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We discuss one loop generation of the term connecting gauge fields from a local hidden SU (2)H and the 
standard model U (1)Y introducing an SU (2)H doublet fermion with non-zero hypercharge and a scalar 
field in adjoint representation. Then we obtain a kinetic mixing term between SU (2)H and U (1)Y gauge 
fields after the adjoint scalar field developing vacuum expectation value. We illustrate such a concrete 
scenario introducing a dark matter model in an ultraviolet (UV) completion with local SU (2)H symmetry 
where the scalar doublet is our dark matter candidate and its stability is guaranteed by remnant Z2
symmetry from SU (2)H . Relic density of dark matter is calculated focusing on the case in which dark 
matter annihilate into known particles via SU (2)H gauge interactions with radiatively induced kinetic 
mixing.
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1. Introduction

A hidden gauge symmetry is one of the interesting possibili-
ties as physics beyond the standard model (SM) since it provides 
us rich phenomenology such as dark photon, new mediator, dark 
matter (DM) and so on [1–3]. For a hidden Abelian gauge symme-
try we can always write kinetic mixing term with the SM U (1)Y

as [4]

−1

2
sin δBμν B ′

μν (1)

where Bμν and B ′
μν are gauge field strengths associated with 

U (1)Y and the new Abelian gauge symmetry, and sin δ charac-
terizes the size of mixing. The hidden gauge boson can interact 
with the SM particles through such a term even if all the SM 
fields are not charged under the hidden symmetry. In addition to 
the hidden Abelian gauge symmetry, a non-Abelian one is inter-
esting, because it can provide richer phenomenology giving both 
vector DM and/or mediators [5–24]. However we cannot write any 
gauge invariant kinetic mixing terms between Non-Abelian hid-
den gauge fields and the SM ones at renormalizable level. In fact, 
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we can write a term generating a non-Abelian kinetic mixing at 
non-renormalizable level, introducing a scalar field ϕ in adjoint 
representation of the non-Abelian gauge group such that [7,22,25]

− 1

2�
Tr[Xμνϕ]Bμν, (2)

where � is arbitrary cutoff scale, Xμν is gauge field strength as-
sociated with new non-Abelian gauge fields, and trace is taken in 
representation space. It is thus interesting to investigate radiative 
generation of such an effective operator to realize an UV complete 
model with hidden non-Abelian gauge symmetry mixing with the 
SM one.

In this work, we discuss a simple scenario to generate non-
Abelian kinetic mixing in the case of hidden SU (2)H symmetry, 
introducing a new field which is charged under both SU (2)H and 
U (1)Y . Then calculating relevant one loop diagrams, we derive the 
term corresponding to Eq. (2) and show how the non-Abelian ki-
netic mixing is realized. We also discuss DM in our UV complete 
model based on SU (2)H mixing with U (1)Y , and estimate relic 
density for illustration.

This letter is organized as follows. In Sec. 2, we show a simple 
scenario to mix SU (2)H and U (1)Y , calculating relevant one loop 
diagrams. In Sec. 3, we introduce an UV complete DM model based 
on SU (2)H mixing with U (1)Y and discuss some DM physics. Sum-
mary and discussion are given in Sec. 4.
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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Table 1
Charge assignment for the 
fields in SU (2)H dark sector 
where ϕ is a scalar and E ′
is a Dirac fermion.

Fields ϕ E ′

SU (2)H 3 2
SU (2)L 1 1
U (1)Y 0 −1

Fig. 1. The one loop diagrams connecting U (1)Y and SU (2)H gauge fields for three 
point interactions.

Fig. 2. The one loop diagrams connecting U (1)Y and SU (2)H gauge bosons for four 
point interactions.

2. Generating kinetic mixing between S U (2)H and U (1)Y

Here we discuss one loop generation of interactions connecting 
SU (2)H and U (1)Y gauge fields. As a minimal setup, we intro-
duce an SU (2)H doublet fermion with hypercharge Y = −1 and 
an SU (2)H adjoint real scalar field as summarized in Table 1. New 
Lagrangian and potential are written by

L =LS M − 1

4
Xa

μν Xaμν + Ē ′(iDμγμ − M)E ′

+ (Dμϕ)†(Dμϕ) + (
yĒ ′ϕE ′ + h.c.

