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We present a new class of Dark Matter (DM) models wherein the Standard Model (SM) is extended
with a new SU(2)D dark gauge sector. In this framework the stability of DM is provided by the
conservation of a U(1) global symmetry which, upon appropriate charge assignments for the SU(2)D
multiplets, effectively leads to a Z2 symmetry subgroup. The origin of the global U(1) symmetry
which ensures the stability of DM can be justified in the form of a dark EW sector or through an
underlying composite structure. The key ingredient of the model is a Vector-Like (VL) fermion
doublet of SU(2)D, the members of which are singlets of the SM Electro-Weak (EW) gauge group,
which mediate the interactions between the dark sector and the SM, via new Yukawa interactions.
This class of models, labelled as Fermion Portal Vector DM (FPVDM), allows multiple realisations,
depending on the properties of the the VL partner and the scalar potential. After spontaneous
breaking of the SU(2)D symmetry via a new scalar doublet, the ensuing massive vector bosons
with non-zero dark-isospin are DM candidates. The new class of FPVDM models suggested here
has numerous phenomenological implications for collider and non-collider studies. As a practical
example, we discuss here in detail a realisation involving a VL top partner assuming no mixing
between the two physical scalars of the theory, the SM Higgs boson and its counterpart in the dark
sector. We thus provide bounds on this setup from both collider and astroparticle observables.
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I. INTRODUCTION

The Standard Model (SM) of particle physics describes fundamental particle fields and their interactions under
strong, Electro-Magnetic (EM) and weak forces using the symmetry principle of gauge invariance. Furthermore,
through the so-called Higgs mechanism, triggering Electro-Weak Symmetry Breaking (EWSB), the last two forces
are actually unified into a single EW force. Given the particle content and charges under the gauge group of the
SM, SU(3)C × SU(2)L ×U(1)Y , some of the particles in it are stable either due to the (unbroken) gauge symmetries
themselves (such as the gluons and photon) or due to the fact that they are the lightest ones obeying a conservation
law (charge or number conservation) such as the electron and its neutrino. The latter is of some importance here,
as the analysis of the gravitational interactions at different scales in the Universe implies the existence of matter
without EM interactions, called Dark Matter (DM), for which a particle interpretation is a natural possibility in the
framework of the SM. So far, the only viable candidate is the aforementioned neutrino, alas, it is not compliant with
corresponding experimental observations. Hence, leaving aside other shortcomings of it, there is an obvious need to
surpass the SM.

We consider here DM as a vector (spin-1) gauge particle. Such a theoretical construction is extremely well motivated
whilst being constrained in the possible model building choices. The Higgs portal is the simplest and most favoured
mechanism to connect a dark sector where the DM is represented by a new gauge boson which gets its mass through a
new scalar, that breaks the gauge symmetry through the Higgs mechanism. In this mechanism the quartic interaction
involving two new scalars and two Higgs bosons, |S|2|H|2, is not protected by any symmetry, and is the minimal way
of connecting the visible with the invisible sector. The Higgs portal, however, might not be the dominant connection
between the two sectors. It induces a mixing in the scalar sector modifying the Higgs couplings to the SM particles
and generating Higgs-DM interactions, which are strongly constrained [1]. The size of the dimensionless coupling of
the quartic interaction, which in principle can have any value, is thus constrained to be small to respect the size of the
scalar mixing. This makes the detection of signatures from the dark sector extremely challenging. For the non-Abelian
case it is also possible to construct kinetic-mixing terms, which are however non-renormalisable and hence suppressed
by the scale of new physics. All these scenarios have been extensively studied in literature [2–27].

Other mediation mechanisms can however be present in case of vector DM, noticeably involving the fermionic
sector [27, 28]. The fermionic mediator which was studied in the context of scalar DM is well motivated theoreti-
cally [29, 30] and provides interesting phenomenology with well-defined parameter space [31–34]. The interaction of
vector DM with SM fermions is also well motivated from the phenomenological point of view: most of the current
anomalies observed in SM measurements are associated with the fermion sector (especially with the lepton one) [35].
Also, the new fermions might also play a role in the radiative shift of the W boson mass, for which a sizeable discrep-
ancy with respect to the SM expectation has been recently reported by [36]. Scenarios with Vector-Like (VL) fermion
portals, but for scalar DM candidates, have also been explored in the literature [37, 38]. Some version of a non-Abelian
vector DM scenario connected to the SM through the Higgs portal and the fermionic sector was suggested in [28],
to explore EM multipole interactions of DM candidates, where the authors introduced two new fermionic multiplets
and assumed a negligibly small Higgs portal, so that the main connection to the SM is at one-loop level via the new
fermions. In that paper the authors also assumed vanishing mixing between new and SM fermions.

In this paper we propose a new minimal framework for Fermion Portal Vector DM (FPVDM) (albeit closely related
to that of [28]) which incorporates just one dark doublet of VL fermions. The FPVDM scenario relies crucially on the
mixing of one of the fermions from the dark doublet with one or more SM fermions sharing the same electric charge,
and this mixing provides the tree-level portal connecting dark and SM sectors. In addition we have formulated the
complete Lagrangian for this FPVDM framework, together with the necessary conditions and dark charge assignments
which guarantee the stability of vector DM, ensuring the consistency of the new framework suggested in our approach.
In our setup the elements of doublet VL fermions have different charges under a new “dark” SU(2) group and are
singlets under the SU(2)L group of the SM. The elements of the fermionic doublet have opposite Z2 parity. This parity
emerges as a subgroup of a new global U(1) symmetry, which has to be imposed to ensure the stability of the dark
sector, and for which different members of SU(2)D multiplets transform differently depending on the third component
of their dark-isospin (D-isospin). The U(1) global symmetry can in principle be promoted to a local symmetry and
gauged, generating a new massless gauge boson besides the DM candidate.

The plan of our paper is as follows. In section II we give a detailed description of the class of models we propose.
In the following section III we further discuss the possibility of gauging the U(1) global symmetry of the model which
would provide a natural symmetry behind the stability of DM. In section IV we discuss the case of a particular
realisation of our model, in connection with new interesting collider features. In this scenario we invoke a top-quark
portal and eliminate any mixing between SM and dark Higgs bosons. We discuss various aspects of phenomenological
implications of this specific top-portal scenario (a selection of such results is presented in Ref. [39]). Finally, in
section V we summarise our findings on the new FPVDM framework and our particular realisation of it.
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II. THE DARK SECTOR AND ITS INTERACTIONS WITH THE SM

We start by considering a new dark SU(2) group – the simplest non-Abelian group in terms of number of gen-
erators – which we label as SU(2)D. The gauge bosons associated with the SU(2)D breaking are labelled as
V Dµ =

(
V 0
D+µ V

0
D0µ V

0
D−µ

)
, where, here and in the following, the superscript identifies the electric charge and the

subscript the isospin under SU(2)D (D-isospin). The full covariant derivative, including the SM terms, is

Dµ = ∂µ −
(
i
g√
2
W±
µ T

± + igW 3
µT3 + ig′Y Bµ

)
−
(
i
gD√
2
V 0
D±µT

±
D + igDV

0
D0µT3D

)
, (2.1)

where g and g′ are, respectively, the weak and hypercharge coupling constants, gD is the SU(2)D coupling constant,
T3 and Y are the weak-isospin and weak-hypercharge, respectively, while T3D is the dark-isospin third component
of SU(2)D. The indices of the TD matrices act only on the SU(2)D elements and are diagonal with respect to the
SU(2)L ones while the indices of the T matrices act only on the SU(2) elements and are diagonal with respect to
SU(2)D. The SU(2)D symmetry needs to be spontaneously broken to generate a mass for its gauge bosons. Two
complex scalar doublets are thus needed for the breaking of SU(2)L and SU(2)D, respectively:

ΦH =

(
ϕ+

ϕ0

)
−→ ⟨ΦH⟩ = 1√

2

(
0

v

)
(SM-like Higgs doublet breaking SU(2)L × U(1)Y ) ,

ΦD =

(
φ0
D+1/2

φ0
D−1/2

)
−→ ⟨ΦD⟩ = 1√

2

(
0

vD

)
(new “dark” scalar doublet breaking SU(2)D) .

(2.2)

The full scalar potential has the following form:

V (ΦH ,ΦD) = −µ2Φ†
HΦH − µ2

DΦ
†
DΦD + λ(Φ†

HΦH)2 + λD(Φ
†
DΦD)

2 + λΦHΦD (Φ
†
HΦH)(Φ†

DΦD) , (2.3)

where the last term provides the interaction between ΦH and ΦD (the Higgs portal). In the unbroken phase the
Lagrangian of ΦD is invariant under a SO(4) ∼ SU(2)× SU(2) global symmetry. One of the two SU(2) is gauged to
be SU(2)D. The Vacuum Expectation Value (VEV) of ΦD selects a direction in the scalar field space keeping three
unbroken generators and leaving an unbroken global symmetry, the custodial symmetry associated with the diagonal
SU(2), SO(4) → SO(3) ∼ SU(2)diag. In the absence of new fermions, this custodial symmetry ensures the stability
of the new (dark) gauge bosons [3].

We stress here that the quartic term Φ†
HΦHΦ†

DΦD is in general not protected by any symmetry and therefore
cannot be removed altogether from the Lagrangian. A key point of the model, however, is that this portal does not
need to play an important role and can indeed be negligible with respect to the other operators of the potential. The
connection between the dark sector and the SM is realised via two new VL fermions, singlets of SU(2)L but with
a U(1)Y hypercharge identical to one of the corresponding right-handed SM fermions. These VL fermions form a
doublet under SU(2)D, labelled as Ψ = (ψD, ψ). The respective mass terms and Yukawa interactions of the new
fermion sector have the following form:

−Lf =MΨΨ̄Ψ + (y′Ψ̄LΦDf
SM
R + h.c) , (2.4)

where fSMR generically denotes a SM right-handed singlet and y′ is a new Yukawa coupling connecting the SM fermion
with Ψ through the ΦD doublet. The absence of an additional Yukawa term y′′Ψ̄LΦ

c
Df

SM
R , which would violate the

stability of DM, is protected by the presence of the unbroken global U(1)D. Without this symmetry such a term would
be compulsory since the scalar doublet, ΦD, is in the pseudo-real representation. Under this global U(1)D = eiΛYD ,
the new fields transform non trivially, whilst the SM fields transform into themselves.

In analogy with the SM, where the SU(2)L×U(1)Y symmetry breaks down to the EM U(1), the vacuum state of ΦD
is invariant under a residual U(1), which in this case is global. The invariance of the VEV under the transformation
eigDα⃗·τ⃗eiΛYD , is ensured if the relations gDα3 = Λ and (T 3

D + YD)⟨ΦD⟩ = 0 are satisfied, leading to the assignment

YD = 1/2 for ΦD. The breaking pattern in the dark sector is therefore SU(2)D × U(1)D → U(1)dD associated with
the diagonal generator SU(2)D × U(1)D with a conserved quantum number QD = T 3

D + YD, the dark charge of the
new particles. For this reason, different elements of SU(2)D multiplets have different transformation properties under
the residual U(1)dD, and with the assignment YD = 1/2 for doublets and YD = 0 for triplets, a Z2 subgroup can be
defined as

Z2 : (−1)QD , (2.5)
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under which different members of SU(2)D multiplets transform differently, guaranteeing the stability of the lightest
Z2 odd state. Specifically, SU(2)D doublets always contain a Z2-odd and Z2-even component, while SU(2)D triplets
have a (− + −) transformation structure. Clearly, the analogies with the SM EM U(1) can be exploited further by
promoting the global U(1)D to a local symmetry and gauging it. This leads to the presence of renormalisable kinetic
mixing between the SM and dark U(1)D groups in the unbroken phase. This aspect will be addressed in section III,
but such a construction and its phenomenological consequences is not part of the FPVDM scenario suggested here,
and therefore will not be explored in detail.

The particle content of the model is summarised in Table I.

Scalars SU(2)L U(1)Y SU(2)D Z2

ΦH =

(
ϕ+

ϕ0

)
2 1/2 1 +

ΦD =

(
φ0

D+ 1
2

φ0
D− 1

2

)
1 0 2

−
+

Vectors SU(2)L U(1)Y SU(2)D Z2

Wµ =

W
+
µ

W 3
µ

W−
µ

 3 0 1

+

+

+

Bµ 1 0 1 +

V D
µ =

V
0
D+µ

V 0
D0µ

V 0
D−µ

 1 0 3

−
+

−

Fermions SU(2)L U(1)Y SU(2)D Z2

fSM
L =

(
fSM
u,ν

fSM
d,ℓ

)
L

2 1
6
,− 1

2
1 +

uSM
R , νSMR 1 2

3
, 0 1 +

dSMR , ℓSMR 1 − 1
3
,−1 1 +

Ψ =

(
ψD

ψ

)
1 Q 2

−
+

TABLE I: The quantum numbers under the EW and dark gauge group SU(2)D of the particles of the model, and
their Z2 parity.

