferred
parameter region of λχH largest at a given mχ. As seen in the figure, the theory does not
break down if λχH is less than 0.4–0.5.

3 Thermal relic abundance

One of the important observables at WIMP dark matter scenarios is its thermal relic abun-
dance. In this article, we focus on the WIMP dark matter scenario that does not lead to
overclosure of the universe assuming the standard cosmological evolution, namely the relic

2Since λχH and λχ are always positive up to high enough scale when λχH > 0 and mχ is in the O(1)TeV
scale, our vacuum becomes enough stable compared to the age of the universe [6]. In passing, the coupling
constant of the weak interaction does not diverge up to the high-energy scale in the scalar triplet theory.

– 4 –



J
H
E
P
0
9
(
2
0
2
1
)
0
4
4

abundance is equal to or less than the dark matter density observed today. We intro-
duce (co-)annihilation processes that the triplet scalar dark matter theory predicts, discuss
those annihilation cross sections including the Sommerfeld effect, and figure out the model
parameter region that is attractive from the viewpoint of the thermal relic abundance.

3.1 (Co-)annihilation processes

Since all components in the multiplet χ are highly degenerate, not only the self-annihilation
of the dark matter component χ0 but also coannihilation among χ0 and χ± play important
roles to determine the thermal relic abundance. The most important quantity is thus the
thermally averaged effective annihilation cross section 〈σeffv〉 [8], which is defined as

〈σeff v〉 ≡
∑
i,j

〈σijv〉
g2

eff(x)
(1 + ∆i)3/2(1 + ∆j)3/2 exp [−x (∆i + ∆j)] ,

geff(x) ≡ 1 + 2
(
1 + ∆χ±

)3/2 exp
[
−x∆χ±

]
, (3.1)

where i and j run over χ0 and χ±, while ∆χ0 = 0 and ∆χ± = δm/mχ0 with δm being the
one in eq. (2.4). The annihilation cross section between χi and χj is denoted by σij (= σji).

We now consider σij of each (co-)annihilation process at tree-level. Since the dark mat-
ter and its SU(2)L partners are scalar particles, all (co-)annihilation processes into a pair
of SM fermions are p-wave suppressed and dominant contributions are from those into SM
bosons. Moreover, since χ0 and χ± are expected to be much heavier than the electroweak
scale as we will see in the following subsections, the processes utilizing vertices χχ′h (with
χ, χ′ being χ0, χ±) are suppressed by mW /mχ0 . Hence, dominant (co-)annihilation pro-
cesses are those into W−W+, hh for χ0χ0, into W±Z, W±A for χ0χ±, into W±W± for
χ±χ± and into W−W+, ZZ, ZA, AA, hh for χ+χ−, with A, h, W± and Z being photon,
Higgs, W and Z bosons, respectively. The cross sections of the processes are obtained
as follows:

σχ0χ0v = 4πα2
2/m

2
χ + λ2

χH/(4πm2
χ),

σχ±χ±v = 2σχ0χ±v = 2πα2
2/m

2
χ,

σχ+χ−v = 3πα2
2/m

2
χ + λ2

χH/(4πm2
χ), (3.2)

with α2 ≡ g2
2/(4π). To obtain the above cross sections, we neglect the effect of the mass

difference δm as well as the masses of the SM bosons at final states of the processes.

3.2 Sommerfeld effect

Since the dark matter under consideration has a weak charge, the (co-)annihilation pro-
cesses discussed in the previous subsection are affected by the so-called the Sommerfeld
effect [9] when its mass is O(1)TeV. The effect is intuitively understood as follows: when
the dark matter is much heavier than the SM bosons and becomes non-relativistic (NR),
the exchange of the bosons between dark matters (and/or SU(2)L partners) induces long-
range forces. The forces then distort the wave functions of incident particles from the plane
wave before annihilation, and significantly alter corresponding cross sections depending on
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the nature of the forces. From the field theoretical viewpoint, it is described as a non-
perturbative effect summing all ladder diagrams exchanging the bosons at the NR limit.

