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of quark and charged lepton masses and mixings, providing a bridge between the non-
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coming from Bs − B̄s, K − K̄ and D − D̄ mixing as well as other lepton family number

violating processes. The new states can be dark matter candidates and, in the two scalar
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1 Introduction

Recent measurements of B decays [1–7] have indicated there may be departures from the

Standard Model (SM) predictions for processes induced by the neutral current quark-level

transition b→ sµ+µ−. Indeed an effective field theory analysis indicates that the inclusion

of the operators1

O9 =
αEM
4π

[s̄γνPLb][µ̄γνµ], O10 =
αEM
4π

[s̄γνPLb][µ̄γνγ5µ] (1.1)

that violate lepton universality can improve the global fit by 4 − 5σ [8–13].

A departure from lepton universality is not really a surprise as non-universality in

fermion masses and mixings is manifest. Given this it is relevant to ask whether the non-

universal behaviour in B-decays may be related to the observed fermion mass structure.

The most promising explanation for the origin of fermion masses and mixings is through

a spontaneously broken family symmetry in which the order parameters for family sym-

metry breaking are the vacuum expectation values (vevs) of scalar (familon) fields, φi,

that transform non-trivially under the family symmetry. Then a particular entry in the

fermion mass matrix is proportional to some power of the familon fields vevs, the under-

lying (higher dimensional) amplitude requiring the insertion of the familons to be family

symmetry invariant. In the underlying theory the higher dimension amplitude is gener-

ated by the Yukawa couplings of SM fermions to the familons and new heavy vector-like

fermions (the Froggatt-Nielsen mechanism [14]).

How could this be related to non-universality in B-decays? The neutral current pro-

cess occurs first in the SM at one-loop order and is CKM suppressed. As a result the

new physics responsible for non-universality must be small, consistent with a radiative

correction involving new heavy states [15–19]. In particular it could be due to virtual pro-

cesses involving heavy vectorlike fermions and familons associated with a family symmetry.

Neutral current corrections involving loop effects of new scalars and fermions have already

been explored in detail by Arnan, Hofer, Mescia and Crivellin [20] for a wide variety of

SM representations for the scalars and quarks.2 Their overall conclusion is that to explain

the b → sµ+µ− anomaly the couplings required are forced to be uncomfortably large in

comparison with the bounds coming from Bs − B̄s mixing unless the scalars carry SM

quantum numbers and the heavy fermions are Majorana fermions. This does not allow

for a familon identification of the scalar in which case there is no obvious relation of the

neutral current B-anomalies to the fermion mass structure.

In this paper we re-examine in detail the possibility that the anomalous B neutral

current decays can be due to new heavy vector-like quarks and leptons coupled to Standard

Model states via new scalar fields. We show that, allowing for non-degenerate masses of

these states, the constraints coming from Bs − B̄s mixing are relaxed. We also show that

the constraint can be further relaxed and indeed eliminated if the possibility of flavour

1PL,R are the left- and right-handed projection operators.
2Neutral current corrections arising from loop effects in R-parity violating SUSY extensions of the SM

have been investigated in ref. [21]. This approach does not lend itself to an interpretation as a theory of

flavor.
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changing effects coming from the scalar sector is included. We investigate what type of

family symmetry, capable of organising the quark and charged lepton masses and mixing,

can generate the required structure without violating the many stringent constraints on

flavour changing neutral currents. As we will see, this can be done but with a structure

that is not normally considered when building fermion mass models.

Note that there is also an indication of a departure from SM predictions at the

3.9σ level [42] in charged current processes induced by the quark-level transitions b →
clν [22–31]. It is remarkable that it is possible to construct a simultaneous explanation

of both charged and neutral current effects consistent with all present measurements, the

most plausible being due to the exchange of new vector leptoquark states [32–41]. How-

ever, as the charged current processes arise at tree level, such non-universality cannot be

explained by perturbative loop effects. Thus, in pursuing the familon explanation, we must

assume that the signals for non-universality in charged current processes are spurious or

that some other source of new physics is present.

In section 2 we briefly review the structure and calculation of the box diagrams, in-

volving a heavy vector-like quark and lepton doublet together with a SM singlet scalar,

give rise to b→ sµ+µ− and Bs − B̄s mixing. Section 3 presents a simple family symmetry

that generates the required coupling structure of the new states together with a realistic

pattern of quark and charged lepton masses and mixing and the possibility that the new

states are dark matter candidates. In section 4 we show how the addition of a second scalar

field generates additional flavour changing effects coming from the scalar sector alone and

calculate the associated box diagrams. In section 5 we present a phenomenological analysis

of the resulting B anomalies in both schemes concentrating on the case that the vector-like

leptons and scalars are much lighter than the vector-like quark. We show that for couplings

in the perturbative domain all neutral current anomalies can be accommodated consistent

with the bounds on B − B̄, K − K̄ and D − D̄ mixing. For the case that the vector-like

lepton and the lightest scalar state are of O(100) GeV, the SM prediction for the anomalous

magnetic moment of the muon can also be brought into agreement with the experimental

best fit value. We also discuss the constraints coming from other neutral flavour changing

processes. In some of our flavour models there is a Z2 symmetry under which SM fields are

neutral; the lightest of the new particles that transforms non-trivially is therefore stable

and a candidate for dark matter. In section 6 we discuss the experimental direct detection

signals for the new particles, the present experimental limits and the dark matter abun-

dance associated with the new states. Finally in section 7 we present our summary and

conclusions. The appendices present two simple family symmetry variants capable of elim-

inating lepton flavour changing processes completely and allowing the lightest new state to

decay so that it is no longer a dark matter candidate.