After imposing the dark charge conservation, ensuring the stability of the lightest particle in the dark sector which
is odd under Z2, the most general Lagrangian for this scenario, which is composed of field strength tensors for the
vectors (SM and dark), the kinetic and mass terms for the fermions and the scalars, the Yukawa terms and the
potential for ΦH and ΦD, takes the following form:

LD ⊃ −1

4
(V iµν)

2|B,W i,V 0
Di

+ f̄SMi /DfSM + Ψ̄i /DΨ+ |DµΦH |2 + |DµΦD|2 − V (ΦH ,ΦD)

− (yf̄SML ΦHf
SM
R + y′Ψ̄LΦDf

SM
R + h.c)−MΨΨ̄Ψ , (2.6)

with the covariant derivative and scalar potential given in eq.(2.1) and eq.(2.3), respectively.
The lightest Z2-odd particles can be either the V 0

D± dark gauge bosons, or ψD. If it is ψD, it can be either a partner
of a) SM quarks, b) charged leptons or c) neutrinos. In case a) the DM candidate would form a stable bound state
with SM quarks, in case b) the model would be excluded because the DM would be electrically charge, while in case
c) the DM would be a neutrino partner. Conversely, if the lightest Z2-odd particle is V 0

D±, the DM is a massive dark
gauge boson. It is this this scenario, labelled as Fermion Portal Vector Dark Matter (FPVDM), which we discuss in
the rest of this paper.

A. Kinetic mixing in the unbroken EW and dark phases

We discuss here in more detail the origin of the kinetic mixing at loop level. The two scalar doublets are secluded
with respect to one another in the sense that the SM one has no dark quantum numbers (singlet with respect to
SU(2)D) and the SU(2)D one has no SM quantum numbers (transforming as a singlet with respect to the SM). The
operators giving rise to kinetic mixing in the effective Lagrangian are of dimension-six for U(1)Y and dimension-eight
for SU(2)L and, in our case, have the form

VµνaD Φ†
Dk(σ

a)klΦDl

(κW
Λ4

W b
µνΦ

†
Hi(σ

b)ijΦHj +
κB
Λ2

Bµν

)
, (2.7)
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where σa is a Pauli matrix generator of SU(2)D and σb is a generator of SU(2)L. Here, VµνaD is the field strength
tensor of SU(2)D and W b

µν and Bµν are, respectively, the field strength tensors of SU(2)L and U(1)Y . The kinetic
mixing term is obtained upon inserting the VEVs of the Higgs doublets but, as already indicated, the operator is
suppressed through the fourth power of the large scale Λ. Concerning the origin of this effective operator in our
model, the suppression can be estimated with a one-loop two-point function mixing the two types of gauge bosons,
SU(2)L×U(1) and SU(2)D. The fermion loops with VEV insertions allows the two types of gauge bosons to connect,

FIG. 1: Loop realisation of the kinetic mixing operators for U(1)Y and SU(2)L in the unbroken EW and dark
symmetry phases.

as shown in fig. 1, and the interactions are expected to be of order

1

16π2M2
Ψm

2
f

y′2g′ gDv
2
D (for U(1)Y − SU(2)D mixing) (2.8)

and

1

16π2M2
Ψm

4
f

y2y′2g gDv
2v2D (for SU(2)L − SU(2)D mixing) , (2.9)

where MΨ is the mass of the VL fermion Ψ with both weak hypercharge and SU(2)D quantum numbers coupling
with a Yukawa type term y′ to the Higgs sector.1 A gauge mixing term is also possible using the quartic term in the

scalar potential λΦHΦDΦ
†
HΦH Φ†

DΦD, but its contribution is more suppressed as it arises at two-loop level. In the
broken phase, a kinetic mixing arises between the electrically neutral mass eigenstates [28, 40–42]. This is described
in more detail in section IIC 2 and has important phenomenological consequences.

B. Electroweak and dark symmetry breaking

The minimum of the potential reads as

V (ΦH ,ΦD)min = −µ
2

2
v2 − µ2

D

2
v2D +

λ

4
v4 +

λD
4
v4D +

λΦHΦD

4
v2v2D (2.10)

and the minimisation conditions are

v(−µ2 + λv2 +
1

2
λΦHΦDv

2
D) = 0 and vD(−µ2

D + λDv
2
D +

1

2
λΦHΦDv

2) = 0 (2.11)

1 Notice that the Yukawa parameters determine the masses of both Z2-even fermions, and their expression is a function of all fermion
masses. Therefore, eqs. (2.8) and (2.9) are finite in the limit mf → 0: this can be verified by substituting the explicit expressions of
the Yukawa couplings (see eq. (2.20)) and consider that, in the the same limit, the two elements of the VL fermion doublet become
degenerate.
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whilst the two non-trivial stationary points are

v =

√
4λDµ2 − 2λΦHΦDµ

2
D

4λλD − λ2ΦHΦD

and vD =

√
4λµ2

D − 2λΦHΦDµ
2

4λλD − λ2ΦHΦD

, (2.12)

where the VEVs are taken to be positive without loss of generality. They are minima if the corresponding Hessian
matrix is positive definite (i.e., if its eigenvalues are both positive, being a symmetric matrix),

H|vmin,vDmin
=

(
3λv2 − µ2 +

λΦHΦD

2 v2D λΦHΦDvvD

λΦHΦDvvD 3λDv
2
D − µ2

D +
λΦHΦD

2 v2

)
, (2.13)

which leads to the following conditions for the Lagrangian parameters:

µ ̸= 0 and µD ̸= 0 and


λΦHΦD < 0 and λ > 0 and λD > 0 and λ2ΦHΦD

< 4λλD
or

λΦHΦD > 0 and 2λµ2
D > λΦHΦDµ

2 and 2λDµ
2 > λΦHΦDµ

2
D

. (2.14)

Finally, if the Higgs quartic coupling vanishes, λΦHΦD = 0, the system simply reduces to two independent potentials,
V (ΦH ,ΦD) = V (ΦH)+V (ΦD), where the two terms have identical structure, corresponding to the SM one, and where
the minima are simply defined as:

v = ±
√
µ2

λ
and vD = ±

√
µ2
D

λD
. (2.15)

C. Particle spectrum of the model

The model contains new scalar, fermion and vector states. The scalar and fermion ones can mix with SM objects,
while the vectors undergo kinetic and mass mixing in the broken EW and dark phases, potentially affecting observables
primarily sensitive to the SM itself. In this section, the structure of each particle sector is thus carefully described.

1. Fermions

The fermion component with T3D = +1/2 gets only the VL mass, therefore

mψD =MΨ , (2.16)

whereas the other fermion masses are generated after both scalars acquire a VEV. The fermionic mass matrix reads
as follows:

Lfm = (f̄SML ψL)MF

(
fSMR
ψR

)
, with MF =

(
y v√

2
0

y′ vD√
2
MΨ

)
. (2.17)

This mass matrix describes the mixing of a VL fermion with a SM fermion but, unlike in well-known VL scenarios
where the new states mix with SM fermions via the Higgs boson, in this case the mixing is driven by ΦD and the
non-zero off-diagonal element is proportional to vD. The mass matrix can be diagonalised by two unitary matrices,
VL,R, leading to the mass eigenstates f and F , where f identifies the SM fermion and F its heavier partner:

Lfm = (f̄LFL)Md
F

(
fR
FR

)
= (f̄LFL)V

†
fLMFVfR

(
fR
FR

)
. (2.18)

The two rotation matrices VfL =

(
cos θfL sin θfL
− sin θfL cos θfL

)
and VfR =

(
cos θfR sin θfR
− sin θfR cos θfR

)
diagonalise the products

Md
FMd†

F and Md†
F Md

F , respectively, and the mass eigenvalues are:

m2
f,F =

1

4

[
y2v2 + y′2v2D + 2M2

Ψ ∓
√
(y2v2 + y′2v2D + 2M2

Ψ)
2 − 8y2v2M2

Ψ

]
. (2.19)
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The fermion sector therefore contains the SM fermion with mass mf , a Z2-even partner with mass mF and a Z2-odd
partner with mass mψD . The mass hierarchy is mf < mψD ≤ mF .
It is possible to trade the Yukawa parameters for the masses of the physical fermions {mf ,mψD ,mF } as:

y =
√
2
mfmF

mψDv
, y′ =

√
2

√
(m2

F −m2
ψD

)(m2
ψD

−m2
f )

mψDvD
. (2.20)

The mixing angles can also be expressed as function of the masses as:

sin2 θfL =
m2
f

m2
ψD

m2
F −m2

ψD

m2
F −m2

f

, sin2 θfR =
m2
F −m2

ψD

m2
F −m2

f

. (2.21)

The left-handed mixing angle is suppressed by the m2
f/m

2
ψD

ratio. This feature is different from the usual scenarios

where a SU(2)L-singlet VL fermion is added to the SM and allowed to mix with SM fermions and where the right-
handed mixing angle is suppressed [43]. In this case, despite the fact that ψ is a singlet under the SM gauge group,
the mixing is driven by the SU(2)D fermion doublet Ψ and the SU(2)D scalar doublet ΦD, the elements of which are
also singlets under the EW gauge group and hence involves a right-handed SM fermion.

Finally, the new fermion sector is completely decoupled in the limit mF = mψD , for which y = ySM =
√
2
mf
v ,

y′ = 0, sin θfL = sin θfR = 0, so that the pure SM scenario is restored.

2. Gauge bosons

The kinetic Lagrangian of ΦH and ΦD evaluated at the minimum of the scalar potential reads as follows:

Lkin
S |v,vD ⊃ (V0

SM)TM2
V0

SM
V0
SM +

1

4
g2v2W+W− +

1

8
g2Dv

2
D(V

0
D0)

2 +
g2D
4
v2DV

0
D+V

0
D− , (2.22)

where V0
SMµ = (Bµ W

3
µ)
T . At tree level, the SM gauge bosons are not affected by the new ΦD scalar, and therefore

their masses correspond to the SM values, while the gauge bosons of SU(2)D are all degenerate and their masses are

mV ≡ mV 0
D±

= mV 0
D0

=
gD
2
vD . (2.23)

The only electrically neutral massive Z2-odd states of FPVDM scenarios are the SU(2)D gauge bosons V 0
D±, which

are thus identified as DM candidates.
The degeneracy in mass is broken at loop level by different effects. In the following, for making the notation more

compact, we will label the two gauge bosons as:{
V 0
D± ≡ VD with mass mVD

V 0
D0 ≡ V ′ with mass mV ′

.

First of all, in the broken EW and dark gauge symmetry phases, a kinetic mixing arises between V ′ and both photon
and Z boson [28, 40–42]. Using analogous notation to [42], and assuming only one VL fermion doublet under SU(2)D

FIG. 2: The Feynman diagrams contributing to mass corrections and mixing of SU(2)D vector bosons, V ′, Z, γ (left)
and VD (right) at one loop level. Z2-odd particles are highlighted in red.
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exists, the kinetic mixing parameters ϵAV and ϵZV entering the kinetic mixing matrix

V KM =


1 0 − ϵAV√

1−ϵ2AV −ϵ2ZV
0 1 − ϵZV√

1−ϵ2AV −ϵ2ZV
0 0 1√

1−ϵ2AV −ϵ2ZV

 , (2.24)

which rotates the (Aµ Zµ V
′
µ) vector of gauge eigenstates, are determined by loops involving the only three fermions

charged under the SM and dark gauge groups, f , F and ψD, as shown in fig. 2. The scalar fields do not contribute due
to the fact that neither ΦH nor ΦD transform under the SM and dark gauge groups at the same time. These loops
can be evaluated separately for the AV and ZV mixings using the general expression of the gauge boson vacuum
polarisation tensor provided in [44]. For the AV mixing the tensor is purely transverse and in the q2 → 0 limit reads
ΠAVT ∼ q2ϵAV , where

ϵAV =
gDeQf
8π2

∑
i=f,F,ψD

(V 2
Li + V 2

Ri)T
3
Di ln

m2
i

µ2

=
gDeQf
8π2

[
−1

2
(sin θ2fL + sin θ2fR) ln

m2
f

µ2
− 1

2
(cos θ2fL + cos θ2fR) ln

m2
F

µ2
+ ln

m2
ψD

µ2

]

=
gDeQf
16π2

[
m4
ψD

−m2
fm

2
F

(m2
F −m2

f )m
2
ψD

ln
m2
f

m2
F

+ 2 ln
m2
ψD

mfmF

]
≡ gDeQf

16π2
FAV (rf , rψD ) , (2.25)

with {c, s, t}W ≡ {cos, sin, tan}θW , rf = mf/mψD and rψD = mψD/mF . The loop function

FAV (rf , rψD ) =
r2ψD − r2f
1− r2fr

2
ψD

ln(r2fr
2
ψD ) + ln

r2ψD
r2f

(2.26)

does not depend on the specific fermion flavour but only on the ratios between fermion masses, and its numerical
values are shown in fig. 3, where it is possible to see that the contribution of kinetic mixing completely cancels when
rf = rψD .

FIG. 3: Numerical values of the loop function FAV (rf , rψD ), with rf = mf/mψD and rψD = mψD/mF .