) − V , (3)

V = − μ2
H (H† H) + λ(H† H)2 − μ2

ϕTr[ϕϕ]
+ λϕTr[ϕϕ]2 + λϕH (H† H)Tr[ϕϕ], (4)

where L S M is the SM Lagrangian without Higgs potential, ϕ =
ϕaσ a/2 with σ a being the Pauli matrix acting on SU (2)H repre-
sentation space, and H is the SM Higgs field.

Interactions connecting U (1)Y and SU (2)H gauge fields are 
generated from one loop diagrams given in Figs. 1 and 2.1 The 
diagrams for three point interactions in Fig. 1 are given by

1 Diagrams in Fig. 1 is considered in ref. [6].
2

Mμν
1 = −i

1

2
δab g X gB y

∫
d4k

(2π)4

× Tr[(/k + M)γ ν(/k + /p2 + M)(/k + /p1 + M)γ μ]
[k2 − M2][(k + p2)2 − M2][(k + p1)2 − M2] , (5)

Mμν
2 = Mμν

1 (p1 → −p2, p2 → −p1, μ ↔ ν), (6)

where p1(2) is momentum corresponding to Bμ(Xν) and subscript 
of Mμν

i corresponding to diagram-i in Fig. 1. Then we calculate 
the RHS assuming {p2

1, p
2
2, p1 · p2} � M2, and obtain the following 

approximated formula:

Mμν
1 + Mμν

2 � −δab g X gB y

12π2M

[
1

2
(pμ

1 pν
2 + pν

1 pμ
2 ) − p1 · p2 gμν

]
.

(7)

We also calculate diagrams for four point interactions given in 
Fig. 2. The analytic forms of the diagrams are

Mμνρ
3 = −εabc

4
g2

X gB y

∫
d4k

(2π)4

×Tr[(/k + M)γ μ(/K 1 + M)( /K 2 + M)γ ρ( /K 3 + M)γ ν ]
[k2 − M2][(K 2

1 − M2][K 2
2 − M2][K 2

3 − M2] ,

K1 ≡ k + p2, K2 ≡ k + p1 − p3, K3 ≡ k − p3,

Mμνρ
4 = Mμνρ

3 (p2 ↔ p3, μ ↔ ν, a ↔ b),

Mμνρ
5 = Mμνρ

3 (p1 ↔ −p3, ρ ↔ ν),

Mμνρ
6 = Mμνρ

5 (p2 ↔ p3, μ ↔ ν, a ↔ b),

Mμνρ
7 = Mμνρ

3 (p2 ↔ −p1, μ ↔ ρ, a ↔ b),

Mμνρ
8 = Mμνρ

7 (p2 ↔ p3, μ ↔ ν, a ↔ b), (8)

where εabc is anti-symmetric tensor, p1, p2 and p3 are momenta 
corresponding to Bρ , Xμ and Xν , and subscript of Mμνρ

i corre-
sponding to diagram-i in Fig. 2. As in the calculation of diagram-1 
and -2, we can approximate sum of diagrams such that

7∑
k=3

Mμνρ
k

� 1

12π2M
εabc gB g2

X y

×
[
(pμ

1 gρν − pν
1 gρμ)− 1

8
qμgρν + 1

8
qν gρμ + 1

8
(p2 − p3)

ρ gμν

]

+O(1/M3), (9)

where we abbreviate O(1/M3) terms since they are more sup-
pressed. Finally summation of all diagrams in Figs. 1 and 2 gives 
effective Lagrangian terms of

Leff = g X gB y

24π2M
εabc

[
1

8
(Bμ Xa

μ Xbν∂νϕ
c − Bν Xaμ Xb

ν∂μϕc)

+ 1

16
Bρ(∂ρ Xaμ Xb

μ − Xaμ∂ρ Xb
μ)ϕc

]

+O(1/M3). (10)

The first term in the RHS of Eq. (10) matches the form of Eq. (2)
that can give kinetic mixing. Note that we also have extra 5-
dimensional terms that give interactions including three gauge 
fields. Here we do not discuss these extra terms in details, since 
they do not contribute to kinetic mixing. After ϕa developing VEV, 
we obtain
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Table 2
Field contents in addition to 
Table 1 where both of them 
are scalars.