2 Box diagrams

Neutral current B decays generated by scalars can proceed by the generic box diagram

shown in figure 1(a). This involves two additional heavy vector-like quarks and leptons,

ΨQ and Ψ`, and a scalar Φ with SM quantum numbers given in table 1 and interactions

– 3 –
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Φ
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ΨQ

Φ

Φ

(b)

Figure 1. Box-diagrams contributing to (a) b → sµ+µ− and (b) Bs → B̄s, with couplings given

in eq. (2.1).

SU(3) SU(2) U(1)

ΨQ,L 3 2 1/6

ΨQ,R 3 2 1/6

Ψ`,L 1 2 - 1/2

Ψ`,R 1 2 - 1/2

Φ 1 1 0

Table 1. Multiplet structure of the additional states under SU(3) × SU(2)×U(1).

described by the Lagrangian

Lint =
∑
i=d,s,b

Γmi Q̄
m
i PRΨQΦ +

∑
i=e,µ,τ

Γm,Li L̄mi PRΨ`Φ + h.c. (2.1)

Here Qmi and Lmi denote the SM left-handed quark and lepton doublet mass eigenstates

with family index i.3 The effective Hamiltonian describing the b → sµ+µ− transition has

the form

Hµ
+µ−

eff = C9O9 + C10O10 (2.2)

in terms of the operators given in eq. (1.1). The box diagram of figure 1(a) gives the Wilson

coefficients

Cbox
9 = −Cbox

10 = −
Γb→sµ+µ−

32παEMm2
Φ

F (xQ, x`) (2.3)

where Γb→sµ+µ− = Γms Γm∗b |Γmµ |2 and xQ = m2
ΨQ
/m2

Φ, x` = m2
Ψ`
/m2

Φ, and the dimensionless

loop function is given by

F (x, y) =
1

(1− x)(1− y)
+

x2 log x

(1− x)2(x− y)
+

y2 log y

(1− y)2(y − x)
(2.4)

3We assume the upper components of the doublet Qm
i are linear combinations of the mass eigenstates,

V CKM†
ij Uj .
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Q2 q2 Q3 q3 L2 l2 L3 l3 ΨQ,(L,R) Ψ`,(L,R) Φ H χ

QF 2 0 0 0 2 1 -2 -2 2 4 -2 0 1

Table 2. U(1)F family symmetry charges for the second and third families.

For the Bs −Bs mixing the Hamiltonian has the form

HBB̄eff = CBB̄(s̄γµPLb) (s̄γµPLb) , (2.5)

where the box diagram, figure 1(b), gives

CBB̄ =
ΓBs−Bs

128π2m2
Φ

F (xQ, xQ) , (2.6)

with ΓBs−Bs = (Γms Γm∗b )2.

3 Family symmetry and flavour changing in the fermion sector

In order to explain the anomaly it is necessary that the box diagram contributes principally

to muon pair production, violating lepton universality. Given that the lepton masses also

strongly violate lepton universality it is of interest to ask whether the two are related.

Here we demonstrate that this can be done via a simple Abelian family symmetry, U(1)F ,

with the charge assignments given in table 2. Here Qi and Li denote the left-handed (L)

quark and lepton SU(2) doublets with family index i, qi and li denote the right-handed

(R) up and down quark and lepton SU(2) singlets, and H is the Higgs doublet. We have

also added a SM singlet scalar χ which acquires a vacuum expectation value (vev) and

is responsible for generating the hierarchical structure of the quark and charged lepton

masses and mixing.

3.1 Heavy vector-like quark and lepton couplings

With these charge assignments the only renormalisable couplings allowed involving the

heavy vector-like states are given by

Lint = ΓbQ̄3PRΨQΦ + ΓµL̄2PRΨ`Φ + h.c. (3.1)

involving only the left-handed quark and lepton “current” eigenstates. The mass eigen-

states, Qmi , L
m
i , in eq. (2.1) are superpositions of the current eigenstates, the mixing de-

termined by mixing matrices V Q and V L for the up and down sectors:

Qi =

(
V U
iuu+ V U

ic c+ V U
it t

V D
id d+ V D

is s+ V D
ib b

)
, Li =

(
V N
iν1
ν1 + V N

iν2
ν2 + V N

iν3
ν3

V E
ie e+ V E

iµµ+ V E
iτ τ

)
, i = 2, 3 (3.2)

where the CKM and PMNS matrices are given by V CKM = V U†V D and VPMNS = V N†V E

respectively. Written in terms of the mass eigenstates, eq. (3.1) generates the Lagrangian

in eq. (2.1). Note that the couplings Γb,µ to the current eigenstates can be of O(1) while

– 5 –
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the coupling to mass eigenstates Γmi defined in the previous section include the mixing

angles and can be small. In particular the relevant couplings in eq. (2.1) are given by4

Γms = ΓbV
D

3s ≈ ΓbV
CKM
cb and Γmb = ΓbV

D
3b ≈ Γb and so the combination Γm∗s Γmb ∝ V CKM

cb

is small.