The vacuum polarisation tensor for the ZV mixing, in contrast, is more involved due to the non-vector nature of
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the couplings on both sides of the loop. Its transverse and longitudinal components in the q2 → 0 limit read

ΠZVT (q2 → 0) ∼ ggD
64π2cw

[
3m2

fFZV
m (rf , rψD ) + q2

(
FZV
qT1(rf , rψD ) +Qfs

2
WFZV

qT2(rf , rψD )

)]
, (2.27)

ΠZVL (q2 → 0) ∼ ggD
64π2cw

[
3m2

fFZV
m (rf , rψD ) + q2FZV

qL (rf , rψD )

]
, (2.28)

such that the total contribution is

ΠZV (q2 → 0) ∼ ggD
64π2cw

[
6m2

fFZV
m (rf , rψD ) + q2

(
FZV
qT1+qL(rf , rψD ) +Qfs

2
WFZV

qT2(rf , rψD )

)]
, (2.29)

where the functions FZV
m,qT1+qL,qT2(rf , rψD ) are provided in appendix B and their numerical values are shown in fig. 4.

FIG. 4: Numerical values of the loop function FZV
m,qT1+qL,qT2(rf , rψD ), with rf = mf/mψD and rψD = mψD/mF .

Besides the kinetic mixing, a mass mixing is thus induced between the SM Z boson and V ′. The coefficients of the
ZV kinetic and mass mixing read:

ϵZV =
ggD

64π2cw

(
FZV
qT1+qL(rf , rψD ) +Qfs

2
WFZV

qT2(rf , rψD )

)
, (2.30)

∆m2
ZV =

3ggD
32π2cw

m2
fFZV

m (rf , rψD ) . (2.31)

The adimensional function FZVm (rf , rψD ) appearing in the expression of the mass shift ∆m2
ZV is small for rψD ≃ 1 (i.e.,

in the decoupling limit) and rapidly grows as rψD decreases. The function FZVqT1+qL(rf , rψD ) has a similar behaviour

but with a milder dependence on rψD . The function FZVqT2(rf , rψD ) has a similar behaviour as FAV (rf , rψD ).

The mass matrix of the (Zµ V
′
µ) system receives a shift proportional to the mass term in the vacuum polarisation

tensor:

M̃2
ZV =

(
1
4 (g

2 + g′2)v2 1
2∆m

2
ZV

1
2∆m

2
ZV

1
4g

2
Dv

2
D

)
=

(
m̃2
Z

1
2m

2
f ϵ
m
ZV

1
2m

2
f ϵ
m
ZV m̃2

V ′

)
, (2.32)

where the adimensional parameter ϵmZV = ∆m2
ZV /m

2
f has been introduced, and where loop contributions to the

diagonal terms have been neglected because of the non-zero tree-level values. This matrix is rotated by V KM into

M2
ZV =

(
V KM

)T
M̃2
ZV V

KM =
1

4

 (g2 + g′2)v2 − (g2+g′2)v2ϵZV −2m2
f ϵ
m
ZV√

1−ϵ2AV −ϵ2ZV

− (g2+g′2)v2ϵZV −2m2
f ϵ
m
ZV√

1−ϵ2AV −ϵ2ZV

g2Dv
2
D+(g2+g′2)v2ϵ2ZV −4m2

f ϵZV ϵ
m
ZV

1−ϵ2AV −ϵ2ZV

 (2.33)

and diagonalised through a rotation with angle

tan 2θZV = ±
2
(
(g2 + g′2)v2ϵZV − 2m2

f ϵ
m
ZV

)√
1− ϵ2AV − ϵ2ZV

(1− ϵ2AV − ϵ2ZV )(g
2 + g′2)v2 − g2Dv

2
D + 4ϵZV ϵmZVm

2
f

, (2.34)
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which is positive for mV ′ > mZ and negative otherwise, and in the limit of small ϵAV , ϵZV and ϵmZV becomes:

tan 2θZV ≃ 2θZV ≃ ±2
2m2

f ϵ
m
ZV − (g2 + g′2)v2ϵZV

g2Dv
2
D − (g2 + g′2)v2

. (2.35)

In the same limit the masses of the Z and V ′ bosons read:

m2
Z ≃ 1

4
(g2 + g′2)v2

[
1 + θ2ZV

(
1− g2Dv

2
D

(g2 + g′2)v2

)]
, (2.36)

m2
V ′ ≃ 1

4
g2Dv

2
D

[
1 + ϵ2AV + (θZV − ϵZV )

2

(
1− (g2 + g′2)v2

g2Dv
2
D

)]
(2.37)

The induced modification to the Z boson mass (and an analogous modification to the W boson mass induced by
loops involving F and a SM particle, potentially contributing to theW mass anomaly observed by [36]) are constrained
by EW precision data and depend on specific realisations of the model. Another source of VD and V ′ mass split are
the different fermionic loop corrections from f, F and ψD corresponding to the different Z2 parities of the SU(2)D
gauge bosons, as shown in fig. 2. A detailed discussion of the 1-loop calculations is provided in appendix A. The mass
splitting ∆mV = mVD −mV ′ can be written in a compact form in terms of the parameters

ϵ1 =
m2
F −m2

ψD

m2
F

, ϵ2 =
m2
f

m2
F

, ϵ3 =
m2
VD

m2
F

. (2.38)

In the approximation of ϵ1, ϵ2, ϵ3 ≪ 1 one has

∆m′
V ≡ ∆mV

∣∣
ϵ,ϵ2,ϵ3≪1

=
1

640π2mVD

ϵ21g
2
Dm

2
F [(20 + 3ϵ3 − 15ϵ2 + 20ϵ2ϵ3) + 10(3ϵ2 − ϵ3 − 2ϵ2ϵ3) log ϵ3] + o(ϵ21, ϵ2, ϵ3) .

(2.39)
For practical purposes, the expression for ∆mV can be further simplified by neglecting ϵ2 and ϵ3 and keeping the

leading term in ϵ1, which leads to the following simple form:

∆m′′
V ≡ ∆m′

V

∣∣
ϵ2,ϵ3=0

=
g2Dm

2
F

32π2mVD

ϵ21 =
g2Dm

2
F

32π2mVD

(
m2
F −m2

ψD

m2
F

)2

. (2.40)

The radiative mass splitting between the VD and V ′ bosons plays a very important role in the determination of
relic density and DM Indirect Detection (ID) rates. The range of validity of the approximations for ∆mV presented
above depends on the specific realisation of the FPVDM model and its parameter space. A detailed discussion of the
respective numerical results for ∆mV is given in section IV for a specific case study.
Finally, it is important to mention that the covariant derivative is modified by the kinetic mixing as follows:

Dµ ≃ ∂µ − ieQAµ − i

[
g

cw
(T3 −Qs2W )− gDT

3
DθZV

]
Zµ − i

[
gDT

3
D − eQϵAV +

g

cw
(T3 −Qs2W )(θZV − ϵZV )

]
V ′
µ ,

(2.41)
where we have included only leading terms in θZV and ϵZV .

This modification has certain phenomenological consequences. Among the most relevant ones, the interaction of
V ′ with all charged SM particles via the mixing parameter ϵAV allows the direct production of V ′ at the LHC via
Drell-Yan topologies, and is therefore constrained by direct searches of heavy resonances. Also, the DM candidate
VD can interact through EM multipoles with atomic matter, contributing to direct detection observables [28]. In the
case where only one VL representation is present, the constraints coming from these processes depend only on the
fermion charge Q and on the mass ratios rf and rψD , but not on the specific flavour of the fermion.

3. Scalars

The scalar potential of eq. (2.3) is constructed starting from the 8 degrees of freedom of all the scalar fields of the
theory: 4 for ΦH and 4 for ΦD. The theory contains 6 massive gauge bosons: Z, W±, V ′ and VD (with two opposite
D-isospin values). Therefore 6 Goldstone bosons are needed to give the corresponding longitudinal components. Thus,
2 degrees of freedom are left, which correspond to physical massive scalars: the SM Higgs boson, h, and a further
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CP-even scalar, H. Upon expressing the neutral scalars in the interaction eigenstates in terms of their components
in the unitary gauge as

ϕ0 =
1√
2
(v + h1) , (2.42)

φ0
D−1/2 =

1√
2
(vD + φ1) , (2.43)

the Lagrangian terms for scalar masses can be written as:

LS
m = −(h1 φ1)

(
λv2

λΦHΦD

2 vvD
λΦHΦD

2 vvD λDv
2
D

)(
h1
φ1

)
. (2.44)

The mass eigenvalues are obtained by diagonalising the mass matrix via a rotation matrix VS =

(
cos θS sin θS
− sin θS cos θS

)
and are

m2
h,H = λv2 + λDv

2
D ∓

√
(λv2 − λDv2D)

2 + λ2ΦHΦD
v2v2D (2.45)

whilst the mixing angle is

sin θS =

√
2
m2
Hv

2λ−m2
hv

2
DλD

m4
H −m4

h

. (2.46)

Even in the absence of explicit mixing induced by the quadratic term, i.e., even if λΦHΦD = 0, h1 and φ1 can mix at
one-loop via the their interactions with fermions. The consequences of this mixing, which can also affect Higgs-related
observables, go beyond the scopes of this analysis, and will be treated in a future work.

D. Flavour structure and Cabibbo-Kobayashi-Maskawa (CKM) matrix

The previous treatment assumed the presence of one VL SU(2)D doublet interacting with one SM fermion, without
specifying the flavour structure involved. If the full flavour structure of the SM is considered, different possibilities
might arise. A VL fermion can interact with one or more SM flavours and there can be multiple VL fermions.

The most general Lagrangian, accounting for the above-mentioned possibilities, is

Lm = M I
U ŪIUI +MJ

DD̄JDJ +MK
E ĒKEK

+ yiuQ̄
SM
iL Φ̃Hu

SM
iR + yidṼ

ij
CKMQ̄

SM
iL ΦHd

SM
jR + yil L̄

SM
iL ΦH l

SM
iR + h.c.

+ (y′u)
IjŪILΦDu

SM
jR + (y′d)

JjD̄JLΦDd
SM
jR + (y′l)

KjĒKLΦDl
SM
jR + h.c. , (2.47)

where Φ̃H = iτ2Φ
∗
H , i, j = 1, 2, 3 are SM flavour indices and I, J,K run over the flavours of the VL partners. The SM

Yukawa couplings have been diagonalised exploiting the flavour symmetries and the SM CKM matrix (i.e., the CKM

matrix if no VL states were introduced) and ṼCKM has been introduced to parametrise the misalignment between the
flavour and mass eigenstates in the down sector.

The most generic mass matrices read as follows:

MU =

(
yiu

v√
2

0iI

(y′u)
Ii vD√

2
M I
U

)
, MD =

(
yidṼ

ij
CKM

v√
2

0iJ

(y′d)
Ji vD√

2
MJ
D

)
, ME =

(
yil

v√
2

0iK

(y′l)
Ki vD√

2
MK
E

)
. (2.48)

The mass matrices can be diagonalised by two unitary matrices VL and VR, with dimension 3 + {I, J,K} depending
on the fermion type. If the same VL fermion interacts with multiple flavours of SM fermions, the most constraining
effects are represented by modifications to SM observables, induced by Flavour Changing Neutral Currents (FCNCs)
[45, 46]. If for each SM fermion there is a VL partner, the matrix proportional to y′ is diagonal as well and no
mixing is induced between different SM and VL flavours, thus fermions from the dark sector only interact with the
corresponding SM flavour. In the following we will limit the analysis to this simpler scenario.
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An important property of this construction is that the CKM matrix of the SM receives contributions from new
physics. In fact, the SM charged current is

JµW+ =
g√
2
(ūSM i
L Ū IL)γ

µ

(
13×3 03J

0I3 0IJ

)(
dSM i
L

DJ
L

)

=
g√
2
(ūiL ū

′I
L )γ

µV †
uL

(
ṼCKM 03J

0I3 0IJ

)
VdL

(
diL
d′JL

)
, (2.49)

such that the entries of the measured CKM matrix are given by

V ijCKM = (V †
uL)

ikṼ klCKMV
kj
dL . (2.50)

E. FPVDM parameter space

The Lagrangian parameters of the model are the following:

• gauge couplings: g, g′, gD;

• Scalar potential parameters: µ, λ, µD, λD, λΦHΦD ;

• Yukawa couplings and VL quark mass: y, y′,mψD ;

• ṼCKM parameters.