The Sommerfeld effect is evaluated by solving appropriate Shrödinger equations [3, 9],
which is obtained utilizing the so-called NR lagrangian derived from the original la-
grangian in eq. (2.1). To evaluate the effect on the (co-)annihilation processes, we solve six
Shrödinger equations, namely those for states χ+χ+, χ−χ−, χ0χ+, χ0χ−, χ0χ0 and χ+χ−:[

−∇
2
r

mχ
+ Va(r)

]
ψa(r) = mχv

2

4 ψa(r), (3.3)

with v being the relative velocity between the incident particles. Here, the index ‘a’ dis-
tinguishes the states. The potential V (r) for each Shrödinger equation is given as follows:

V++(r) = V−−(r) = α

r
+ c2

W α2
e−mZr

r
−
λ2
χH

4π
v2
H

m2
χ

e−mhr

r
,

V0+(r) = V0−(r) = α2
e−mwr

r
−
λ2
χH

4π
v2
H

m2
χ

e−mhr

r
,

V00(r) =

 0 −
√

2α2
e−mW r

r

−
√

2α2
e−mW r

r
−α
r
− c2

W α2
e−mZr

r
+ 2δm

− λ2
χH

4π
v2
H

m2
χ

e−mhr

r

(
1 0
0 1

)
,

V+−(r) =

−
α

r
− c2

W α2
e−mZr

r
−
√

2α2
e−mW r

r

−
√

2α2
e−mW r

r
−2δm

− λ2
χH

4π
v2
H

m2
χ

e−mhr

r

(
1 0
0 1

)
, (3.4)

with mW , mZ and mh being W , Z and Higgs boson masses, respectively. Since the states
χ0χ0 and χ+χ− are mixed with each other, the potentials V00(r) and V+−(r) as well as
corresponding wave functions ψ00(r) and ψ+−(r) are given by 2×2 matrices. Here, we omit
tiny corrections arising from the mass difference δm except those in the 2×2 potentials, for
the latter could give a large impact on the Sommerfeld effect via the interference between
χ0χ0 and χ+χ−. On the other hand, their boundary conditions are given as follows:

{ψa(0)}ij = δij , {ψ′a(∞)}ij = i [m2
χv

2/4−mχ{Va(∞)}ii + i0+]1/2 {ψa(∞)}ij . (3.5)

The indices i and j run over 1 and 2 for a = χ0χ0 and χ+χ−, while i = j = 1 for other
processes. The prime in the second condition denotes the derivative with respective to r.

Taking the coefficient of the out-going wave of the wave function obtained by the
solution of the above Shrödinger equation, {Aa}1j ≡ limr→∞[{ψa(r)}1j/ exp(imχvr/2)],
the cross section of each annihilation process including the Sommerfeld effect is obtained as

σav = ca
(
Aa · Γa ·A†a

)
11
, (3.6)

where ca is 2 when the initial two-body state is composed of identical particles, otherwise it
is 1. On the other hand, the annihilation coefficient (matrix) denoted by Γa in the formula
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is obtained by the annihilation cross sections at tree-level discussed in section 3.1,3

Γ++ = Γ−− = πα2
2

m2
χ

, Γ0+ = Γ0− = πα2
2

m2
χ

, {Γ+−}ij = {Γ00}(3−i) (3−j),

Γ00 = πα2
2

m2
χ

(
2
√

2√
2 3

)
+

λ2
χH

8πm2
χ

(
1
√

2√
2 2

)
. (3.7)

The total annihilation cross section of the dark matter into the SM particles,
σv(χ0χ0 → SMs), is shown in the top-left panel of figure 2 as a function of the rela-
tive velocity v with mχ and λχH being 2.5TeV and 0, respectively.4 It is seen from the
figure that the Sommerfeld effect is larger in the lower velocity, while saturated at below
v ∼ 0.01. Because the kinetic energy of the two-body state χ0χ0, namely mχv

2/4, cannot
overcome the mass difference 2 δmχ when v . 0.01, the state χ0χ0 can not transfer into
the other state χ+χ−.

The same annihilation cross section but as a function of mχ (instead, v being fixed to
be zero) is shown in the top-right panel of figure 2 with several choices of λχH . The peak
structure is seen at around mχ ∼ 2.3TeV, and it indicates the existence of the zero-energy
resonance at the mass. The position of the peak is intuitively understood as follows: when
λχH = 0, it is determined by the condition that the rough estimate of the binding energy
∼ α2

2mχ is equal to the mass difference 2δmχ ∼ α2mW . It indeed leads to mχ ∼ 2.4TeV.
When λχH 6= 0, the above binding energy is replaced by ∼ [α2 + λ2

χHv
2
H/(4πm2

χ)]2mχ.
Hence, the position of the peak is getting smaller when the larger λχH is adopted, as can
be seen in the figure.