3.2 Dark matter

It is of interest to ask if the new states could be the source of dark matter. For this to be

the case it is necessary for the lightest state to be stable and this can readily be arranged

through an additional Z2 symmetry under which only the fields ΨQ,`,Φ are odd. Then

these states can only be produced in pairs and the lightest of these states will be stable

and a candidate for dark matter. The case there is no Z2 symmetry is briefly discussed in

appendix B.

3.3 Fermion mass and mixing structure

The U(1)F symmetry also controls the masses and mixing angles of the quarks and charged

leptons when the symmetry is spontaneously broken. Quark and lepton masses are gener-

ated via the terms allowed by the U(1)F symmetry in the effective Lagrangian:

Lmeff ≈ Q̄3,L q3,RH + Q̄3,L q2,RH + Q̄2,L q2,RH

(
χ

Mq

)2

+ Q̄2,L q3,RH

(
χ

Mq

)2

+L̄3,Ll3,RH + L̄2,Ll2,RH
χ

Mq
+ L̄2,Ll3,RH

(
χ

Mq

)4

+ L̄3,Ll2,RH

(
χ†

Mq

)3

+ h.c. (3.3)

where we have suppressed the O(1) coupling constants. Terms with ΨQ,L replaced for Q2

are forbidden by a Z2 symmetry under which only the fields ΨQ,`,Φ are odd; see section 3.2.

Mq are mediator masses5 associated with additional vector-like states associated with the

Froggatt Nielsen mechanism.6 The second generation quark masses are suppressed relative

to the third generation masses by the factor ε2 =
(
<χ>
Mq

)2
and to explain why this ratio

is smaller in the up quark sector than in the down quark sector we need Mu > Md. The

same factor determines the mixing of the left-handed states giving V D
2b ∼

ms
mb

, V U
2t ∼ mc

mt
.

Thus the dominant contribution to the (2, 3) element of the CKM matrix comes from the

down quark sector giving V CKM
cb ∼ ε2 ∼ V D

2b = O(ε2) ∼ ms
mb
∼ 0.04.

The ratio of charged lepton masses is given by
mµ
mτ

= O(ε). The charged lepton mixing

matrices are strongly constrained by the bounds on lepton flavour violation. For example,

the branching ratio for τ → µ+ γ is less than 10−8 and an even stronger bound holds for

µ→ e+ γ. As discussed in section 5.6, to avoid violating these bounds the charged lepton

mixing angles must be very small.7 Here the choice of the U(1)F lepton charges ensures the

4Here we assume the mixing is dominated by the down quark sector as is often the case in family

symmetry models which relate the quark mass hierarchy to the quark mixing angles.
5For simplicity we take the down quark and lepton mediators to have equal masses as might be justified

by an underlying stage of Grand Unification.
6We assume these are much heavier than the vector-like states, ΨQ,L introduced in eq. (2.1) so they do

not contribute significantly B decays and mixing.
7This means that the large mixing angles observed in neutrino oscillation must come from the neutrino

sector.
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Q1 q1 L1 l1

QF 3 -1 -4 1

Table 3. U(1)F family symmetry charges for the first family.

mixing between the tau and muon is strongly suppressed and is of O(ε4). An additional

Z3 symmetry can eliminate charged lepton mixing completely as discussed in appendix A.

What about the mass structure for the light generation? A viable structure for the

quark masses and mixing together with a strong suppression of the mixing between the

lepton doublets can readily be obtained via the same U(1)F family symmetry through the

choice of charges given in table 3, with the interactions

Leff = Q̄1PRΨQΦ

(
χ

Mq

)3

+ Q̄1,L q1,RH

(
χ

Mq

)4

+ Q̄1,Lq2,RH

(
χ

Mq

)3

+ Q̄2,Lq1,RH

(
χ

Mq

)3

+L̄1,LΨ`,RΦ

(
χ†
Mq

)6

+ L̄1,Ll1,RH

(
χ†
Mq

)5

+ L̄1,Ll2,RH

(
χ†
Mq

)5

+ L̄2,Ll1,RH

(
χ

Mq

)
+ h.c.

(3.4)

In the quark sector the down quark mass is suppressed relative to the strange quark

masse by the factor ε2 and the Cabibbo angle is of order ε ≈
√

(mdms ) giving a realistic mass

and mixing angle structure. The additional coupling of Q1 to the vector-like quark will

induce further lepton non-universal decays at O(ε3), the leading one being b→ dµµ. As is

shown in appendix B these can be eliminated by an extension of the family symmetry.

In the charged lepton sector the electron mass is suppressed relative to the muon

mass by the factor ε4 while the mixing between the muon and electron doublets is highly

suppressed being also of O(ε4).