Assuming that the new VL fermion interacts only with one SM flavour, these parameters can be traded for the masses
of all the physical states, the weak coupling constant g (or equivalently, the fine structure constant αEM), the new
gauge coupling gD, the mixing angle between the scalar fields θS and the measured CKM parameters. A complete
set of parameters is therefore:

{g,mW ,mZ}, {gD,mVD}, {mh,mH , sin θS}, {mf ,mF ,mψD} and VCKM , (2.51)

but, since g,mW ,mZ , mh, mf and VCKM are precisely measured SM parameters, we are left with the following six
independent new physics parameters, namely:

gD,mVD ,mH , sin θS ,mF ,mψD . (2.52)

Approximating the CKM as a diagonal matrix for simplicity, the relations between the Lagrangian parameters
connected to the new physics components and the input parameters take a very simple form:

v =
2mW

g
, vD =

2mVD

gD
, (2.53)

λ =
g2

8m2
W

(m2
h cos

2 θS +m2
H sin2 θS) , (2.54)

λD =
g2D

8m2
VD

(m2
h sin

2 θS +m2
H cos2 θS) , (2.55)

λΦHΦD =
g gD

8mWmVD

(m2
H −m2

h) sin 2θS , (2.56)

µ2 =
1

2

(
m2
h cos

2 θS +m2
H sin2 θS +

1

2

g

gD

mVD

mW
(m2

H −m2
h) sin 2θS

)
, (2.57)

µ2
D =

1

2

(
m2
h sin

2 θS +m2
H cos2 θS +

1

2

gD
g

mW

mVD

(m2
H −m2

h) sin 2θS

)
, (2.58)

y =
g mf mF√
2mψDmW

, (2.59)

y′ =
gD
√
(m2

F −m2
ψD

)(m2
ψD

−m2
f )√

2mψDmVD

. (2.60)
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The minimisation conditions of the scalar potential in eq. (2.14) are automatically satisfied. If λΦHΦD < 0, which

corresponds to mh > mH , the condition λ2ΦHΦD
< 4λλD translates into 1

16
g2g2D

m2
Wm

2
VD

m2
hm

2
H > 0, which is always true,

whilst, if λΦHΦD > 0, the conditions 2λµ2
D > λΦHΦDµ

2 and 2λDµ
2 > λΦHΦDµ

2
D translate into 1

8
g2

m2
W
m2
hm

2
H > 0 and

1
8
g2D
m2
VD

m2
hm

2
H > 0, respectively, again automatically satisfied.

For a perturbative analysis of the parameter space we need to identify the regions where coupling parameters do
not become too large, in order to make sure that all predictions on the model are reliable. A complete loop description
of all the sectors of the model is beyond the scope of this analysis and therefore we assume that perturbativity is
achieved by the requirement for all couplings of the FPVDM model to be (optimistically) below 4π. For example, the
requirement λ < 4π defines the maximal value of mH for a given value of the scalar mixing angle, θS , as shown by
the blue contour in the left panel of fig. 5. The same figure presents contours for the gD/mVD ratio in the {mH , θS}
plane corresponding to λD = 4π, which indicates the perturbativity limit on the respective parameters.
The perturbative constraints on the Yukawa couplings y and y′ imply that the ratio between the masses of the

new fermions F and ψD cannot be too large. The condition for y reads as mF
mψD

< 4π
√
2mW
gmf

. At the same time, the

y′ < 4π condition is defined also by the gD/mVD ratio, as one can see from eq. (2.60). Both constraints from y and
y′ perturbativity requirements are presented in the right panel of fig. 5 in the (mψD ,

mF
mψD

) plane. In our analysis of

the parameter space we indicate the respective regions where perturbativity constraints are violated.

FIG. 5: Left: the maximum value of mH and minimum value of θS for λ < 4π and λD < 4π as function of gD
mVD

.

The regions corresponding to λD < 4π are to the left of the green lines. Right: the maximum value of the mF /mψD

ratio as function of mψD and gD
mVD

, and under different hypotheses about which SM fermion interacts with the

SU(2)D doublet Ψ, to satisfy the perturbativity conditions {y, y′} < 4π.

III. ON THE ORIGIN OF THE GLOBAL U(1) SYMMETRY

One of the main open questions of the construction presented in this analysis is the origin of the global U(1)
symmetry (with its Z2 parity subset) which has to be imposed to avoid the contemporary presence of two Yukawa
interactions involving ΦD and Φ∗

D which would explicitly break SU(2)D, and therefore spoil the stability of the DM
candidate. A theoretical origin of the symmetry would provide a robust ground for the consistency of the model. In
this section we explore two options for explaining such origin. The first involves promoting the global U(1) to a local
gauge symmetry, U(1)D, in the dark sector, which would generate a mirror version of the SM EW sector in the dark
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sector, the two of which can be connected by the mixed (Φ†Φ)(Φ†
DΦD) quartic term in the full potential and by the

gauge kinetic mixing between U(1)Y and U(1)D. In this scenario the U(1)D local symmetry would be associated to
a conserved dark-charge completely analogous to the EM charge of QED, thus giving literal meaning to the notation
V 0
D0 and V 0

D± for the SU(2)D gauge bosons in the dark sector.
The second involves the existence of a strongly-coupled sector whose condensates form the particle in the low energy

regime, in particular, a residual parity for the composite sector is present due to the specific vacuum alignment present
in this kind of models (which would typically also imply an extended Higgs sector). A detailed discussion is given in
[47] and further used in [48] for the case of a scalar DM candidate.

A. A dark electroweak sector

In this scenario the SM is augmented with a dark sector constructed starting from a dark gauge group GD with
same structure as the EW gauge group of the SM. The gauge group is spontaneously broken as:

G = GSM × GD = SU(2)L × U(1)Y × SU(2)D × U(1)YD −→ U(1)EM × U(1)D . (3.1)

The gauge boson associated to U(1)YD is labelled as B0
D0µ. The full covariant derivative is

Dµ = ∂µ −
(
i
g√
2
W±
µ T

± + igW 3
µT3 + ig′Y Bµ

)
−
(
i
gD√
2
V 0
D±µT

±
D + igDV

0
D0µT3D + ig′DYDB

0
D0µ

)
, (3.2)

where g and g′ are, respectively, the weak and hypercharge coupling constants, gD and g′D are the SU(2)D and U(1)YD

coupling constants, T3 and Y are the weak-isospin and weak-hypercharge, T3D and YD are the dark-isospin associated
withSU(2)D and the dark-hypercharge associated with U(1)YD and where the indices of the TD matrices act only on
the SU(2)D elements and are diagonal with respect SU(2)L while the indices of the T matrices act only on the SU(2)
elements and are diagonal with respect to SU(2)D.
The unbroken U(1)D continuous symmetry is associated to a conserved charge, labelled D-charge, defined as:

QD = T3D + YD . (3.3)

Notice that the D-charge is not associated with the electric charge: electrically neutral particles can be D-charged and
vice versa. The only assumption to be made in this scenario is that all the SM states are neutral under the conserved
D-charge QD. This however does not necessarily imply that all the states of new physics are charged under U(1)D or
that they must be neutral under the conserved SM charges.

The fields responsible for the breaking of the gauge symmetry are the two scalar doublets ΦH and ΦD described in
section II. Since ΦH is singlet with respect to the dark gauge group and ΦD is singlet with respect to the EW gauge
group, given the absence of gauge kinetic mixing terms, no mixing is induced between the fully neutral gauge bosons
W 3
µ , Bµ, V

0
D0µ and B0

D0µ. In complete analogy with the SM, by counting the number of bosonic degrees of freedom,
one massless gauge boson is predicted in the dark gauge sector and the other dark gauge bosons receive different
masses. We can thus define the mass eigenstates γD, Z

0
D and W 0

D± with values

MγD = 0 , (3.4)

MZ0
D

=
1

2

√
g2D + g′2D vD , (3.5)

MW 0
D±

=
gD
2
vD , (3.6)

such that the masses of the DM vector V 0
D± and of the D-charge-neutral gauge boson V 0

D0 receive a splitting propor-

tional to 1
2g

′
DvD. The particle content of the model is summarised in Table II. One should note that the presence of

the massless dark radiation from the unbroken U(1) is not necessarily a problem as soon as it does not contribute
too much to relativistic degrees of freedom at BBN and allows the formation of structures as small scales. As shown
in [49], for example, it can be achieved when at the DM decouples from the dark radiation at high redshifts.

The presence of two U(1) gauge groups, however, allows for the existence of a renormalisable and gauge-invariant
kinetic mixing term already in the unbroken EW and dark symmetry phases, such that the Lagrangian of the U(1)Y ×
U(1)YD sector is

−LKM =
1

4
BµνB

µν +
1

4
BDµνB

µν
D +

ε

2
BµνB

µν
D , (3.7)
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EW Dark Unbroken

SU(2)L U(1)Y SU(2)D U(1)YD U(1)EM U(1)D

Scalar fields

ΦH =

(
ϕ+

ϕ0

)
2 1/2 1 0

1 0

0 0

ΦD =

(
φ0

D+ 1
2

φ0
D− 1

2

)
1 0 2 1/2

0

0

1

0

Fermion fields

fSM
L =

(
fSM
u,ν

fSM
d,ℓ

)
L

2 1/6,−1/2 1 0 T3f + Yf 0

uSM
R , νSMR 1 2/3, 0 1 0 T3f + Yf 0

dSMR , ℓSMR 1 −1/3,−1 1 0 T3f + Yf 0

Ψ =

(
ψD

ψ

)
1 QΨ 2 1/2 QΨ

1

0

Vector fields

Wµ =

W
+
µ

W 3
µ

W−
µ

 3 0 1 0

1

0

−1

0

0

0

Bµ 1 0 1 0 0 0

VDµ =

V
0
D+µ

V 0
D0µ

V 0
D−µ

 1 0 3 0

0

0

0

1

0

−1

B0
D0µ 1 0 1 0 0 0

TABLE II: The quantum numbers under the EW and dark gauge group SU(2)D × U(1)D of the particles of the
model. The charges of the unbroken groups U(1)EM and U(1)D are also provided.

where BDµν is the field tensor of U(1)YD and ε is the kinetic mixing parameter. The diagonalisation of the kinetic
terms can be obtained through the rotation [50]:(

Bµ

B0µ
D0

)
=

(
1√

1−ε2 0

− ε2√
1−ε2 1

)(
cos θk − sin θk
sin θk cos θk

)(
Bµ1
Bµ2

)
(3.8)

The kinetic-mixing term induces a modification in the mass mixing matrix of the fully neutral gauge bosons. Upon
diagonalisation, two massless eigenstates are obtained, corresponding to the SM photon and to a massless dark photon,
and two massive eigenstates, corresponding to the Z boson and to a massive Z ′ boson. The full expressions of the
mass mixing matrix and of the mass eigenstates can be found in appendix C. Expanding the mass eigenstates of Z
and Z ′ for small ε, the lowest order terms assume a simple form:

M2
Z =

v2

4

[
g2 + g′2

(
1 +

(g2 + g′2)v2 − g2Dv
2
D

(g2 + g′2)v2 − (g2D + g′2D)v
2
D

ε2
)]

+O(ε4) , (3.9)

M2
Z′ =

v2D
4

[
g2D + g′2D

(
1 +

g2v2 − (g2D + g′2D)v
2
D

(g2 + g′2)v2 − (g2D + g′2D)v
2
D

ε2
)]

+O(ε4) , (3.10)

which in the ε→ 0 limit (no kinetic mixing) reduce to the SM value and eq.(3.5), respectively. Of course, analogously
to the FPVDM model with the global U(1) symmetry, after spontaneous breaking of EW and dark symmetries, kinetic
and mass mixing terms arise at loop level as illustrated in section IIC 2, involving the four electrically and D-charge
neutral gauge bosons. The implications of this scenario and the derivation of its experimental bounds are beyond the
scope of this analysis and are reserved for future developments.
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B. A composite origin

In the case of composite models the discrete symmetries allowing the stability of the DM particle depend on
the model building details of the composite sector. However, this does not mean that the DM candidate and the
corresponding discrete symmetries are an arbitrary choice. The composite effective chiral Lagrangian is invariant
under a parity changing the signs of all the pseudo Nambu-Goldstone Bosons (pNGBs), as they appear in bilinear
terms in the Lagrangian. Furthermore, these models contain by construction explicit symmetry breaking terms, so
more scrutiny is needed to understand if a pNGB can be stable due to a residual parity and therefore be used as a
particle describing DM. The origin of the non-invariance with respect to parity (and also charge conjugation) is due
to the choice of the vacuum while the strong techni-sector at the origin of these models is instead parity invariant
as it is VL with respect to the composite gauge dynamics and the SM gauge group. Once possible parities acting
on the pNGBs are identified, these models require a careful check of their invariance, including the Wess-Zumino-
Witten terms. In explicit realisations studied in the literature, e.g., in [47, 48], a stable pNGB multiplet allowing the
description of DM can indeed be found.

IV. A CASE STUDY: TOP PORTAL WITH NO MIXING BETWEEN h AND H

This section is dedicated to a specific realisation of the model. It is assumed that only one VL partner exists, and
interacts exclusively with the SM top quark. Moreover it is further assumed that the Higgs bosons h and H do not
mix, i.e., θS = 0. These choices significantly simplify the expressions of the Lagrangian parameters, which read:

v =
2mW

g
, µ2 =

m2
h

2
, λ =

g2m2
h

8m2
W

, (4.1)

vD =
2mVD

gD
, µ2

D =
m2
H

2
, λD =

g2Dm
2
H

8m2
VD

, λΦHΦD = 0, (4.2)

yt =
g mt mT√
2mtDmW

= ySMt
mT

mtD

, y′t =
gD

√
(m2

T −m2
tD )(m

2
tD −m2

t )√
2mtDmVD

, (4.3)

where the Z2-even(-odd) partner of the top quark has been labelled T (tD), the SM Higgs sector is left unaffected
by the new scalar, and ΦD has a potential completely analogous to the Higgs potential. The hierarchy between the
masses in the fermion sector is the same as that discussed in section IIC 1, i.e., mt < mtD ≤ mT , but H can have
any mass allowed by experimental bounds, including, in principle, being lighter than the SM Higgs boson.