The thermally averaged effective annihilation cross section defined in eq. (3.1) is shown
in the bottom-left panel of figure 2 as a function of the inverse temperature of the universe
(normalized by the dark matter mass) mχ/T with mχ and λχH being fixed to be 2.5TeV
and 0, respectively. First, a slight increase of the tree level result at mχ/T ∼ 105 is due to
the decoupling of the SU(2)L partners: the effective degrees of freedom geff is dropped from
3 to 1 (thus, g2

eff drops from 9 to 1) as seen in eq. (3.1), while the sum of the cross sections∑
ij σij drops from 18 to 4 as seen in eq. (3.2), so that the effective annihilation cross

section at the late time becomes twice larger than the one before the decoupling. Next,
the effective annihilation cross section with the Sommerfeld effect keeps increasing as the
temperature of the universe drops, and it is saturated at around mχ/T ∼ 105 due to the
decoupling of the SU(2)L partners; the typical velocity of the dark matter is well below 0.01
when mχ/T > 105, so that the Sommerfeld effect becomes constant, as discussed above.

3.3 Constraint from the thermal relic abundance

We are now at the position to discuss constraints on the scalar triplet theory from its
thermal relic abundance. Taking the temperature dependence of 〈σeff v〉 into account, we
integrate the following Boltzmann equation numerically according to the method in ref. [8],

dY

dx
= −〈σeff v〉

H x

(
1− x

3g∗s
dg∗s
dx

)
s (Y 2 − Y 2

eq), (3.8)

3The off-diagonal element of the annihilation matrix, Γij , is obtained by calculating the imaginary part of
one-loop diagrams describing the conversion from the state j to i utilizing the so-called Cutkosky rules [10].

4We have used α2 at the scale of mZ and mχ for the potential and annihilation coefficients, respectively.
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Figure 2. The total annihilation cross section of the dark matter into SM particles as a function of
the relative velocity with mχ = 2.5TeV & λχH = 0 (top-left), the same cross section as a function
of mχ with v = 0 & λχH = 0, 1, 2 (top-right), the thermally averaged effective annihilation
cross section as a function of the inverse temperature with mχ = 2.5TeV & λχH = 0 (bottom-
left), and the comoving density as a function of the temperature with mχ = 2.5TeV & λχH = 0
(bottom-right).

where x ≡ mχ/T , and Y ≡ n/s is the number density per the comoving volume with n

and s being the total number density of χ0 & χ± and the total entropy density of the
universe, respectively. The Hubble parameter is denoted by H, while Yeq is the value
that Y is expected to have when χ0 and χ± are in the equilibrium. Relativistic degrees
of freedom of the thermal bath, g∗ (used to calculate H via the Friedman equation) and
g∗s, are given as functions of temperature T according to ref. [11]. With the present
value of the comoving density Y0, the relic abundance of the dark matter is obtained as
ΩDM h2 = mχs0Y0h

2/ρc with s0, h ' 0.73 and ρc = 1.05 × 10−5 h2 GeVcm−3 being the
entropy density, the normalized Hubble constant and the critical density of the present
universe, respectively [13].

The temperature dependence of the comoving density Y (x) is shown in the bottom-
right panel of figure 2 with mχ and λχH being fixed to be 2.5TeV and 0, respectively. It
is seen from the figure that the comoving density including the Sommerfeld effect keeps
decreasing even after the freeze-out temperature, Tf ∼ mχ/20, compared to that without
the effect. Such a behavior is indeed expected from the temperature dependence of the
thermally averaged effective annihilation cross section, 〈σeff v〉, in the bottom-left panel of
the figure, because it becomes larger when the temperature is lower as long as x is smaller
than ∼ 105.
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Figure 3. (Left panel) Thermal relic abundance of the dark matter ΩDM h2 as a function of mχ for
several choices of λχH . The horizontal line (PLANCK 2018) is the dark matter density observed
today Ω(obs)

DM h2 ' 0.120. (Right panel) Contours of the abundance on the (mχ, λχH)-plane. The
region that the dark matter is overproduced, ΩDM h2 & 0.120, is shown as a dark-gray shaded region.