4 Flavour changing in the scalar sector

The model introduced in eq. (3.1) generates the flavour change in the quark sector via the

quark mixing of eq. (3.2). However it is also possible that the flavour change occurs in

the scalar sector and to illustrate this we generalise the model slightly to include another

Standard Model singlet scalar Φ̃ with the interaction Lagrangian now given by

Lint = ΓbQ̄3PRΨQΦ + Γ̃sQ̄2PRΨQΦ̃ + ΓµL̄2PRΨ`Φ + h.c. (4.1)

The inclusion of the scalar Φ̃ has no implications for the fermion mass and mixing model

introduced in section 3, except for presence of the additional coupling Q̄1ΨQ

(
Φ̃ χ
Mq

)
in eq. (3.4).

4.1 Family symmetry properties of Φ̃

The new coupling involving Φ̃ is allowed by the U(1)F and Z2 family symmetries provided

it is uncharged under U(1)F and odd under Z2. Indeed, it can be a real field or, if complex,8

8In what follows we assume that Φ̃ is complex.
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there is an additional coupling allowed in eq. (4.1), namely Γ̃′sQ̄2PRΨQΦ̃∗, corresponding

to the second term with Φ̃ replaced by Φ̃∗. One can avoid this by extending the family

symmetry to give Φ̃ a family charge. If this is not the case box diagrams involving an

incoming and outgoing Φ̃ coupled to the same fermion line will have additional crossed

graphs with the Φ̃ lines exchanged. For the case Φ̃ is real the two graphs cancel exactly.

For the case Φ̃ is complex the combined contribution is proportional to Γ̃s − Γ̃′s.
9 The

cancellation or partial cancellation of these graphs does not affect the order of magnitude

estimate for the b → sµ+µ− and Bs − Bs mixing amplitudes presented in section 4.3 but

does significantly change the expectation, discussed below, for K − K̄ and D − D̄ mixing

coming from the box diagram involving only Q2 current quarks.

4.2 Scalar mixing

Since ΦΦ̃χ2 is an allowed scalar coupling we expect Φ and Φ̃ to mix so that the light and

heavy ΦL and ΦH scalar mass eigenstates are mixtures of the “current” scalar states Φ

and Φ̃

ΦL = cos(θ) Φ + sin(θ) Φ̃

ΦH = − sin(θ) Φ + cos(θ) Φ̃ (4.2)

In this case the leading contribution to b → sµ+µ− is given by figure 2. Because Φ and

Φ̃ couple to different quark current eigenstates there will be a contribution to B − B̄

mixing and b → sµµ even if the quark mixing angles are zero provided the scalar mass

eigenstates are mixture of the current eigenstates. In the limit that Φ and Φ̃ do not mix,

the Lagrangian (4.1) exhibits two separate U(1) symmetries Φ → eiαΦ, Q3 → eiαQ3,

L2 → eiαL2, Φ̃ → eiβΦ̃, and Q2 → eiβQ2, and the flavor mixing is all due to the matrices

V D,U,N,E in eq. (3.2). If these states are close in mass there will be a significant cancellation

of the light and heavy contributions.

4.3 Scalar couplings in the mass eigenstate basis

To simplify the presentation, here we concentrate on the case of maximal mixing between

Φ and Φ̃,10 θ = π/4, where now ΦL,H = (Φ ± Φ̃)/
√

2. In table 4 we give an example how

the phenomenology changes when the states depart from maximal mixing.

For the case that Φ and Φ̃ are complex fields with only the couplings of eq. (4.1), the

coupling of the maximally mixed fields to mass eigenstates is given by

L =
1√
2

[(
ΓbV

∗
3b + Γ̃sV

∗
2b

)
ΦL +

(
ΓbV

∗
3b − Γ̃sV

∗
2b

)
ΦH

]
bLΨQ

+
[(

ΓbV
∗

3s + Γ̃sV
∗

2s

)
ΦL +

(
ΓbV

∗
3s − Γ̃sV

∗
2s

)
ΦH

]
sLΨQ + h.c. (4.3)

Here and below Vij ≡ V D
ij . With these couplings it is straightforward to determine the

Bs − B̄s mixing and b→ sµµ amplitudes for the maximally mixed two scalar model.

9We assume that, as in the models presented in section 3 and in the appendix, Φ carries a family charge

and so does not lead to further crossed graphs involving the Φ vertex.
10Such maximal mixing is natural if the coefficient of the quadratic term mixing Φ and Φ̃ is much greater

than the difference of the coefficients of the quadratic terms in Φ and Φ̃ separately.
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bL

sL

ΨQ

µL

µL

Ψ`

ΦL,H

ΦL,H

(a)
bL

sL

ΨQ

bL

sL

ΨQ

ΦL,H

ΦL,H

(b)

Figure 2. Box-diagrams contributing to (a) b → sµ+µ− and (b) Bs → B̄s, with couplings given

in eq. (4.1).