The new physics parameter space for this model is five-dimensional:

gD,mVD ,mH ,mT ,mtD . (4.4)

In the following, we will denote this scenario as TPVDM – a specific case of top portal in the FPVDM framework.
We chose this realisation as a case study since, on the one hand, it is minimal whilst, on the other hand, it allows
us to explore a scenario where a non-Abelian dark sector is not connected to the SM via a Higgs portal at tree level.
Furthermore, connecting the dark sector only with the SM top quark allows for an exploration of several interesting
collider physics signatures, whilst reducing the impact of constraints from direct detection.

Many other realisations are also very attractive. For example, the dark sector could be connected to SM leptons.
The collider constraints on new VL leptons would then be milder, making the scenarios potentially less restricted, but
the impact on the cosmological observables would not qualitatively change.2 These kind of realisations are potentially
interesting for a study of anomalies in the lepton sector (for example in connection with the muon anomalous magnetic
moment) and will be developed in future studies.

As anticipated in section IIC 2, the mass splitting between mVD and mV ′ , ∆mV = mVD −mV ′ , plays an important
role for DM phenomenology. First of all, we have found that ∆mV > 0 in the whole parameter space of the model,
with the approximate expressions for ∆mV given by eqs. (2.39) and (2.40). Since mVD > mV ′ , the VDV

∗
D → V ′V ′

process for DM annihilation will always take place for any point in the parameter space to contribute crucially to
the list of processes affecting the relic density and to extend the viable parameter space compatible with constraints
imposed by the relic density. The VDV

∗
D → V ′V ′ process also contributes to the DM indirect detection signals.

2 This is true except when the mass difference between DM and VL fermion mediator is small. In that case DM co-annihilation will be
less intense in comparison with strong co-annihilation with the tD quark.
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Numerically, the value of ∆mV varies over a very wide range, since it scales as g2D and it is proportional tom2
T−m2

tD .
One should also note that ∆mV does not depend on mH . In fig. 6 (left) we present the iso-contours for ∆mV in the
{mtD ,mVD} plane for gD = 0.1 and mT = 1600 GeV, whilst in fig. 6 (right) we show how ∆mV evolves as function
of mVD for the specific value of mtD = 1590 GeV, all other parameters being the same. The value of mT is chosen to
be safely above the current upper limit on VL top partners at the LHC [51]. For our particular choice of gD and mT ,
∆mV can be as large as 1 GeV, while its minimal value reaches zero for a vanishing value of mT −mtD . In both frames
we present a comparison of the exact one-loop result for ∆mV and its approximations given by eqs. (2.39) and (2.40).
It is possible to see from fig. 6 (right) that the approximate formulae are very accurate for a small mT −mtD splitting,
but break down for mVD close to the mt+mψD threshold, where the one-loop corrections are highly non-linear in the
expansion parameters used in approximate expressions for ∆mV . Moreover, for small values of mVD , the one-loop
mass corrections can be large, making the evaluation of ∆mV perturbatively unstable. Therefore, we indicate by the
hatched area the region where one-loop corrections to the masses of VD and/or V ′ become larger than 50% of the
corresponding bare masses.

FIG. 6: Values of the mass splitting ∆mV = mVD −mV ′ in the (mtD ,mVD ) plane for a specific choice of gD, mT

and mH (left panel) and as a function of mVD for a specific value of mtD (right panel). The red, green and blue
curves correspond to results from exact expression, approximated formulae eq. (2.39) and eq. (2.40), respectively.
The region where one-loop corrections to the masses of VD or V ′ become larger than 50%, so that a perturbative
treatment is questionable, is also highlighted.

The lifetime of V ′ does not directly depend on ∆mV . However, the Z2-even SU(2)D gauge boson can also be long
lived, if the DM is light enough. The only tree-level interaction of V ′ with SM particles is with top quarks, due to its
mixing with T . If the mass of V ′ drops below the tt̄ threshold, it can only decay directly to a three-body or four-body
final state with W bosons and b quarks via the off-shell top quarks, or decay to a bb̄ final state at one-loop, see the
Feynman diagrams in fig. 7 (left). The latter, although only present at the one-loop level, becomes dominant due to
the reduced phase space for the four-body final state. This is shown in fig. 7 (centre and right). These loop-induced
diagrams prevent V ′ from having a sufficiently long lifetime to spoil Big Bang Nucleo-synthesis (BBN). However,
when the gD coupling is small, the tD mass approaches the decoupling limit (mtD = mT ) and the DM is light, V ′

becomes long lived at colliders. Therefore, it could provide a signal for searches of long-lived neutral bosons decaying
into bb̄ pairs.
As mentioned in section IIC 3, even if TPVDM scenario does not contain a tree-level mixing, a loop-induced mixing

between h and H still occurs, via SM top and the Z2-even top (T ) loops. This contribution is eventually suppressed.
A scenario with tree-level scalar mixing is more constrained and can exhibit the following signatures: 1) the heavy
scalar H can decay also to any final state accessible to the Higgs boson, and therefore the model predicts further
signatures at collider; 2) if the mass of the DM is small enough, the Higgs boson will decay into the DM itself or the
Z2-even gauge boson V ′, affecting its width and branching ratios. From the cosmological point of view, additional
interactions from the tree-level scalar mixing will affect the relic density, and direct and indirect detection observables.

Since there is no h-H mixing in TPVDM scenario, DM scattering off the nuclei is induced only at loop-level. The
Feynman diagrams for DM-gluon interactions with quark box and triangle topologies are shown in fig. 8(a) and (b),
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FIG. 7: Left: Tree-level and one-loop diagrams for V ′ decay. Center and right: decay width and lifetime of V ′ at
tree and one-loop level for gD = 0.05, mT = 1600 GeV and different values of mtD .

while the DM-quark diagrams generated by the loop-induced V ′−γ/Z kinetic mixing and triangle diagrams are shown
in fig. 8(c) and (d), respectively. The detailed evaluation of the triangle loop of fermions connected to gauge boson
propagators is given in appendix D. As it will become clear in section IVC, the KM and triangle contributions play
a crucial role in constraining the parameter space of the model through Direct Detection (DD) limits on DM.

(a) (b) (c) (d)

FIG. 8: Representative diagrams for direct detection processes. H is the Z2-even scalar in the dark sector. Z2-odd
particles are highlighted in red.

In the following sections, this model is tested against multiple observables from cosmology, direct DM detection
experiments and LHC searches. For this analysis we implemented the Lagrangian of the model in the LanHEP [52]
and FeynRules [53] packages whilst model files have been generated in CalcHEP [54], FeynArts [55] andUFO [56]
formats.3 We used micrOMEGAs v5.2.7 [58] for calculating DM observables and for setting the corresponding limits
(see section IVA) as well as for the evaluation of some LHC processes. The model implementation in UFO format
has been used in MG5 aMC [59] for the determination of the complete set of LHC constraints (see section IVB).
The FeynArts model files from LanHEP were used to generated one-loop corrections to masses of SU(2)D gauge
bosons by FeynCalc [60], FeynHelpers [61] and Package-X [62]. A simplified version of the model has been
implemented to calculate cross-sections at one-loop level in MG5 aMC and FormCalc9.8 [63].

A. Constraints from DM relic density

There are many non-collider experiments dedicated to searching for signals of DM, both in space and on Earth
which play a very important role in limiting the DM parameter space and in the identification of viable DM models.
These experiments are devoted to the precise determination of the DM relic density as well as to DD and ID of DM.
In particular, the PLANCK experiment has measured the relic density with a precision better than 1% [64]:

ΩPlanck
DM h2 = 0.12± 0.0012 . (4.5)

3 The model implementations are available in the HEPMDB [57] repository in CalcHEP (https://hepmdb.soton.ac.uk/hepmdb:0322.
0335) and UFO (https://hepmdb.soton.ac.uk/hepmdb:0322.0336) formats.

https://hepmdb.soton.ac.uk/hepmdb:0322.0335
https://hepmdb.soton.ac.uk/hepmdb:0322.0335
https://hepmdb.soton.ac.uk/hepmdb:0322.0336


20

In our analysis, we will select points that satisfy this constraint, bearing in mind that points which predict a relic
density below the PLANCK constraint could still be allowed if new sources of DM exist besides VD.

For DM DD we use the limits from XENON1T [65]. The XENON1T experiment provides the most stringent upper
limit (compared to LUX (2017) and Panda-X (2017), see fig. 5 in the reference [65]). XENON1T provides the limit
on DM-nucleon’s cross-section vs DM mass at 90% C.L. together with the detector’s efficiency as a function of nuclear
recoil energy. We have evaluated the DM-nucleon scattering cross section and converted it into the number of events
by taking in account the efficiency of the XENON1T detector. This allowed us to find the corresponding p-value
for the signal. The calculation was performed using a modified version of micrOMEGAs package which allowed us
to correctly evaluate DM DD rates from the loop-induced γ(Z)-VD-VD interactions. We have scaled the number of
registered events if the corresponding relic density is less than the measured value as follows:

N̂event =

{(
ΩDM

ΩPlanck
DM

)
Nevent, if ΩDMh

2 < 0.12

Nevent, otherwise
, (4.6)

and have defined the p-value, hatp, as

p̂ = exp(−N̂event) . (4.7)

The exclusion of parameter space is imposed on the points where p̂ < 0.1, which corresponds to the exclusion limit
at 90% C.L.

ID DM searches are being performed by many experiments, including Fermi-LAT [66], IceCube [67], ANTARES [68],
etc. However, these experiments rely on the DM local density and velocity distribution as well as the propagation
of the particles in the galactic plane. Therefore, the respective predictions are affected by various uncertainties
of an astronomical nature. To be independent of these uncertainties, in this study we use the Cosmic Microwave
Background (CMB) limit on DM ID based on PLANCK data. We consider the product of the DM-self annihilation or
the DM decay into SM particles. By studying the effect of energy injection from DM annihilation products (electrons,
positrons, gamma-ray, neutrinos and anti-protons) on the galactic medium which is sensitive to the CMB anisotropies,
the upper limit on the energy injection measured by PLANCK is:

Pann < 3.2× 10−28 cm3

sGeV
at 95% C.L., (4.8)

with

Pann =
∑
j

f effj ⟨σv⟩j
MDM

(
ΩDM

ΩPlanck
DM

)2

, (4.9)

where ⟨σv⟩j is the thermally averaged partial annihilation cross-section for the j channel whilst f effj is the energy
fraction of DM annihilation transferring to the plasma for the jth channel. To construct the quantity Pann, we use
micrOMEGAs to calculate ⟨σv⟩j for all possible channels and neglect those that contribute to the total annihilation

cross-section less than 0.1%. The effective fraction of energy f effj was thoroughly studied and provided for almost
all DM annihilation processes into two SM particles in the final state in [69, 70]. For non-SM particles in the final
state of 2 → 2 processes, for example VD, VD → V ′, V ′/V ′, H/H,H, we make the approximation f effnon-SM ∼ f effqq̄ .
This approximation is reasonable because each VD/H eventually decays into 3 pairs of quarks anti-quarks and the
energy fractions stored in each quark anti-quark pair (u, d, s, c, b, t) are not significantly different. The annihilation
cross-section in eq. (4.9) is rescaled by (ΩDM/Ω

Planck
DM )2 due to the two DM particles in the initial state.

Finally, we have checked that the model does not spoil the predictions from BBN. When the lifetime of V ′ is too
long, such that it decays during or after BBN, it would spoile the observed neutron to proton density ratio. For
mV ′ ≲ 2mW , the dominant decay to bb̄ via the loop-induced process discussed above makes V ′ lifetime much shorter
than the value excluded by BBN. So, in this respect, BBN does not exclude any region of the parameter space of our
model that is allowed by relic density constraints.

B. Collider constraints

In the scenario under consideration the top quark is the only SM particle which interacts with the dark sector.
Processes involving top quarks in propagators or final states are therefore affected by new physics contributions. The
model contains a complex vector DM candidate but two different kind of mediators: the VL and Z2-odd top partner
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tD and the two Z2-even bosons H and V ′, which however can only be produced at the LHC via interactions with the
top quark or its Z2-even partner t′.

A list of relevant signatures for the scenario are provided in Table III. A mono-jet signature can only arise at loop
level, while the tt̄+ Emiss

T and tt̄tt̄ one can receive both tree- and loop-level contributions, which might be of similar
size depending on the regions of parameter and phase space. Given the preliminary and explorative nature of this

Process Representative diagrams

mono-jet (only loop) + jet from ISR or from loop

tt̄+ Emiss
T

tt̄tt̄

hV ′ and V ′V ′ (only loop)

TABLE III: List of relevant processes at the LHC. Z2-odd particles are highlighted in red. Due to its purely VL
nature, tD cannot interact with the scalars.

analysis, in the following we perform a recast of current LHC searches only for the tree-level processes to obtain
constraints on the parameter space of the model.