The thermal relic abundance of the dark matter ΩDM h2 is shown in the left panel
of figure 3 as a function of the dark matter mass for several choices of λχH , and it is
compared with the dark matter density observed today Ω(obs)

DM h2 ' 0.120 [14]. On the
other hand, in the right panel of the figure, several contours of the abundance are depicted
on the (mχ, λχH)-plane. Assuming the standard cosmological evolution, the region that the
scalar triplet dark matter is overproduced, i.e. ΩDM h2 ≥ Ω(obs)

DM h2, is given as a dark-gray
shaded region. Both panels show a peculiar feature at mχ ' 2.5TeV due to the zero-
energy resonance mentioned in the previous subsection. In the right panel, the observed
dark matter abundance is fully explained by the thermal relics of the scalar dark matter
when the parameters mχ and λχH are on the edge of the shaded region. On the other hand,
the region above the edge means that the thermal relics are under-abundant to explain the
dark matter density observed today, while it is still cosmologically viable if we consider e.g.
the following scenarios:

(I) The scalar triplet dark matter contributes in part to the dark matter density observed
today, and the rest of the density is from other dark matter candidates, e.g. Axion.

(II) In addition to the thermal production process discussed above, a non-thermal process
exists for the scalar triplet dark matter that does not spoil the standard cosmological
evolution,5 and the whole density observed today is from of the scalar dark matter.

We discuss direct and indirect detections of the real scalar triplet dark matter in following
sections assuming the two cosmological scenarios mentioned above in order to quantitatively
depict present constraints as well as projected sensitivities on the dark matter.

5One of such processes is the decay of a very weakly interacting massive particle into the dark matter after
the freeze-out. For instance, gravitino or moduli in supersymmetric scenarios can be such a massive particle.
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4 Detection of the scalar triplet dark matter

We discuss here present constraints and future projected sensitivities on the search for the
scalar triplet dark matter in various detection experiments and observations. For thermal
dark matter candidates such as the one that we are discussing in this article, we usually
think about three strategies for the detection; collider, direct and indirect detection.

In the detection of the scalar triplet dark matter at collider experiments, the disap-
pearing charged track search is known to be the most sensitive, where the track is from
the charged SU(2)L partner χ± decaying into the dark matter χ0 and a pion with the
decay length of 6–7 cm (due to the strong degeneracy in mass between χ± and χ0). Then,
the LHC experiment has excluded the dark matter lighter than ∼300GeV at the present
13TeV running, and it will be extended to ∼500GeV in the near future (HL-LHC) if no
new physics signal is discovered [4]. Besides this search, the charged SU(2)L partner χ±

could also contribute to the Higgs decay into two photons. At one-loop level, its con-
tribution makes the decay width 0.6λχH (mχ/TeV)−2 % smaller than the SM prediction
when mχ � mh, while experimental uncertainties to measure the decay width at the LHC
and HL-LHC experiments are more than 10% [15] and 2% [16], respectively. On the
other hand, since the most interesting parameter region of the scalar triplet dark matter is
mχ = O(1)TeV and λχH = O(0.1) as seen in section 3 and it is unfortunately away from
the projected sensitivities of the near future (HL-LHC) experiment, we do not discuss the
collider detection anymore. It is however worth pointing out that future collider experi-
ments such as the 100TeV collider experiment have the projected sensitivity to search for
the dark matter with O(1)TeV mass [4].

We therefore discuss the detection of the scalar triplet dark matter at underground
experiments (i.e. the direct dark matter detection) and astrophysics observations (i.e. the
indirect dark matter detection) in the following subsections in some detail, because those
seem possible to search for the triplet dark matter with O(1)TeV mass in the near future.

4.1 Direct dark matter detection

Severe constraints on WIMP dark matter candidates are obtained in general by the direct
dark matter detection searching for the scattering between the WIMP and a nucleus at
underground laboratories. Given that the momentum transfer is enough low, the scattering
is known to be well described by several low-energy effective interactions [17]: for the case
of the scalar triplet model, diagrams shown in figure 4 mainly contribute to the interactions.
First two diagrams give a leading contribution to the scattering when the coupling λχH is
not suppressed, while others become important when this coupling is suppressed.

At the leading order, the diagram (a) in figure 4 induces the effective quark scalar in-
teraction (χ0)2mq q̄q with q being a light quark (i.e. u, d or s quark), while the diagram (b)
gives the gluon scalar interaction (χ0)2GaµνG

aµν . On the other hand, at the next-leading
order, the diagram (c) induces the quark twist-two interaction χ0(i∂µ)(i∂ν)χ0Oqµν .6 Fi-

6Here, we have confirmed that other one-loop diagrams inducing interactions between the WIMP and
a quark are suppressed by mW /mχ or simply contribute to the renormalization of λχH , so that we ne-
glect those.
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Figure 4. Feynman diagrams inducing effective interactions between the WIMP and a quark/gluon.