4.4 b→ sµ+µ−

The graph of figure 2(a) gives the Wilson coefficients

C9 = −C10

= − 1

128παEMm2
ΨQ

∣∣ΓµV E
2µ

∣∣2[(Γ∗bV3b + Γ̃∗sV2b

)(
ΓbV

∗
3s + Γ̃sV

∗
2s

)
G (y`, yφL , yφL)

+2
(
|Γb |

2V3bV
∗

3s −
∣∣Γ̃s∣∣2V2bV

∗
2s

)
G (y`, yφL , yφH )

+
(
Γ∗bV3b − Γ̃∗sV2b

)(
ΓbV

∗
3s − Γ̃sV

∗
2s

)
G (y`, yφH , yφH )

]
≈ − 1

128παEMm2
ΨQ

∣∣ΓµV E
2µ

∣∣2 [Γ∗b Γ̃s (G (y`, yφL , yφL)−G (y`, yφH , yφH ))

−V2b

(∣∣Γb∣∣2 − ∣∣Γ̃s∣∣2) (G (y`, yφL , yφL) +G (y`, yφH , yφH ))

−2V2b

(∣∣Γb∣∣2 +
∣∣Γ̃s∣∣2)G (y`, yφL , yφH )

]
(4.4)

In the last step we have used
∑

i VibV
∗
is = 0 and Vij ≈ V CKM

ij so that V2s ≈ V3b ≈ 1 and

V3s ≈ −V ∗2b, with |V2b| ∼ 10−2.

The dimensionless function, G, is a function of three mass ratios G ≡ G(y`, yΦa , yΦb)

with y` = m2
Ψ`
/m2

ΨQ
, yΦa = m2

Φa
/m2

ΨQ
, yΦb = m2

Φb
/m2

ΨQ
given by11

G(y`, yΦa , yΦb) =
y2
` ln(y`)

(y` − 1)(y` − yΦa)(y` − yΦb)
+

y2
Φa

ln(yΦa)

(yΦa − 1)(yΦa − y`)(yΦa − yΦb)

+
y2

Φb
ln(yΦb)

(yΦb − 1)(yΦb − y`)(yΦb − yΦa)
(4.5)

We see that there are two distinct contributions to b → sµ+µ−. The term third line

from the bottom of eq. (4.4) comes from the scalar mixing while the remaining terms,

11Note that F (x, x) ≡ x−1G(1, x−1, x−1).
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proportional to the small mixing angle V3b, come from quark mixing. To avoid the mixing

angle suppression the contribution from scalar mixing should be large which in turn requires

that the mass of Ψ` should not be significantly greater than mass difference, δm, between

the masses of ΦH and ΦL.

4.4.1 Bs −Bs mixing

The graph of figure 2(b) gives

CBB̄ =
1

512π2m2
ΨQ

[(
Γ∗bV3b + Γ̃∗sV2b

)2(
ΓbV

∗
3s + Γ̃sV

∗
2s

)2
G (1, yφL , yφL)

+ 2

((
Γ∗bV3b

)2
−
(

Γ̃∗sV2b

)2
)((

ΓbV
∗

3s

)2
−
(

Γ̃sV
∗

2s

)2
)
G (1, yφL , yφH )

+
(

Γ∗bV3b − Γ̃∗sV2b

)2(
ΓbV

∗
3s − Γ̃sV

∗
2s

)2
G (1, yφH , yφH )

]
(4.6)

In the same limit discussed above this is approximately given by

CBB̄ ≈
1

512π2m2
ΨQ

[(
Γ∗b Γ̃s

)2(
G (1, yφL , yφL) +G (1, yφH , yφH )− 2G (1, yφL , yφH )

)
− 2V2bΓ

∗
b Γ̃s

(∣∣Γb∣∣2 − ∣∣Γ̃s∣∣∣2)(G (1, yφL , yφL)−G (1, yφH , yφH )
)

+ (V2b)
2
[
2
(∣∣Γb∣∣2 − ∣∣Γ̃s∣∣2)2(

G(1, yφL , yφL) +G(1, yφH , yφH )
)

−
(∣∣Γb∣∣4 +

∣∣Γ̃s∣∣4)(G (1, yφL , yφL) +G (1, yφH , yφH )− 2G (1, yφL , yφH )
)]

+ · · ·
]
,

(4.7)

where the ellipsis stand for terms of order (V2b)
3.

For the case δm = mΦH −mΦL � mΨQ the first term, unsuppressed by powers of V2b,

is suppressed by δm2/m2
ΨQ

. The second term, suppressed by a single power of V2b, is also

suppressed by δm2/m2
ΨQ

and by δΓ/Γ = (|Γb| − |Γs|)/(|Γb| + |Γs|). Finally the terms on

the third and fourth line of eq. (4.7), both suppressed by V 2
2b, are additionally suppressed

by (δΓ/Γ)2 and δm2/m2
ΨQ

, respectively. This demonstrates how in this limit the bound

on ΓBs−Bs coming from Bs − Bs mixing does not significantly constrain Γb→sµ+µ− ; for

example, in the combined limit δm → 0 and δΓ → 0, CBB vanishes while Cbox
9,10 remain of

order V2b.

To summarise, for the case mΨQ � mL ∼ mΦL ∼ mΦH , there are two main differences

between the contributions coming from quark mixing and coming from scalar mixing. In

the former the b → sµ+µ− amplitude is suppressed by a factor of V2b while in the latter

there is no such overall suppression. Secondly, the relative suppression of the Bs − Bs

mixing amplitude to the b → sµ+µ− amplitude is V2b in the former and δm/mΨQ in the

latter. Indeed combining the two contributions it is possible to eliminate the Bs − Bs

mixing bound entirely.
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5 Phenomenological analysis

In this section we perform a numerical evaluation of the decay rates for the relevant pro-

cesses and compare to the present measurements. For the case the box diagrams involve

only a single scalar field, Φ, all the flavour changing comes from quark mixing and we as-

sume that this is dominated by the down quark sector. We will refer to this as the “Single

scalar model”.