Fields ϕ′ χ

SU (2)H 3 2
SU (2)L 1 1
U (1)Y 0 0

g X gB y

24π2M
〈ϕa〉Bμν Xaμν

� 4 × 10−4
( y

0.5

)( g X

0.5

)(
10 TeV

M

)( 〈ϕa〉
1 TeV

)
Bμν Xaμν. (11)

Therefore we obtain small kinetic mixing between SU (2)H and 
U (1)Y , where components of Xa

μ mixing with Bμ depend on con-
figuration of the triplet VEV. Here we consider typical scale of M
is around 10 TeV since it is safely allowed by current experimen-
tal data and would be tested in future experiments; experimental 
results for exotic (long-lived) charged particle search can be found 
in refs. [26,27]. In the next section, we illustrate this scenario in-
troducing a specific UV complete model.

3. An UV complete DM model with non-Abelian kinetic mixing

In this section we consider a simple DM model under SU (2)H

symmetry with radiatively generated kinetic mixing discussed in 
previous section. In addition to the field contents in Table 1, we in-
troduce a second SU (2)H triplet real scalar ϕ′ with non-zero VEV 
and a doublet scalar χ with vanishing VEV as shown in Table 2. 
We need two real triplet scalars to break SU (2)H into Z2 spon-
taneously [22]. The doublet χ ≡ [χ1, χ2]T is our DM candidate 
whose component has Z2 odd parity; after SU (2)H → Z2 break-
ing component of E ′ and χ are odd and the other particles are 
even under Z2.

Structure of the model: The new Lagrangian and potential are 
written by

L′ = L + (Dμϕ′)†(Dμϕ′) + (Dμχ)†(Dμχ)

+ (
y′ Ē ′ϕ′E ′ + h.c.

) − V ′, (12)

V ′ = V − μ2
ϕ′ Tr[ϕ′ϕ′] + λϕ′Tr[ϕ′ϕ′]2 + μ2

χχ †χ + λχ (χ †χ)2

+ λϕϕ′Tr[ϕϕ]Tr[ϕ′ϕ′] + λ̃ϕϕ′Tr[ϕϕ′]Tr[ϕ′ϕ]
− μχ †ϕχ − μ′χ †ϕ′χ + λχϕTr[ϕϕ](χ †χ)

+ λχϕ′Tr[ϕ′ϕ′](χ †χ) + λHϕ′Tr[ϕ′ϕ′](H† H)

+ λHχ (χ †χ)(H† H) (13)

where L and V are the same as given in Eqs. (3) and (4). Here we 
choose the VEV alignments of two scalar triplets as

〈ϕ〉 = 1

2
√

2

(
vϕ 0
0 −vϕ

)
, 〈ϕ′〉 = 1

2
√

2

(
0 vϕ′

vϕ′ 0

)
, (14)

where the configurations are equivalent to those of discussed in 
ref. [22]. Then SU (2)H is broken to Z2 symmetry by these VEVs 
where the components of SU (2)H doublets have odd parity and 
the other fields have even parity. The scalar potential including 
only ϕ and ϕ′ is the same as in ref. [22] and we do not discuss 
details here. Also we assume parameters associated with χ satisfy 
inert condition taking μ2

χ > 0.
DM mass: After symmetry breaking the mass terms for inert 

scalars are given by
3

L ⊃1

2

(
2μ2

χ + λHχ v2 + λχϕ v2
ϕ + λχϕ′ v2

ϕ′
)

(χ
†
1χ1 + χ

†
2χ2)

− μvϕ

2
√

2
(χ

†
1χ1 − χ

†
2χ2) − μ′vϕ′

2
√

2
(χ

†
1χ2 + χ

†
2χ1). (15)

In general, χ1 and χ2 mix by the last term of Eq. (15) but we 
assume μ′ to be much smaller than the other mass dimension pa-
rameters so that they are approximated to be mass eigenstates. We 
then obtain physical masses such that

m2
χ1

= μ2
χ + 1

2
(λHχ v2 + λχϕ v2

ϕ + λχϕ′ v2
ϕ′) − μvϕ

2
√

2
, (16)

m2
χ2

= μ2
χ + 1

2
(λHχ v2 + λχϕ v2

ϕ + λχϕ′ v2
ϕ′) + μvϕ

2
√

2
, (17)

where we choose mχ1 < mχ2 assuming μ > 0. Thus χ1 is our DM 
candidate. In our scenario heavier state χ2 can decay into χ1φ

′
1

where φ′
1 is scalar boson from the component of ϕ′ with non-

zero VEV. The corresponding interaction is μ′/(2
√

2)φ′
1χ

†
1χ2 + h.c.

where mixing between χ1 and χ2 is ignored. The decay width is 
given by

�χ2 = μ′2

128πmχ2

⎡
⎣λ

⎛
⎝1,

m2
χ1

m2
χ2

,
m2

φ′
1

mχ2
2

⎞
⎠

⎤
⎦

1
2

, (18)

where λ(1, x, y) = (1 − x − y)2 − 4xy and mφ′
1

is the mass of φ′
1. 