nally, the diagrams (d) contribute to the aforementioned gluon scalar interaction and the
gluon twist-two interaction. The coefficient of the latter interaction is, however, suppressed
by αs compared to the former one, so that we ignore its contribution. Then, the effective
lagrangian describing interactions between the WIMP and a quark/gluon is obtained as7

Leff =
∑
u,d,s

[
λχH
m2
h

(χ0)2mq q̄q+ πα2
2

mχm3
W

χ0(i∂µ)(i∂ν)χ0Oqµν

]
− αs4π

(
λχH
m2
h

−fg2

)
(χ0)2GaµνG

aµν ,

Oqµν ≡
1
2 q̄i

(
Dµγν+Dνγµ−

1
2gµν

/D

)
q, fg2 = 5πα2

2mχ

9m3
W

[
1+ 1

2(1+mt/mw)2

]
. (4.1)

We took the leading term in mW /mχ for the coefficient of the twist-two operator, while
its full result can be found in ref. [19]. We also took the leading term in mW /mχ for the
coefficient fg2 . Then, the scattering cross section between χ0 and a nucleon N is given,

σχN =
µ2
χN

4π
m2
N

m2
χ

[
2λχH
m2
h

fN − 4
9f

g
2 f

N
TG + 3πα2

2
4

mχ

m3
w

fNPDF

]2

(4.2)

where µχN ≡ mχmN/(mχ + mN ) is the reduced mass, while fN = 0.284 (0.287) [20],
fNTG = 0.917 (0.921) and fNPDF = 0.526 (0.526) [21] are hadron matrix elements that are
required for the above scattering cross section when the nucleon N is a neutron (proton).

The scattering cross section is shown in figure 5 as a function of the dark matter mass
mχ for several choices of the coupling λχH (left panel) and as a function of λχH with mχ

being fixed to be 3TeV (right panel). The cross section is also compared with the present
constraint from the XENON1T experiment [22] and the future expected sensitivity of the
XENONnT experiment at 2σ and 5σ levels [23]. It is seen from the figure that the future
experiment will search for the dark matter efficiently unless λχH is highly suppressed. This
fact means that, though last two terms in the parenthesis at the right-hand side of the
equation (4.2) are not numerically large, it becomes important to estimate the sensitivity
of future direct detection experiments on the scalar triplet dark matter, in particular, when
λχH is suppressed.

Present constraint on the scattering cross section from the XENON1T experiment [22]
gives a restriction on the model parameters as shown by a yellow-shaded region in figure 6
named ‘DD (P)’. Here, the left panel is given for the cosmological scenario (I) defined in
section 3.3; the scalar triplet dark matter contributes in part to the whole dark matter

7The diagrams (d) in figure 4 can be efficiently evaluated using the so-called Fock-Schwinger gauge [18].
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Figure 5. The scattering cross section as a function of the dark matter mass mχ for several
choices of the coupling λχH (left panel) and as a function of λχH with mχ being fixed to be 3TeV
(right panel). The cross section is compared with the present constraint from the XENON1T
experiment [22] and the future expected sensitivity of the XENONnT experiment at 2σ and 5σ
levels [23] in both panels.

density observed today according to the thermal production, while the right panel is for
the scenario (II); the whole dark matter density observed today is explained by the scalar
triplet dark matter assuming the existence of a non-thermal production in addition to the
thermal one. In the former case, the constraint from the direct detection experiment is
applied not to the scattering cross section σχN but to the scaled scattering cross section
(ΩDM/Ωobs)σχN with Ωobs and ΩDM being the dark matter abundance observed today
and the abundance of the scalar triplet dark matter from the thermal production process
discussed in section 3.3.

The expected sensitivity of the XENONnT experiment [23], which is defined as the
expected constraint on the parameter region at 2σ level assuming no signal is detected
there, is also shown in both panels of figure 6 as a green line named ‘DD (F)’. Here,
the region above the line is covered by this near future experiment. Focusing on the
preferred parameter area that the theory does not break down up to high energy scale
(i.e. outside the black shaded region), the almost entire parameter region is proved by the
experiment for both the cosmological scenarios (I) and (II), except tiny regions with very
much suppressed λχH .