The simulations are performed at Leading Order (LO) with MG5 aMC [59] in the 4-flavour scheme using the
NNPDF3.0 LO set [71] through the LHAPDF 6 library [72] (LHA index 262400). No resonant propagation of new
particles is imposed, to allow for the inclusion of interference and off-shellness effects when relevant. For the tt̄+Emiss

T
signature, in the region of a small mass gap between tD and VD, where mtD −mVD < mt, simulations are performed
for the 2 → 6 process pp → W+bW−b̄VDVD. The recast is done through the MadAnalysis 5 framework and the
searches considered for the recast are different depending on the process:

• for the tt̄+Emiss
T processes we used a CMS search for top squark pair production decaying to DM, in final states

with opposite sign leptons and missing transverse energy Emiss
T [73], recast in [74].

• for the tt̄tt̄ processes we used a CMS search for four top quarks in final states with either a pair of same-sign
leptons or at least three leptons, in addition to multiple jets [75], recast in [76].

In both cases, the searches target the very same final states predicted by our model, and are therefore ideal for
determining constraints from collider.

The model also predicts a signal from pair production of the Z2-even partners of the SM top-quark, T T̄ , which
is constrained by ATLAS and CMS searches and only needs to be rescaled for different branching ratios. However,
the T -quark primarily decays into Wb/Zt/ht final state with a 50%/25%/25% branching ratio pattern, and the
contribution of decays to new states is very small in the whole parameter space. Therefore, current LHC bounds leave
the region of parameter space with mT ≳ 1.5 TeV unconstrained [77, 78]. Bounds from single T production are more
model-dependent, but less tight, as the production cross-section is driven by the T − t mixing which is small.

The loop-level diagrams can be relevant especially when the particles which decay to the final states are produced
at resonance : in this case the loop suppression can be compensated by the lower multiplicity in the phase space. For
the hV ′ and V ′V ′ processes we have only computed cross-sections using a simplified version of the model suitable for
one-loop calculations in MG5 aMC, to estimate if they can be tested against data from current searches.
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C. Combined bounds

1. Full parameter scan

We explore the viable parameter space of our model as well as the effect of the cosmological and collider constraints
by performing a comprehensive scan over the 5D parameter space in the following ranges:

10−3 < gD < 4π

10 GeV < mVD < mtD

1.5 TeV < mT

mt < mtD ≤ mT < 10 TeV

10 GeV < mH < 20 TeV

. (4.10)

In fig. 9 we present the results of this scan showing projections into various planes: (mVD , gD) (a), (mH ,mVD ) (b),
(mtD ,mVD ) (c) and (mtD , gD) (d).
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FIG. 9: (New plots) Excluded and allowed region of the parameter space of the model from the full five-dimensional
scan of the parameter space projected into (mVD , gD), (mH ,mVD ), (mtD ,mVD ) and (mtD , gD) planes. The white
areas represent: top-left corner of panel (a) and bottom-right corner of panel (c) – non-perturbative region of the
parameter space; upper part of panel (c) – kinematically inaccessible mVD > mtD region.

The allowed parameter space is indicated by the green, cyan and blue regions, corresponding to generic DM
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annihilation (via VDVD → V ′V ′ and t-channel VDVD → tt̄ processes), resonant (H) annihilation and DM − tD
co-annihilation regions respectively. The representative Feynman diagrams for these channels are shown in fig. 10.

(a) (b) (c) (d)
(e)

FIG. 10: Representative contributions to relic density. From left to right: 4-leg; t-channel DM annihilation; DM
annihilation via resonant H (the Z2-even scalar in the dark sector); DM-mediator co-annihilation. Z2-odd particles
are highlighted in red.

In these regions the relic density constraint from PLANCK is satisfied to within 5%. The grey colour indicates
the under-abundant DM relic density region. From fig. 9(a) one can see that the generic DM annihilation (diagrams
(a)–(c) of fig. 10) determines a narrow strip in the (gD,mVD ) plane indicating the correlation between gD and mVD

required to arrange the right amount of DM. For values of gD below this band these processes cannot provide large
enough cross-section for DM annihilation and this leads to the excluded over-abundant DM region indicated by the
red colour. One can clearly see this region in all panels of fig. 9 for large DM masses. However, there are additional
processes which provide an effective DM annihilation low DM relic density respectively, consistent with PLANCK
data. One of them is VDVD → H resonant annihilation, a representative diagram of which is shown in fig. 10(d).
This process allows one to extend the viable parameter space into the lower region of gD (by up to two orders of
magnitude) indicated by the cyan colour. This can be clearly seen in fig. 9(b), which presents the cyan H resonant
band which goes across the whole parameter space in the (mH ,mVD ) plane.
Another process, the DM-tD co-annihilation channel (see representative diagram in fig. 10(e)), provides viable

parameter space even for lower values of gD for mVD > mt and mtD values below 2 TeV. The respective region is
indicated by the blue colour, which can be clearly seen especially in (mtD ,mVD ) as a narrow resonance band. At
the same time, when mVD is above 2 TeV, neither DM-tD co-annihilation nor H-resonant annihilation are effective
enough to provide low enough relic density for gD values below the generic DM annihilation region. Therefore, the
region with low gD and large mVD is excluded due to the over-abundant relic density indicated by the red colour.
Furthermore, notice that the regions with low mVD and large gD values are partly excluded by DD and/or ID

experiments as indicated by magenta and orange points, respectively. The region of DM masses which can be tested
and excluded by the LHC is presented by the violet region. This parameter space, which can be seen in all panels
of fig. 9, is related to constraints on the tt̄+Emiss

T signal at the LHC coming from tD t̄D pair production. For masses
of tD below about 900 GeV this signal would be observed if there is enough phase space for tD → VDt decay. This
process is important in setting one of the main collider constraints on the model under study.

The four projections presented in fig. 9 reveal the non-trivial shapes of the allowed and excluded regions over the
5D parameter space of the model. For example, the orange colour, which presents the DM ID exclusion region, takes
place for mVD < 20 GeV (fig. 9(a,b,c)), gD ≲ 0.06 (fig. 9(a,d)) and mH ≲ 3 TeV(fig. 9(b)). In fig. 9 (b), one can
see that DM ID exclusion takes place (besides the low mVD region discussed above) and also along the very middle
of the cyan band, where mVD = mH/2. Indeed, in this case, DM effectively annihilates through the H state into tt̄,
V ′V ′ or gg, distorting precise CMB data, which therefore also limits the model parameter space. This region cannot
be clearly seen in other panels, where it is presented just by randomly scattered points.

2. Benchmark analysis

In order to assess the relative role of the different constraints in identifying the allowed region of parameter space of
our model we identify different benchmarks, characterised by fixed values for the masses of the Z2-even top partner,
mT = 1600 GeV, and of the new scalar, mH = 1000 GeV, as well as different values of the new gauge coupling
gD = {0.05, 0.1, 0.3, 0.5}. These choices have the following rationale: 1) the gauge coupling can either assume a small
value for which constraints from over-abundant relic density only allow tiny regions of the parameter space or a larger
value for which such constraints become weaker; 2) the Z2-even partner of the top (T ) is heavy enough to evade
current LHC bounds based on pair production and considering decays into SM final states; 3) the mass of the H state
is large enough for it to decay into a top-quark pair. This affects the relative contribution of the diagrams mediated
by H in table III.

The complementarity of cosmological and collider constraints can be represented in the {mtD ,mVD} or {mtD , 1 −mVD
mtD

} planes. The former, shown in fig. 11, allows us to highlight the low mVD region while the latter, shown in
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fig. 12, emphasises the small mass gap region between tD and the DM particle.

FIG. 11: Combination of constraints from LHC, relic density ID and DD in the {mtD ,mVD} plane for
mT = 1600 GeV, mH = 1000 GeV and different values of gD. The coloured regions are excluded. The measured
relic density value is reconstructed on the borders of the excluded region. When constraints from ID are absent,
cross-sections for hV ′ and V ′V ′ production processes are shown. The non perturbative region corresponds to
corrections to the gauge boson masses larger than 50%. An estimate of the region of large KM is shown as a hatched
area where at least one of the adimensional KM parameters {ϵAV , ϵZV , θZV } becomes larger than 10%.

The interplay between cosmological and collider bound is largely driven by the relative roles of relic density and DD
bounds as function of the gauge coupling value, while indirect detection plays a role only for small coupling values.

For smaller values of the gauge coupling, gD = 0.05 and gD = 0.1, the measured amount of relic density is
reconstructed only for light DM masses, mVD ∼ O(10) GeV, and in a narrow region where the mass splitting between
tD and the DM is small, less than ∼ 10% of mtD . In the co-annihilation region, where the mass gap between VD and
tD is small, as well as in the H-resonant region around mVD = mH/2, where H is produced near resonance, the relic
density is drastically reduced, becoming under-abundant.



25

FIG. 12: Same as fig. 11 in the plane {mtD , 1−
mVD
mtD

}, to highlight the region where the DM and tD have a small

mass splitting. Contours corresponding to the lifetime of tD (in a region where it can be long-lived) are also shown.

The small bell-shaped area visible in the middle of each panel of fig. 12 with gD < 0.5 corresponds to the process
in which T is produced resonantly and decays into SM final states Wb, Zt or ht, (see fig. 10). If the gauge coupling
becomes large enough, it eventually becomes impossible to reconstruct the measured value of the relic density and
the entire allowed parameter space of the model corresponds to an under-abundant relic density. In this case, the
theory would not be able to explain the whole observed DM content of the universe and other sources of DM would
be needed.

In the small mVD region, strong constraints from ID limit the allowed parameter space to mtD values approaching
mT , i.e., the region where the mixing between T and t becomes small. ID constraints however disappear for increasing
values of gD, corresponding to a reduction of relic density values, owing to the scaling reported in eq. (4.9).

However, the constraints from DD always exclude the region with small mVD regardless of the gauge coupling
value. The contribution of DM-gluon topologies is limited to the region with either minimal or maximal mixing in
the fermion sector, corresponding to dominant contributions of the topologies (a) or (b) of fig. 8, respectively. These
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contributions destructively interfere for generic mixing otherwise, reducing the impact of this process in driving the
DD bounds. But the main contributions to DM DD is driven by the topologies with kinetic mixing induced by
gauge boson self-energies, see fig. 8(c), and by loop-induced effective couplings VD-VD-Z/γ which lead to DM-quark
interactions through multipole moments, see fig. 8(d). The evaluation of the amplitudes for triangle diagrams leading
to VD-VD-Z/γ multipole interactions is given in detail in appendix D.4 For DM masses below about ∼400 GeV, the
kinetic mixing with Z-boson plays dominant role for DM DD constraints. In the hatched region of fig. 11, one can
see that the KM contribution becomes strongest when the DM mass is comparable to the mass of Z boson (i.e.,
dominated by the mass mixing between Z and V ′). As the gauge coupling increases, the effect of KM becomes strong
also when the DM mass is small and the ratio between tD and T is small (compatibly with the behaviour of the KM
functions in fig. 4. On the other hand, for heavier DM and sufficiently large y′t coupling, triangle diagrams, defining
multipole DM interactions with the photon can play a dominant role. Therefore, taking into account of the complete
set of Feynman diagrams and their interference is an important element for the consistent and correct estimation of
DM DD rates and constraints in the FPVDM framework.

The LHC bound comes exclusively from the tt̄+Emiss
T signature, dominated by the pair production of tD states. The

bound is almost independent of the mass of tD and constrains the region 250 GeV ≲ mtD ≲ 850 GeV, independently
of gD, until the mass difference between tD and the DM becomes small: in this case the missing energy component
of the events decreases and the sensitivity of the relevant CMS search reduces, allowing the small mass gap region.
Effects coming from the width of tD are negligible, as the tD is narrow in the whole parameter space for each choice of
gD. The 4-top-quark search does not show any sensitivity over the whole parameter space, regardless of the value of
gD. The loop processes of hV ′ associate production and V ′V ′ pair production are not testable at current luminosities,
as their cross-sections are always well below σ ≳ O(10 fb) in the region where the relic density is reproduced. Higher
luminosities and/or higher energies would be needed to be sensitive to such final states.

A very interesting feature of this scenario emerges for small values of gD in the small region where the DM and
tD have a small mass gap: the decay width of tD becomes significantly small, such that tD becomes long-lived (its
lifetime in the small mass gap region is shown in fig. 12) and can be probed by dedicated searches at the LHC or
future colliders. Different T or H masses would not modify this qualitative picture.
One should also note that the model predicts that the tth Yukawa coupling, yt is always bigger than the SM one

(see eq. 4.3). This happens due to the the presence of a non-zero y′ coupling – the key point of the model, which
provides the portal between the SM and dark sectors. The current direct constraints on yt are quite weak (of the
order of 50%) from pp→ ttH production at the LHC. We have checked that imposing even 10% constraint on yt, e.g.,
requiring δyt/yt < 0.1 does not qualitatively change our results. On the other hand, the yt constraint will play a very
important role at future e+e− colliders, which will measure yt to within an accuracy of one percent. The importance
of such a constraint as future colliders is the subject of a separate study.

As a general conclusion, the combination of cosmology and LHC bounds always favours the region with a small mass
splitting between tD and the DM. Other regions can be accessed depending on the value of other model parameters.
This specific realisation of the model is in any case an example dictated by its simple features. Including mixing in
the scalar sector, further VL partners or further interactions of the same VL representation would enlarge the possi-
ble signatures and change the complementarity between different observables in constraining the model, potentially
opening up further new interesting signatures.