For the case that the box diagrams involve both the Φ and Φ̃ fields — the “Two

scalar model” — the flavour changing effects come from both the down quark mixing

and from the scalar mixing. To illustrate the expectation in this model we will usually

present results for a benchmark point with the light scalar, ΦL, and the vector-like lepton

having mass of 100 GeV and the heavy scalar, ΦH , with mass of 400 GeV assuming down

quark mixing is dominant. To emphasize that the scalar mixing can be significant we

also present results assuming that the down quark mixing is negligible together with the

result assuming that the CKM mixing comes entirely from the down quark sector. Finally,

to facilitate comparison between models, we quote the result for the benchmark choice,

Γb = 1.5.

For most observables the results are quite insensitive to the precise value of the light

scalar mass. However, when discussing the dark matter and muon anomalous magnetic

moment bounds, we will choose mL = 105 GeV and mΦL = 62 GeV to compare to the

detailed analysis of refs. [51, 52].

5.1 KL −KS mass difference and D − D̄ mixing

5.1.1 Single scalar model

For the KL −KS mass difference and D − D̄ mixing the Hamiltonian has the form

HKLKSeff = CKLKS (s̄αγ
µPLdα) (s̄βγ

µPLdβ) , (5.1)

HDD̄eff = CDD̄(c̄αγ
µPLuα) (c̄βγ

µPLuβ) (5.2)

where the 2σ bound is given by

CKLKS = 9× 10−7 TeV−2 (5.3)

CDD = 2.7× 10−7 TeV−2 (5.4)

The calculation of the box diagrams are the same as for Bs− B̄s mixing with the dominant

term coming from the quark mixing of the box involving only Q3 current quarks. As a

result the coefficients CKLKS (CDD̄) =
ΓKLKS (ΓDD̄)

128π2m2
ΨQ

for the single scalar model are given by

ΓKLKS ≈ (V D∗
3d V

D
3s )2|Γb|4 (5.5)

ΓDD̄ ≈ (V U∗
3u V

U
3c )2|Γb|4 (5.6)

Due to the small mixing angles this is so heavily suppressed that the KL − KS mass

difference and D − D̄ mixing do not provide a bound on the coupling Γb.
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5.1.2 Two scalar model

The situation is quite different for the two scalar model. If the down quark mixing domi-

nates the KL −KS mass difference gives the most stringent bound on the coupling Γ̃s of

Φ̃ to the second current quark family because the mixing angle to the first family is large

with V D
2d ≈ V CKM

cd . Thus in the two scalar model lepton universality violation effects are

expected to be larger than in the single scalar case.

In the benchmark model, mΨ` = mΦL = 100 GeV, mΦH = 400 GeV and mΨQ =

2.0 TeV, with V D
2s ≈ 1.0, V D

3d ≈ 0, V D
2d ≈ 0.23 and V D

3s ≈ 0.042, the KL − KS mass

difference is dominated by the |Γ̃s|4 term and we find the bound |Γ̃s| < 0.57.12 For the

D − D̄ mixing case the bound is slightly stronger but can readily be satisfied with the

same Γ̃s if the up sector mixing angle is smaller, V U
2u < 0.5V CKM

cd . Note that these bounds

may be evaded if there is a significant cancellation between the contributing box graphs

(cf. section 4.1).

5.2 Bs − B̄s mixing

For ease of comparison we will use the 2σ bounds quoted in [20]

CBB̄(µH) ∈ [−2.1, 0.6]× 10−5 TeV−2 (at 2σ), (5.7)

5.2.1 Single scalar model

For the simple single scalar model introduced in section 2 the bound for the degenerate

mass case, xQ = x` = 1, is given by

|Γmb Γms | ≈ |V3bV
∗

3s||Γb|2 ≤ 0.30
mΨ

2 TeV
. (5.8)

which gives

|Γb| ≤ 2.6

√
mΨ

2 TeV
(5.9)

To illustrate the sensitivity to the mass spectrum, we will consider the extreme case,

xQ ≈ 400, x` ≈ 1 in which the scalar and vector-like lepton are as light as possible, of order

100 GeV, consistent with present bounds, while the vector-like quark is of order 2 TeV to

be consistent with LHC bounds. In this case the bound is strengthened slightly giving

|Γmb Γms | ≤ 0.18
mΨ

2 TeV
. (5.10)

which gives

|Γb| ≤ 2.0

√
mΨ

2 TeV
(5.11)

The left panel in figure 3 shows this upper bound as a function of xQ. The bound is

given at mΨQ = 2 TeV, but other values are obtained by the indicated scaling, mΨQ/2 TeV.

12Note that suppressing the V D
2d contribution to the Cabibbo angle is not viable because of the comple-

mentarity of the bounds from K − K̄ and D − D̄ mixing.