4.2 Indirect dark matter detection

WIMP dark matter candidates are also being searched for at the indirect dark matter de-
tection observing energetic particles produced by their annihilation in the universe. Among
various indirect detection methods, the one utilizing the gamma-ray observation of dwarf
spheroidal galaxies (dSphs) enables us to search for the scalar triplet dark matter robustly
and efficiently [5, 24], as the dSphs are dark matter rich objects having large J-factors
(see below) that are estimated less ambiguously than those for other objects. Dominant
processes of the dark matter producing such gamma-rays are χ0χ0 →W+W−, ZZ and hh
when the mass of the dark matter is enough heavier than the electroweak scale, which are
followed by subsequent decays of W±, Z and h bosons into photons with various energies.
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Figure 6. Present constraints on the real scalar triplet dark matter from direct (XENON1T)
and indirect (Fermi-LAT) detections are shown by yellow-shaded (named ‘DD(P)’) and red-shaded
(named ‘ID(P)’) regions, respectively. The left and right panel are for the cosmological scenario (I)
and (II) that are defined in section 3.3. Future expected sensitivity to search for the dark matter at
collider (HL-LHC), direct (XENONnT) and indirect (CTA) detections are shown by orange (named
‘HL-LHC’), green (named ‘DD(F)’) and purple (named ‘ID(F)’) lines, respectively. The region that
the thermal relic abundance of the dark matter exceeds the dark matter density observed today,
i.e. ΩDMh

2 > 0.1, is shown by the blue painted region. On the other hand, the region that the
theory breaks down below the high energy scale (1014 GeV) is shown by the black shaded region
(named ‘LP’).

The gamma-ray flux from the dark matter annihilation in a dSph is estimated to be

dΦγ

dEγ
'

〈σv〉tot
8πm2

χ

∑
f=W+W−, ZZ, hh

Br (χ0χ0 → f) dNγ

dEγ

∣∣∣∣∣
f

× [∫
∆Ω

dΩ
∫

l.o.s
ds ρ2

DM

]
, (4.3)

where 〈σv〉tot is the velocity average of the total annihilation cross section (times the relative
velocity) of the dark matter, Br (χ0χ0 → f) is the branching fraction of the annihilation
into the final state ‘f’ and dNγ/dEγ |f is the fragmentation function describing the number
of produced photons with energy Eγ at a given final state ‘f’ [25, 26]. The cross section and
the branching fractions are calculated in the same way as those in section 3.2. The term
in the second parenthesis at the right-hand side of equation (4.3) is called the J-factor (of
a dSph), which is, roughly speaking, the average of the dark matter mass density squared
over the dSph. The uncertainty of the J-factor estimate is fortunately smaller than those
of other targets [27] such as the J-factor of the center of Milky Way galaxy. We use the
J-factors of dSphs adopted in ref. [28] in our analysis, where the so-called Navarro-Frenk-
White (NFW) profile [29] is assumed as the distribution function of dark matters inside
the dSphs.8

8Errors of the J-factors could be larger than those in the reference when we take into account some
systematic uncertainties that are not considered for some dSphs (i.e. the non-sphericity of stellar and
dark matter profiles [30], foreground contamination [31–33], spatial dependence of the velocity dispersion
anisotropy [34], etc.). The errors are naively estimated to be an order of magnitude larger than those
currently used in this article, namely the constraint from the indirect dark matter detection could be an
order of magnitude weaker than that currently used, though we need more careful estimate to give conclusive
and quantitative result.
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At present, the observation of the dSphs by the Fermi-LAT collaboration gives the
most stringent constraint on the scalar triplet dark matter, where the low-energy tail of
the continuum gamma-ray produced by the aforementioned annihilation processes are being
searched for. The constraint on the model parameters is shown in figure 6 as a red-shaded
region named ‘ID (P)’. Here, to depict the region, we have used the constraint on the dark
matter annihilation into W+W− given in ref. [35], as the fragmentation function of the
channel dNγ/dEγ |W+W− is almost the same as those of the other channels into ZZ, hh, i.e.
dNγ/dEγ |ZZ, hh, in the Eγ region of interest when the dark matter mass is O(1)TeV [25].9

For the cosmological scenario (I) shown in the left panel of figure 6, where the Fermi-
LAT constraint is applied to the scaled annihilation cross section (ΩDM/Ωobs)2〈σv〉tot,
the present indirect dark matter detection excludes the region with mχ ∼ 2–3TeV. This is
because the Sommerfeld effect causes the so-called the zero-energy resonance at around the
mass region while the amount (the number density) of dark matters at present universe
is not very much suppressed. Meanwhile, the lighter and heavier mass regions are not
excluded because the amount of dark matters is suppressed due to the suppressed thermal
relic abundance (i.e. due to the large annihilation cross section) and the large dark matter
mass without the boosted annihilation cross section, respectively. On the other hand, for
the cosmological scenario (II) shown in the right panel, where the constraint is applied
to the non-scaled annihilation cross section 〈σv〉tot, the detection excludes the almost all
region with the dark matter mass below 3–4TeV, though it is still possible to find the
surviving parameter region at mχ ∼ 3.5TeV and λχH ∼ 0.4, which involves the so-called
‘WIMP-Miracle’ region that all the dark matter abundance observed today is entirely from
the thermal relics.