V. CONCLUSIONS

To summarise, in this paper we have defined a new class of FPVDM scenarios based on an additional SU(2)D dark
gauge group connected to the SM symmetry structure through a VL fermion mediator. As such, this scenario does not
require a Higgs portal mediating the interactions between the dark sector and the standard one. Spontaneous breaking
of the SU(2)D symmetry provides the mass to the triplet of the corresponding gauge bosons. Two of these, which
transform under a U(1) global symmetry differently from the SM particle, are the DM candidates. This symmetry,
which contains a discrete Z2 subset and provides stability to the DM particles, can naturally be interpreted either in
terms of of a dark EW sector or in terms of a possible composite nature of the dark sector.

This general framework allows for multiple realisations, depending on the specific properties of the VL partner and
the actual form of the scalar potential. As a simple example, we have studied the case of a VL top-quark partner

4 The role of multipole contributions in DM DD has also been studied in [28]. In our study, however, we took into account also KM
topologies and the interference between them.
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and no mixing between the SM Higgs doublet and the new scalar sector, which we have therefore called a ‘top portal’
(or TPVDM). We have explored the phenomenology of such a minimal scenario and have provided bounds from both
collider (chiefly, the LHC) and astroparticle (relic density, DD and ID) observables sensitive to the presence of DM,
specifically discussing the role of the new states and interactions. In doing so, we have found that LHC and non-
collider search experiments have significant complementary power to decode the scenario under study provided that
several interesting signatures are observed. The signals could include direct or indirect evidence of the simultaneous
presence of VL, tD and T quarks and/or the new H and/or VD and V ′ bosons from SU(2)D in both open (i.e, real)
and closed (i.e., virtual) production of such new physics states.

In fact, the specific BSM scenario introduced here presents one with the unique possibility of a multi-prong approach
to a variety of distinctive signatures which would serve the purpose of enabling one to delineate all its key features.
While we defer the detailed quantitative treatment of this approach to future publications, we highlight here what
would be the salient features of it. The presence of a VL top companion T and its dark counterpart tD subject to
QCD interactions opens the obvious possibility of establishing their evidence at the LHC, through strong production
processes. Furthermore, the additional Higgs and gauge states, as they couple to each other, would offer complemen-
tary evidence of such an extended dark sector – particularly of its symmetry breaking pattern. Besides the generic
mono-jet signature from VD pair production (first row of diagrams in table III), which is hard to use to measure the
model parameters, even the DM mass itself, there are several important complementary signals. Among these, there
is associated production of VD pairs with a tt̄ pair, yielding tt̄+Emiss

T , providing certain sensitivity to the presence of
V ′ and H propagation. This can be achieved via the study of the momentum recoiling against the top-antitop system
in the transverse plane (second graph in the second row of diagrams in table III). Indeed, the same final state may
also make manifest the presence of the dark state tD in a specific form, when it becomes a LLP exhibiting a displaced
vertex, in which a charged track (or invisible neutral dark hadron) decays into the DM itself plus SM hadrons and/or
leptons. A measurement of the (proper) decay length of this signature could offer one the chance of extracting the
value of the tD width and this information could be used to decode related model parameters. Furthermore, the
presence of V ′ and H states would be even clearer in 4t final states (diagram in the third row in table III), especially
when the transitions V ′ → tt̄ and H → tt̄ are resonant. All such processes are potentially accessible at Run 3 of
the LHC already. Furthermore, when the High Luminosity LHC (HL-LHC) option of the CERN machine becomes
available, also hV ′ and V ′V ′ production and decay would be accessible (fourth row of diagrams in table III). Finally,
it is worth mentioning that, if the V ′ mass is below the tt̄ threshold, it can be long-lived and dominantly decay to
bb̄ pairs through loop-induced diagrams. In this case, hV ′ or V ′V ′ production would provide new striking signatures
such as associate Higgs boson production together with a displaced bb̄ resonance or pairs of bb̄ displaced resonances,
respectively.

However, this strongly depends on the value of the Z2-odd VL mass and on the specific model realisation (i.e.,
which fermionic partner is present), as, for example, in the TPVDM direct-detection constraints limit the region
with low DM mass (and therefore low V ′ mass). In evaluating such constraints, we have computed triangle-loop
induced DM-DM-Z/γ amplitudes which define multipole DM Z-boson/photon interactions and lead to an important
constraints from DM direct detection experiments. We provide the respective detailed generic formulas which can be
used for analogous models.

The minimal realisation of a FPVDM scenario adopted here has already significant potential to explain astrophysical
DM phenomena as well as to exhibit smoking gun signals at the LHC. However, non-minimal FPVDM models, whose
structure depends upon the concrete realisation of the mediator (Higgs and/or flavour sectors) would imply an even
richer set of predictions and could well be used to explain currently observed data anomalies. For example, if the VL
fermion interacts with the leptonic sector of the SM, it might explain the muon (g−2) [79] or W mass [36] anomalies,
while at the same time provide novel physics cases for future e+e− colliders [80–83]. Finally, allowing for mixing in
the scalar sector, further VL partners and/or additional interactions of the same VL representation, would open up
a long list of possibilities for future studies, both theoretical and experimental. This would allow one to also explore
the complementarity between collider and non-collider observables in such scenarios in ever greater depth than can
be afforded by the minimal realisation tackled here.
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Appendix A: Mass splitting at one loop

At tree level, the neutral and charged components of SU(2)D gauge triplet are degenerate in mass as one can see
in eq. (2.23). Nevertheless, the radiative correction at one-loop level breaks their mass degeneracy. The difference
between mVD and mV ′ takes place due to the T − t mixing and the different Z2 parities of the members of the SU(2)D
fermion doublet, which results in distinct particles circling in the loops. In the limit mT → mtD there is no mixing
between the T − t quarks, and the radiative corrections give zero contribution to masses of new vector bosons.

Loops involving the two scalars h andH are non-zero in case of mixing in the scalar sector. However, the contribution
of such loops is identical for VD and V ′ and therefore they will not be considered in the calculation of mass differences.
In fig. 2 all possible self-energy diagrams with fermions circulating in the loops for VD and V ′, contributing to a

two-point function at one loop, are shown. The self-energy amplitude of a vector boson can be decomposed into two
components:

iΠµνV (p2) =

(
gµν − pµpν

p2

)
iΠTV (p

2) +

(
pµpν

p2

)
iΠLV (p

2) , (A1)

where ΠTV and ΠLV are the transverse and longitudinal amplitudes, respectively. Here we use a symbol V to indicate
either VD or V ′. To get the transverse and longitudinal components of the self-energy amplitude, we extract each
part by using the following operators.

ΠTV (p
2) =

1

3− 2ϵ

(
gµν −

pµpν
p2

)
ΠµνV (p2),

ΠLV (p
2) =

pµpν
p2

ΠµνV (p2). (A2)

We work in d-dimensions, D = gµνg
µν = 4−2ϵ. The physical mass, mV D, is defined as the position of the propagator’s

pole and is given by

m2
V D ≡ (mpole

V )2 = m2
V +Re(ΠTV ) , (A3)

where mV is the (divergent) bare mass, which is the same for both VD and V ′, and Re(ΠTV ) stands for the real part
of ΠTV . We use the physical (one-loop corrected) mass of DM (VD) as an input parameter of the model.The mass of
V ′ is given by

m2
V ′ = m2

VD −ΠTV ′ +ΠTVD ,

mV ′ = mVD

√
1−

(
ΠTV ′ −ΠTVD

)
m2
VD

= mVD −
(
ΠTV ′ −ΠTVD

)
2mVD

+ ... (A4)

After truncating of the expansion up to the first order in ΠT , the VD − V ′ mass splitting at one-loop reads:

∆mV = mVD −mV ′ =
1

2

(
ΠTVD −ΠTV ′

mVD

)
. (A5)

The transverse component of the self-energy function ΠT of gauge bosons with fermion F1 and F2 in the loop is
given by

ΠTF1,F2
(p2) =

1

16π2

[
2(v212 + a212)(A0(m

2
1) +A0(m

2
2))− 8(v212 + a212)B00(p

2,m2
1,m

2
2)

+2(v212(m1 −m2)
2 + a212(m

2
1 +m2

2)− p2(v212 + a212))B0(p
2,m2

1,m
2
2)
]
, (A6)

where the v12 and a12 are the vector and axial-vector couplings of F1F2V vertices, respectively. The A0, B0 and B00

are the standard one- and two-point Veltman-Passarino functions. The one-loop function for V ′ and VD are defined
as
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ΠTVD = ΠTt,tD +ΠTT,tD ,

ΠTV ′ = ΠTt,t +ΠTT,T +ΠTt,T +ΠTtD,tD , (A7)

where ΠTF1,F2
is the transverse component of self-energy function in which the fermions F1 and F2 are circulating. In

this case, they are top quark and VL partners of top quark.

We have evaluated eq.(A5) by using eq. (A6), the expressions for couplings from table IV, and then set the square
incoming momentum and the renormalisation scale equal to the mass of DM, µ2 = p2 = m2

VD
, which leads to the

following simple expression

∆m′
V =

1

640π2mVD

g2Dm
2
T ϵ

2
1 [(20 + 3ϵ3 − 15ϵ2 + 20ϵ2ϵ3) + 10(3ϵ2 − ϵ3 − 2ϵ2ϵ3) log ϵ3] . (A8)

where

ϵ1 =
m2
T −m2

tD

m2
T

, ϵ2 =
m2
t

m2
T

, ϵ3 =
m2
V

m2
T

. (A9)

This formula was derived in the approximation ϵ1, ϵ2, ϵ3 ≪ 1. Keeping only the leading term of ϵ1 provides the
following very simple expression for the VD − V ′ mass split:

∆m′′
V =

1

32π2mVD

g2Dm
2
T ϵ

2
1 =

1

32π2mVD

g2Dm
2
T

(
m2
T −m2

tD

m2
T

)2

. (A10)

Appendix B: Kinetic mixing functions

The functions describing the Z − V kinetic and mass mixings in eq. (2.29) are given by

FZVqT1+qL(rf , rψD ) =
2(r2f − 1)(r2ψD − 1)

3

[
3r6fr

6
ψD

− 5r6fr
4
ψD

− 21r4fr
4
ψD

+ 22r4fr
2
ψD

− 21r2fr
2
ψD

− 5r2f + 3

(r2fr
2
ψD

− 1)4

+6

(
r8fr

6
ψD

− 3r6fr
4
ψD

+ 12r4fr
4
ψD

− 3r4fr
2
ψD

+ r2f

)
(r2fr

2
ψD

− 1)5
log (rfrψD )

]
(B1)

FZVqT2(rf , rψD ) = 8

[
log

(
rf
rψD

)
+

(r2ψD − r2f ) log (rfrψD )

r2fr
2
ψD

− 1

]
(B2)

FZVm (rf , rψD ) = (r2f − 1)(r2ψD − 1)

[
1− 4r2ψD + r2fr

2
ψD

r2ψD (r
2
fr

2
ψD

− 1)2
+

4(r2fr
2
ψD

− r2f + 1) log (rfrψD )

(r2fr
2
ψD

− 1)3

]
(B3)

Appendix C: Mixing structure in the gauge sector for the dark EW sector

Defining V0
D0µ = (Bµ,W

3
µ , B

0
D0µ, V

0
D0µ)

T and using analogous notation as eq.(2.22) for the fully neutral gauge boson
Lagrangian term after EW and dark symmetry breaking,

Lkin
V0
D0

|v,vD ⊃ (V0
D0)

TM2
V0
D0

V0
D0 , (C1)
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the entries of the mass mixing matrix in the gauge sector are:

M2
V0
D0

|11 =

(
g′2v2 + g′2Dv

2
Dϵ

2
)
cos2 θk − g′2Dϵ

√
1− ϵ2 sin 2θkv

2
D + g′2D

(
1− ϵ2

)
sin2 θkv

2
D

8 (1− ϵ2)
(C2)

M2
V0
D0

|12 = M2
V0
D0

|21 = −gg
′v2 cos θk

8
√
1− ϵ2

(C3)

M2
V0
D0

|13 = M2
V0
D0

|31 =
g′2Dv

2
D

((
1− 2ϵ2

)
sin 2θk − 2ϵ

√
1− ϵ2 cos 2θk

)
− g′2 sin 2θkv

2

16 (1− ϵ2)
(C4)

M2
V0
D0

|14 = M2
V0
D0

|41 =
1

8
gDg

′
Dv

2
D

(
ϵ cos θk√
1− ϵ2

− sin θk

)
(C5)

M2
V0
D0

|22 =
g2v2

8
(C6)

M2
V0
D0

|23 = M2
V0
D0

|32 =
gg′v2 sin θk

8
√
1− ϵ2

(C7)

M2
V0
D0

|24 = M2
V0
D0

|42 = 0 (C8)

M2
V0
D0
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g′2D
(
1− ϵ2

)
cos2 θkv

2
D + g′2Dϵ

√
1− ϵ2 sin 2θkv
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(
g′2v2 + g′2Dv

2
Dϵ

2
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sin2 θk

8 (1− ϵ2)
(C9)

M2
V0
D0

|34 = M2
V0
D0

|43 = −1

8
gDg

′
Dv

2
D

(
cos θk +

ϵ sin θk√
1− ϵ2

)
(C10)

M2
V0
D0

|44 =
g2Dv

2
D

8
. (C11)

The mass eigenstates corresponding to the eigenvalues of the mixing matrix are γ, γD, Z and Z ′. Their masses do
not depend on the rotation angle θk and read:

mγ = mγD = 0 (C12)

M2
Z,Z′ =

1

8

[
g2v2 + g2Dv

2
D +

1

1− ϵ2

(
g′2v2 + g′2Dv

2
D ∓

√
K0 +K2ϵ2 +K4ϵ4

)]
(C13)

where the K functions are defined as:

K0 =
((
g2 + g′2

)
v2 −

(
g′2D + g2D

)
v2D
)2

(C14)

K2 = −2
[
g2(g2 + g′2)v4 + g2D(g

2
D + g′2D)v

4
D −

(
g2(2g2D + g′2D) + g′2

(
g2D + 2g′2D

))
v2v2D

]
(C15)

K4 = (g2v2 − g2Dv
2
D)

2 (C16)

and the sign in front of the square root is chosen to reconstruct the SM value of the Z mass for ϵ→ 0 and
(
g2 + g′2

)
v2 >(

g′2D + g2D
)
v2D.