Taking mχ2 = 150 GeV, mχ1 = 100 GeV and mφ′
1
= 20 GeV, we ob-

tain lifetime of χ2 as 6 × 10−18(μ′/0.1GeV)2[sec]. Thus χ2 can 
be short lived particle even if μ′ is smaller than other mass pa-
rameters. Note that φ′

1 can decay into SM particles via scalar mix-
ing [22].

Hidden gauge bosons: In this model, we have two kinetic mix-
ing terms between SU (2)H and U (1)Y , since we introduce two 
SU (2)H triplet scalars. From discussion in previous section, we ob-
tain

LX B = g X gB y

24π2M
B̃μν X̃aμνϕa + g X gB y′

24π2M
B̃μν X̃aμνϕ′a, (19)

where we omit extra terms appearing in Eq. (10).2 After ϕ and ϕ′
developing VEVs, the kinetic mixing terms can be obtained as

LK M = −1

2
sin δ X̃3

μν B̃μν − 1

2
sin δ′ X̃1

μν B̃μν, (20)

where sin δ[′] ≡ −gx gB y[′]vϕ[′]/(12
√

2π2M). For small kinetic mix-
ing parameter, kinetic terms can be approximately diagonalized by

B̃μ � Bμ + δX3
μ + δ′ X1

μ,

X̃1
μ � X1

μ, X̃2
μ = X2

μ, X̃3
μ � X3

μ, (21)

where Bμ and Xa
μ are gauge fields under the basis with diagonal-

ized kinetic terms. In our DM analysis below, we assume δ′ � δ for 
simplicity. Ignoring small kinetic mixing effect, we obtain masses 
of Xa

μ such that

mX1 = √
2g X vϕ, mX3 = √

2g X vϕ′ ,

mX2 =
√

m2
X1 + m2

X3 . (22)

Thus X2 is always heavier than the other components. We also 
have Z –X3 mixing via the kinetic mixing effect. The mass matrix 
after symmetry breaking is given by

2 Here we write gauge field strengths as X̃aμν and B̃μν to emphasize them in the 
basis of non-diagonal kinetic terms.
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Fig. 3. X3–Z mixing sin θX as a function of mX3 for several values of δ.

1

2

(
Z̃

X3

)T (
m2

Z δ m2
Z sin θW

δ m2
Z sin θW m2

X3

)(
Z̃

X3

)
(23)

where mZ and Z̃ corresponds to Z boson mass and field in the 
SM. The mixing angle can be written as

tan 2θX � 2 sin θW m2
Z

m2
Z − m2

X3

δ. (24)

In Fig. 3, we show sin θX as a function of mX3 for several values of 
δ. We find that sin θX is sufficiently small and X3 below TeV scale 
is allowed by experimental constraints since X3 couples to the SM 
fermions only through the small mixing effect [28–30].

DM physics: here we discuss DM in our model and estimate 
its relic density. In our analysis, we focus on gauge interactions 
and assume scalar portal interactions are suppressed by small cou-
plings in the potential.3 The relevant interactions for DM are writ-
ten by

L ⊃ ig X

2
X3

μ(∂μχ1χ
∗
1 − ∂μχ∗

1 χ1) + g2
X

4
X3

μ X3μχ∗
1 χ1

+
(

ig X

2
(X1

μ − i X2
μ)(∂μχ2χ

∗
1 − ∂μχ∗

1 χ2) + h.c.