– 12 –



J
H
E
P
1
2
(
2
0
1
8
)
0
7
9

� �� �� �� ��

����

����

����

����

� �� �� �� ��
���

���

���

���

Figure 3. Comparison of the upper bound, for the simple single scalar model introduced in

section 2, on |Γmb Γms | from Bs− B̄s mixing (left panel) with the lower bound on |Γmµ | from b→ sµµ

for x` = 1 (right panel), as a function of xQ.

5.2.2 Two scalar model

As discussed above the suppression of the B − B̄ amplitude requires that the scalar mass

difference, δm be small relative to mΨQ as in our benchmark model. The bound on Γb
depends on the mixing angle V D

3s and, for the extreme choices of this angle our benchmark

model gives:

Down quark mixing vanishes, V D
3s = 0. Using the benchmark point m` = mL =

100 GeV, mH = 400 GeV and mΨ = 2 TeV we find

CBB̄ ≈ 0.022
(Γ∗b Γ̃s)

2

512π2m2
ΨQ

, (5.12)

Taking |Γ̃s| = 0.57, as needed for suppressing the KL −KS mass difference, this gives, at

the 2σ level, |Γb| < 4.1.

Down quark mixing maximal, V D
3s = V CKM

cb . The left panel of figure 4 plots the

2σ-allowed region (shaded) in the Γ̃s vs Γb plane, for mΦL = 100 GeV, mΦH = 400 GeV,

and mΨQ = 2 TeV, and V D∗
3s = −V D

2b = 0.042. Taking |Γ̃s| = 0.57, we find the bound is

satisfied at the 2σ level by |Γb| < 1.8

Finally, to demonstrate the suppression discussed in section 4.4.1 when δΓ → 0, the

right panel of figure 4 shows that the bounds disappear in this limit. The region shown

is for the equal mass limit at mΦL = mΦH = 200 GeV, with mΨQ = 2 TeV and V D∗
3s =

−V D
2b = 0.042. This limit is viable if there is a strong cancellation in K0 − K̄0 and D − D̄

mixing.

5.3 b→ sµµ

We use the 2σ bound quoted in [20]

− 1.28 TeV−2 ≤ C9 = −C10 ≤ −0.49 TeV−2 (at 2σ). (5.13)
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Figure 4. Allowed region (shaded) in the Γ̃s vs Γb plane at 2σ in the two scalar model from Bs−B̄s
mixing. Left panel: using eq. (4.7), taking mΦL

= 100 GeV, mΦH
= 400 GeV, and mΨQ

= 2 TeV,

and V D∗3s = −V D2b = 0.042. Right panel: the equal mass limit at mΦL
= mΦH

= 200 GeV, with

mΨQ
= 2 TeV and V D∗3s = −V D2b = 0.042; the absence of a bound in the simultaneous δm→ 0 and

δΓ→ 0 limits is evident.

5.3.1 Single scalar model

In the degenerate mass case the function F (xQ, x`) = 1/3 in eq. (2.3) and, for mΦ =

2 TeV, the coupling is uncomfortably large, close to the nonperturbative limit, |Γµ| ≥ 3.8.

However the bound is significantly weakened in the extreme case xQ ≈ 400, x` ≈ 1 with

F (xQ, x`) = 1.1 × 10−2 giving 1.3 ≤ |Γµ| ≤ 2.2, for the largest possible value of |Γmb Γms |
given in eq. (5.10) or equivalently for |Γb| = 2 as given in eq. (5.11). To facilitate comparison

between models we also quote the result for the benchmark choice, Γb = 1.5, which gives

the bound 2.2 > |Γµ| ≥ 1.8.

5.3.2 Two scalar model

Down quark mixing vanishes, V D
3s = 0. For the same benchmark point used in

obtaining eq. (5.12), this pure scalar mixing case gives

Cbox
9 = −Cbox

10 ≈ −
2.1 Γ∗b Γ̃s |Γµ|

2

128παEMm2
ΨQ

(5.14)

For the benchmark choice |Γb|=1.5, |Γ̃s|=0.57 the bound on Γµ is given by 2.9> |Γµ|≥1.8.

Down quark mixing maximal, V D
3s = V CKM

cb . For the benchmark point we find

2.2 > |Γµ| ≥ 1.4.
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5.4 Anomalous magnetic moment of the muon

The effective Hamiltonian has the form

Haµeff = −aµ
e

4mµ
(µ̄σλνµ)Fλν , (5.15)

where aµ ≡ (g − 2)µ/2 is the anomalous magnetic moment of the muon.

5.4.1 Single scalar model

The one loop graph, figure 4 of [20], gives a contribution to it of the form

∆aµ =
m2
µ|Γµ|2

8π2

F7(x`)

m2
Φ

, (5.16)

where

F7(x) =
x3 − 6x2 + 6x log x+ 3x+ 2

12(x− 1)4
. (5.17)

In the limit of equal masses

∆aµ = 5.9× 10−12|Γµ|2
(

1 TeV

mΦ

)
. (5.18)

negligible when compared to the discrepancy of the Standard Model prediction from the

experimental measurement

∆aµ = aexp
µ − aSM

µ = (2.36± 0.87)× 10−9. (5.19)

Clearly ∆aµ increases significantly in the non-degenerate case with light Ψ` and Φ. We

will consider the benchmark point mΨ` = 105 GeV and mΦ = 62 GeV.13 To reduce the

discrepancy of aµ from 2.7σ to 1σ requires Γµ = 1.4 while to remove the discrepancy

completely requires Γµ = 1.8. It is noticeable that these values are not far from the bounds

derived above.