Appendix D: Contributions from fermion triangle digrams to direct detection of DM

The computed direct detection limit at one loop level is based on the interaction between DM and Standard model
particles through the box and triangle (scalar propagating) diagrams in fig. 8 (c) and (d). Furthermore, there are
two additional vertices, V 0

D+V
0
D−γ and V 0

D+V
0
D−Z, which can also contribute to the direct detection limit, depicted

in fig. 13.
The most general (CP conserving) effective Lagrangian [28, 84] for on-shell DM V 0

D± interacting with neutral vector
bosons γ/Z is given by

Leff
V 0
D+V

0
D−V

= λV1

[
(∂µV

0
D+ν − ∂νV

0
D+µ)V

0µ
D−V

ν − (∂µV
0
D−ν − ∂νV

0
D−µ)V

0µ
D+V

ν
]

−λV2 V 0
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0
D−ν(∂

µV ν − ∂νV ν)

+
λV3
M2
V ±

(∂λV
0
D+µ − ∂µV

0
D+λ)(∂

µV 0
D−ν − ∂νV

0
D−µ)(∂

νV λ − ∂λV ν)

−iλV5 ϵµνρσ(V 0
D+µ∂ρV

0
D−ν − V 0

D−ν∂ρV
0
D+µ)Vσ

−iλV6 ϵµνρσ(V 0
D+µ∂ρV

0
D−ν − V 0

D−ν∂ρV
0
D+µ)∂

λ∂σ(∂
2)−1Vλ, (D1)
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V 0
D+α V 0

D−β

Vµ

m3 m2

m1
p2p1

q

(a)

V 0
D+α V 0

D−β

Vµ

m2 m3

m1
p2p1

q

(b)

FIG. 13: The generic triangle diagrams for V 0
D+αV

0
D−βVµ where Vµ stands for either photon and Z-boson. The

ingoing momenta for V 0
D+, V

0
D− are p1, p2 and q, respectively. The vector and axial coupling constants for the vertex

between a vector boson and fermions with masses mi and mj are vij , aij respectively.

where V can be either γ or Z. The DM vector particles V 0
D± are taken to be on-shell with mass MV ± . Furthermore,

since in the direct detection process, the momentum transferred between DM particles and SM particles is much
smaller than the masses of the DM particles, we may therefore use the approximation of setting q2 to zero.

This effective Lagrangian (in momentum space) can be expressed in terms of the vertex function which is a function
of all incoming momenta

Leff
V 0
D+V

0
D−V

= −iV αβµV (p1, p2, q)V
0
D+α(p1)V

0
D−β(p2)Vµ(q), (D2)

where the vertex function reads

V αβµV (p1, p2, q) = fV1 (p1 − p2)
µgαβ +

fV2
M2
V ±

(p1 − p2)
µqαqβ + fV3 (qαgµβ − qβgµα)

+ifV5 ϵ
αβµρ(p1 − p2)ρ + i

fV8
M2
V ±

(p1 − p2)ρqσ(ϵ
µαρσqβ − ϵµβρσqβ). (D3)

The CP-conserving5 form factors, fi, are related to the couplings λi of (D1) by

fV1 = λV1 +
q2

2M2
V ±

λV3 , (D4)

fV2 = −λV3 , (D5)

fV3 = λV1 + λV2 +
1

2
λV3 , (D6)

fV5 = λV6 − λV5 , (D7)

fV8 = −M
2
V ±

q2
λV6 . (D8)

We explicitly calculate the form-factors of the V 0
D+V

0
D−V vertex according to the diagrams in fig. 13 where p1, p2

and q are the momenta of V 0
D+, V

0
D− and Vµ, respectively. The vector and axial coupling constants for the vertex

between a vector particle and fermions i annd j (with masses mi and mj) are denoted by vij , aij .

5 The more general vertex function found in appendix A of [84] includes additional CP-violating form-factors f4, f6, f7 and f9. However,
these are irrelevant for direct detection of DM in this model, and are therefore omitted.
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For the prototype graphs shown in fig. 13, we find the following expressions for the form-factors:

fV1 =
(v23v12v13 + v23a12a13 + a23v12a13 + a23a12v13)

4π2

[
1− (m2

2 +m2
3)C̄1 − (m2

3 −m2
2)∆C1 + 8C̄001

]
+

(v23v12v13 − v23a12a13 + a23v12a13 − a23a12v13)

4π2
m1m2

[
C̄0 + 2C̄1

]
+

(v23v12v13 − v23a12a13 − a23v12a13 + a23a12v13)

4π2
m1m3

[
C̄0 + 2C̄1

]
− (v23v12v13 + v23a12a13 − a23v12a13 − a23a12v13)

4π2
m2m3

[
2C̄1

]
, (D9)

fV2 = − (v23v12v13 + v23a12a13 + a23v12a13 + a23a12v13)

4π2
M2
V ±

[
8C̄112 + 4C̄12

]
, (D10)

fV3 =
(v23v12v13 + v23a12a13 + a23v12a13 + a23a12v13)

4π2

[
−2− 2m2

1(C̄0 + 2C̄1) + (m2
3 +m2

2)C̄1

+ (m2
3 −m2

2)∆C1 + 8C̄00 + 8C̄001

]
− (v23v12v13 − v23a12a13 + a23v12a13 − a23a12v13)

4π2
m1m2

[
C̄0 + 2∆C1

]
+

(v23v12v13 − v23a12a13 − a23v12a13 + a23a12v13)

4π2
m1m3

[
2∆C1 − C̄0

]
+

(v23v12v13 + v23a12a13 − a23v12a13 − a23a12v13)

4π2
m2m3

[
2C̄1

]
, (D11)

fV5 = − (a23a12a13 + a23v12v13 + v23a12v13 + v23v12a13)

4π2

[
(m2

2 +m2
3)C̄1 + (m2

3 −m2
2)∆C1

]
− (a23a12a13 − a23v12v13 + v23a12v13 − v23v12a13)

4π2
m1m2

[
C̄0 + 2C̄1

]
− (a23a12a13 − a23v12v13 − v23a12v13 + v23v12a13)

4π2
m1m3

[
C̄0 + 2C̄1

]
− (a23a12a13 + a23v12v13 − v23a12v13 − v23v12a13)

4π2
m2m3

[
2C̄1

]
, (D12)

fV8 =
(a23a12a13 + a23v12v13 + v23a12v13 + v23v12a13)

4π2
M2
V ± [2C̄12] . (D13)

The average and difference of three-point Passarino-Veltman C-functions are defined as

C̄{i} ≡ 1

2

(
C

(a)
{i} + C

(b)
{i}

)
,

∆C{i} ≡ 1

2

(
C

(a)
{i} − C

(b)
{i}

)
. (D14)

where Cr{i}, (r = a, b) are given in terms of to one-loop triangle Feynman integrals

1

iπ2

∫
d4k

1

D(r)
= C

(r)
0 ,

1

iπ2

∫
d4k

kµ

D(r)
= −pµ1C

(r)
1 + pµ2C

(r)
2 ,

1

iπ2

∫
d4k

kµkν

D(r)
= gµνC

(r)
00 + pµ1p

ν
1C

(r)
11 + pµ2p

ν
2C

(r)
22 − (pµ1p

ν
2 + pν1p

µ
2 )C

(r)
12 ,

1

iπ2

∫
d4k

kµkνkρ

D(r)
= − (pµ1g

νρ + pν1g
µρ + pρ1g

µν)C
(r)
001 + (pµ2g

νρ + pν2g
µρ + pρ2g

µν)C
(r)
002

+ (pµ1p
ν
1p
ρ
2 + pµ1p

ρ
1p
ν
2 + pν1p

ρ
1p
µ
2 )C

(r)
112 − (pµ1p

ν
2p
ρ
2 + pν1p

µ
2p
ρ
2 + pρ1p

µ
2p
ν
2)C

(r)
122

− pµ1p
ν
1p
ρ
1C

(r)
111 + pµ2p

ν
2p
ρ
2C

(r)
222. (D15)

The denominators of the Feynman integrals are

D(a) = (k2 −m2
1)
(
(k − p1)

2 −m2
3

) (
(k + p2)

2 −m2
2

)
.

D(b) = (k2 −m2
1)
(
(k − p1)

2 −m2
2

) (
(k + p2)

2 −m2
3

)
. (D16)
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Both the graphs in fig. 13, have the fermion direction in the clockwise (CW) direction. Diagrams for which the
fermion line is in the counter-clockwise direction (CCW) give contributions to the the form-factors, which are related
to the clockwise form-factor contributions by

fCCW
1 = −fCW

1 ,

fCCW
2 = −fCW

2 ,

fCCW
3 = −fCW

3 ,

fCCW
5 = fCW

5 ,

fCCW
8 = fCW

8 . (D17)

V 0
D+α V 0

D−β

γµ/Zµ

t t

tD

(a)

V 0
D+α V 0

D−β

γµ/Zµ

T T

tD

(b)

V 0
D+α V 0

D−β

γµ/Zµ

tD tD

t

(c)

V 0
D+α V 0

D−β

γµ/Zµ

tD tD

T

(d)

V 0
D+α V 0

D−β

Zµ

t T

tD

(e)

V 0
D+α V 0

D−β

Zµ

T t

tD

(f)

FIG. 14: The complete set of Feynman graphs for V 0
D+V

0
D−γ and V 0

D+V
0
D−Z form factor calculations. The diagram

figs. 14a to 14d contribute to the V 0
D+V

0
D−γ vertex and figs. 14a to 14f to the V 0

D+V
0
D−Z vertex.

For the direct detection calculation, we need to evaluate the triangle integrals that correspond to the Feynman
diagrams shown in fig. 14. The vertex V 0

D+V
0
D−γ receives the contributions from figs. 14a to 14d, while The vertex

V 0
D+V

0
D−Z from figs. 14a to 14f. The complete set vertex couplings required to evaluate these triangle graphs is

provided in table IV.
For the numerical evaluation of triangle loops, we have created our own code written inC and python for computing

the necessary Passarino-Veltman (PV) functions, as LoopTools [85] does not provide stable and reliable results for
small momentum of γ/Z.6.

6 These codes are available together with the model files in the HEPMDB [57] repository at the following link https://hepmdb.soton.

ac.uk/hepmdb:0322.0335

https://hepmdb.soton.ac.uk/hepmdb:0322.0335
https://hepmdb.soton.ac.uk/hepmdb:0322.0335
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Vertices Vector couplings (vij) Axial couplings (aij)

γtt 2e
3

0

γtDtD
2e
3

0

γTT 2e
3

0

Ztt e
sW cW

(
cos2 θfL

4
− 2s2W

3

)
e

sW cW

cos2 θfL
4

ZtDtD − 2es2W
3sW cW

0

ZTT e
sW cW

(
sin2 θfL

4
− 2s2W

3

)
e

sW cW

sin2 θfL
4

ZtT
e sin θfL cos θfL

4sW cW

e sin θfL cos θfL
4sW cW

V 0
D+tDt −

√
2gD
4

(sin θfL + sin θfR) −
√
2gD
4

(sin θfL − sin θfR)

V 0
D+tDT

√
2gD
4

(cos θfL + cos θfR)
√
2gD
4

(cos θfL − cos θfR)

V 0
D0tt − gD

4

(
sin2 tR + sin2 tL

)
gD
4

(
sin2 tR − sin2 tL

)
V 0
D0TT − gD

4

(
cos2 tR + cos2 tL

)
gD
4

(
cos2 tR − cos2 tL

)
V 0
D0tT

gD
4

(sin tR cos tR + sin tL cos tL) − gD
4

(sin tR cos tR − sin tL cos tL)

V 0
D0tDtD

gD
2

0

TABLE IV: The vector and axial part of coupling in the form of vγµ − aγµγ5 where v is the vector part, a the axial
part and µ is the Lorentz index of a vector field. Here we suppress the SU(2)D charge of V +/V − and write them as
V .
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