In the near future, the CTA experiment [37] will cover a broader parameter region of
the scalar triplet dark matter. Since the experiment enables us to observe very energetic
gamma-rays, i.e. up to O(10)TeV, the monochromatic gamma-ray signal from the annihi-
lation contributes more to the detection than that of the continuum gamma-ray [24]. The
annihilation cross section producing the line gamma-ray signal is obtained in the same way
as those in section 3.2 with corresponding annihilation coefficient Γline as follows:

σlinev = 2
(
A00 · Γline ·A†00

)
11
, Γline ' Γγγ + 1

2ΓγZ = πα2
2

m2
χ

(s4
w + c2

ws
2
w)
(

0 0
0 2

)
. (4.4)

Here, mχ � mW is assumed. Note that there will be a tree-level contribution to the {2, 2}
component of the annihilation coefficient, i.e. {Γline}22, from the process χ+χ− → γh origi-
nating in the Higgs portal interaction λχHχ2|H|2. This contribution is, however, suppressed

9For the constraint on the scalar triplet dark matter obtained by the Fermi-LAT observation, photons
whose energy of O(10–100)GeV play an important role. Then, hh and ZZ annihilation channels provide
a similar number of photons to that of the WW channel in this energy range, when the dark matter mass
is O(1)TeV. Note also that the fragmentation functions suffer from QCD uncertainties due to hadronic
decays of the primary channel, which is estimated to be at most 10% with photon energy and dark matter
mass of interest [26]. Hence, the constraints on all the above modes are expected to be almost identical to
each other [36].
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W /m

2
χ compared to the other contributions from the processes originating in the gauge

interaction, i.e. χ+χ− → γγ and γZ. Hence, we do not include it in our analysis.10

Since the CTA experiment is utilizing air Cerenkov telescopes, it individually observes a
few targets (dSphs) rather than observing the whole sky such as the Fermi-LAT experiment.
Among various targets, the ultrafaint dSph named Segue 1 is expected to be one of the
ideal targets giving the largest J-factor [38]. We hence consider the expected constraint
on the scalar triplet dark matter, as future prospects of its indirect dark matter detection,
assuming that no signal is detected by observing Segue 1 at the CTA experiment with the
exposure time of 500 h [39].11 The constraint on the model parameters at 2σ level is shown
in figure 6 as a purple line named ‘ID (F)’. In the left panel for the cosmological scenario (I),
it is seen that the excluded region is steadily extended from the present constraint if no dark
matter signal is observed there. Importantly, the CTA experiment will cover a part of the
‘WIMP-Miracle’ region at mχ ∼ 4TeV. This is also true for the cosmological scenario (II)
shown in the right panel, i.e. the present constraint could be extended to mχ . 4TeV if no
dark matter signal is detected there, and it includes a part of the ‘WIMP-Miracle’ region.

5 Summary and discussion

We have studied an extension of the SM with a real scalar triplet on which a Z2 symmetry
is imposed. The scalar triplet has two charged components χ± and one neutral component
χ0 which plays the role of dark matter. Here, the radiative correction automatically makes
χ± heavier than χ0 about 166MeV. Phenomenology of the theory is governed by two free
parameters, the mass of dark matter mχ and the coupling of the interaction between the
dark matter and the Higgs boson λχH . By solving RGEs of interaction couplings predicted
in the theory with two-loop β functions, we found that λχH should be smaller than ∼ 0.5
when postulating that the theory does not break down up to enough high energy scale.

The result we have obtained is as follows: first, we have calculated the relic abundance
of the scalar triplet dark matter including the Sommerfeld effect on the dark matter an-
nihilation and evaluated constraints from direct and indirect dark matter searches at the
underground (XENON1T) experiment and the astrophysical (Fermi-LAT) observations, re-
spectively. We have found that a wide parameter region is still allowed even if the coupling
λχH is less than ∼ 0.5, and interestingly it includes the so-called the ‘WIMP-Miracle’ one.