)

+ g

cos θW
X3

μ

×
∑

f

f̄ γ μ
[
−sX (T3 − Q sin2 θW ) + δc X Y sin θW

]
f , (25)

where f denotes the SM fermion, sX (c X ) ≡ sin θX (cos θX ) and Q
is electric charge. We calculate relic density of DM using mi-
crOMEGAs 5.2.4 [31] implementing the interactions to search for 
parameter region realizing observed value. The parameters are 
scanned in the following ranges:

g X ∈ [0.01,
√

4π ], mX3 ∈ [150,1200] GeV,

mX1 ∈ [mX3 ,1200] GeV, mχ1 ∈ [50,1000] GeV, (26)

where we fix δ = 10−4, δ′ = 10−8 and mχ2 = 1.5mχ1 to suppress 
coannihilation process.

In Fig. 4, we show parameter region, satisfying observed relic 
density of DM [32], where we apply approximated region of 
0.11 < �h2 < 0.13. We find that relic density can be explained 
by O(0.1)–O(1) gauge coupling g X in the region of mDM > mX3 , 

3 The couplings in scalar potential {λχϕ′ , λHχ , λχϕ} provide scalar portal interac-
tion for pair annihilation of DM χ1. We take these coupling to be less than 10−4 so 
that scalar portal process is sufficiently smaller than gauge interaction as we take 
minimal value of gauge coupling gX to be 0.01.
4

Fig. 4. Parameter region satisfying relic density of DM where color gradient indicates 
value of gX and mDM ≡ mχ1 .

since cross section of χ1χ1 → Xa Xb is sizable. Note that domi-
nant annihilation process is mostly s-channel χ1χ

∗
1 → X3 X3 one. 

For mX3 ∼ 2mχ1 case, χ1χ
∗
1 → X3 → f̄ S M f S M process can be dom-

inant due to resonant enhancement of the annihilation cross sec-
tion. In the region of mDM < mX3 relic density can be explained 
only around 2mDM ∼ mX3 , since we need resonant enhancement 
of annihilation cross section because of small kinetic mixing. If we 
lose our assumption of δ′ � δ and consider δ′ ∼ δ case we can 
have sizable effect from χ1χ2 → X1 → f S M f S M annihilation cross 
section in DM calculation when masses of χ1 and χ2 are close to 
activate coannihilation process and mχ1 + mχ2 ∼ mZ ′ . In that case 
we would have larger parameter region to explain DM relic den-
sity.

In our parameter region spin-independent DM-nucleon scatter-
ing cross section is suppressed by small kinetic mixing δ, and it is 
approximately estimated by

σχ1 N � g2
X e2 cos2 θW m2

N

πm4
X3

∼ g2
X

(
δ

10−4

)2 (
150GeV

mX3

)4

2 × 10−46 cm2 (27)

where mN is nucleon mass. Thus our model can avoid direct de-
tection constraint such as XENON1T [36]. Finally we comment pos-
sibility of indirect detection. In our scenario DM mostly annihilate 
into X3 X3 where X3 decays into the SM fermions via kinetic mix-
ing; χ1χ1 → X3 → f S M f S M cross section is suppressed in current 
Universe since it is t-channel. In such case γ -ray from SM fermions 
in final state could be detected. Our parameter region is safe from 
current Fermi-LAT constraint [37] since we do not have mechanism 
to enhance DM annihilation cross section at the current Universe.

4. Summary and discussion

In this paper, we have discussed one loop generation of the 
term connecting gauge fields from the local hidden SU (2)H and 
the SM U (1)Y , introducing an SU (2)H doublet fermion with non-
zero hypercharge and a scalar field in adjoint representation. Then 
we have obtained the kinetic mixing term between SU (2)H and 
U (1)Y gauge fields after the adjoint scalar field developing VEV.

We have introduced a DM model in an UV completion with 
SU (2)H , where the scalar doublet is our DM candidate and its sta-
bility is guaranteed by remnant Z2 symmetry from SU (2)H . Relic 
density of DM has been calculated focusing on the case in which 
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DM annihilates into the SM fields via SU (2)H gauge interactions 
with radiatively induced kinetic mixing. Then we have shown pa-
rameter region satisfying observed relic density in Fig. 4. Before 
closing our letter, it would worthwhile to mention another appli-
cation of extra fields. E ′ fermion [33,34] or its extended field to 
SU (2)L doublet L′ [35] is applied to generate small mass terms 
such as neutrinos at loop levels. In fact, it is possible to induce 
tiny neutrino masses, retaining our main result of radiative kinetic 
mixings. This types of models also provide intriguing phenomena 
neutrino mass generation, flavor physics and exotic particle pro-
duction at collider experiments, and we will proceed this direction 
as another projects.
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