Next, with the fact that the scalar triplet dark matter lighter than 500GeV is explored
at the HL-LHC experiment, the rest of the allowed parameter region will be efficiently

10There are also one-loop contributions to all the components of the annihilation coefficient Γline. Since
the amplitude |{A00}11| is the same order as |{A00}12| when mχ � mW , the contributions are negligibly
smaller than the tree-level ones at {Γline}22. Hence, we do not include the one-loop contributions in
our analysis.

11The J-factor of Segue 1 has been estimated in ref. [39] using the same (NFW) dark matter profile as
but a different method from those adopted in the Fermi-LAT collaboration. In the latter case, the factor
has been estimated to be log10 J [GeV2 cm−5] = 19.5 ± 0.29 and taken into account as a prior probability
function (with a Log-Gaussian form) in the analysis. On the other hand, in the former case, the factor has
been estimated to be log10 J [GeV2 cm−5] ' 19, and this value has been directly used to estimate the dark
matter signal.
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Figure 7. The scalar triplet dark matter can be detected at 5σ level in the region above the dark
green line by XENONnT. All shaded regions and the orange line are the same as those in figure 6.

searched for at near-future direct dark matter detection experiments. In particular, the
XENONnT experiment will cover the almost entire parameter region as seen in figure 6.
Moreover, this near future experiment will also allow us to discover the scalar triplet dark
matter in a wide parameter region including the ‘WIMP-Miracle’ one as shown by a dark
green line in figure 7, where the dark matter can be detected at the level of 5σ in the region
above the line.

Finally, the scalar triplet dark matter will also be efficiently searched for by the in-
direct dark matter detection observing dSph(s) at the CTA experiment, as also seen in
figure 6. Importantly, when we focus on the model parameter region of λχH ≤ 0.5, the
wide parameter region of the ‘WIMP-Miracle’ will be covered by this near future experi-
ment as shown in figure 8, where the annihilation cross section producing the continuum
gamma-ray signal and that producing the line gamma-ray signal are depicted as a function
of the dark matter mass in left and right panels, respectively. Here, λχH is fixed at a given
mχ so that it gives the thermal relic abundance coincides with the dark matter density
observed today.

We have so far considered the simplest scalar triplet dark matter theory assuming that
no further new physics does not affect physics of the dark matter (except the range of the
coupling λχH). On the other hand, when such a new physics exists, it could significantly
affect the dark matter physics via altering the mass difference between χ0 and χ±, even
if its energy scale is not very close to the scale of the dark matter.12 The constraint from
collider experiments is then drastically weakened, and considering the scalar triplet dark
matter with the mass mχ � O(1)TeV becomes possible, though it is hard to realize the
‘WIMP-Miracle’ scenario in such a case. This possibility has been thoroughly studied in
ref. [5].

12Such a new physics effect is indeed possible to be described by a higher-dimensional interaction,
|H†χH|2. In order to take the effect into account, the interaction should be added to the lagrangian
defined in eq. (2.1).
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Figure 8. The annihilation cross section producing the continuum gamma-ray signal and that
producing the line gamma-ray signal are depicted by a blue line in left and right panels, respectively,
as a function of the dark matter mass. The cross sections are compared with the present constraint
from the Fermi-LAT experiment (red line) and the expected sensitivity of the CTA experiment
(purple line), where the region above the lines are excluded/covered by the experiments. Here, the
coupling λχH is fixed at each dark matter massmχ so that it gives the thermal relic abundance which
coincides with the dark matter density observed today. Shaded region below ∼ 3TeV is forbidden
because of the present constraint by the Fermi-LAT experiment, while that above ∼ 4TeV is not
preferred when we postulate that the dark matter theory does not break down up to high enough
energy scale.

A Beta functions

Beta functions of the SM couplings, namely SU(3)c gauge coupling gs, SU(2)L gauge cou-
pling g2, U(1)Y gauge coupling gY , top Yukawa coupling yt and Higgs self-coupling λ, at
two-loop level, which are used to draw the lines in figure 1, are given as follows:

β
(SM)
X = 1

(4π)2β
(SM,1)
X + 1

(4π)4β
(SM,2)
X , (A.1)
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2.

Two-loop beta function including the contribution from a real scalar triplet (in addition to
SM ones) are obtained using the SARAH code [40], and those are given as follows:13

β(1)
gY

= β(SM,1)
gY

, β(2)
gY

= β(SM,2)
gY

, (A.5)

β(1)
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3g

3
2, β(2)
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g2 + 28

3 g
5
2,

β(1)
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gs , β(2)
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gs ,

[10pt]β(1)
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)
, (A.6)
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