5.4.2 Two scalar model

The anomalous magnetic moment does not involve flavour mixing so one gets a unique

prediction. In this case

∆aµ =
m2
µ|Γµ|2

16π2

(
F7(xΦL)

m2
ΦL

+
F7(xΦH )

m2
ΦH

)
, (5.20)

where xΦL,H = m2
Ψ`
/m2

ΦL,H
. For the benchmark point mΨ` = 105 GeV, mΦL = 62 GeV,

mΦH = 400 GeV, to reduce the discrepancy to 1σ requires Γµ = 1.9 and to eliminate the

discrepancy completely requires Γµ = 2.4. The contribution is sensitive to the mixing

angle, θ, associated with the scalar mass eigenstates and reducing this from the maximal

mixing value, θ = π/4, to θ = π/8 the value needed change to 1.5 and 1.9 respectively.
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Single scalar
Two scalar

V D
2b = 0 V D

2b = −0.043

Bs −Bs Γb < 2.0 Γb < 4.1 (5.8) Γb < 2.3 (2.3)

b→ sµµ 3 > Γµ > 1.8 2.9 (3.0) > Γµ > 1.8 (1.9) 2.2 (2.2) > Γµ > 1.4 (1.3)

(g − 2)µ Γµ = 1.4 Γµ = 1.9 (1.5) Γµ = 1.9 (1.5)

Table 4. Comparison of the parameters needed for different models. In all cases we used

V D2s ≈ 1.0, V D3d ≈ 0, V D2d ≈ 0.23. For the single scalar model we have used mΨ`
= mΦ = 100 GeV,

and mΨQ
= 2.0 TeV. For both two-scalar models we used mΨ`

= mΦL
= 100 GeV, mΦH

= 400 GeV

and mΨQ
= 2.0 TeV, and |Γ̃s| = 0.57, that satisfies the bounds from KL − KS mass difference.

In the two-scalar models, b → sµµ is computed at the benchmark point |Γb| = 1.5. In the last

row the parameter values given reduce the discrepancy in (g − 2)µ from 2.7σ to 1σ; for the single

scalar model we have used mΨ`
= 105 GeV and mΦ = 62 GeV, while for the two scalar models we

used mΨ`
= 105 GeV, mΦL

= 62 GeV, mΦH
= 400 GeV. The terms in parenthesis correspond to

non-maximal mixing with θ = π/8 in eq. (4.2).

5.5 Comparison

In table 4 we compare the results obtained above for the benchmark points. The first

of the two columns under “Two scalar”, V D
2b = 0, corresponds to the pure scalar induced

mixing case. For the two scalar model we assume the bound from KL−KS mass difference,

|Γ̃s| ≤ 0.57 is saturated, and we show, in parenthesis, values corresponding to non-maximal

scalar mixing with θ = π/8. In all cases we used V D
2s ≈ 1.0, V D

3d ≈ 0, V D
2d ≈ 0.23. For the

single scalar model we have used mΨ` = mΦ = 100 GeV, and mΨQ = 2.0 TeV, while for the

two-scalar models we used mΨ` = mΦL = 100 GeV, mΦH = 400 GeV and mΨQ = 2.0 TeV.

In the two-scalar models, b → sµµ is computed at the benchmark point |Γb| = 1.5. For

∆aµ the parameter values given reduce the discrepancy in (g − 2)µ from 2.7σ to 1σ, and,

as explained in sections 5.4 and 6, for the single scalar model we have used a different

benchmark point, namely, mΨ` = 105 GeV and mΦ = 62 GeV, while for the two scalar

models we used mΨ` = 105 GeV, mΦL = 62 GeV, mΦH = 400 GeV.

5.6 µ→ eγ

Following [20] the decay µ→ eγ is described by the effective Hamiltonian

Hµ→eγeff = −Cµ→eγmµ(ēσµνPRµ)Fµν , (5.21)

from which the branching ratio is obtained according to

Br (µ→ eγ) =
m5
µ

4π
τµ|Cµ→eγ |2, (5.22)

where τµ denotes the life-time of the muon. The experimental upper limit [43, 44] is

currently given by

Brexp (µ→ eγ) ≤ 4.2× 10−13 , (90% C.L.), (5.23)

13This is taken because, even in the case Φ is stable, this is an experimentally allowed point, cf. section 6.

– 16 –



J
H
E
P
1
2
(
2
0
1
8
)
0
7
9

giving the bound

m2
µ|Cµ→eγ | < 3.9× 10−15 . (5.24)

The coefficient Cµ→eγ is related to the scalar contribution to the anomalous magnetic

moment of the muon,

Cµ→eγ ≈
e

m2
µ

V E
2e∆aµ , (5.25)

where V E
2e is the component of the electron in the muon current eigenstate. Large enough

∆aµ to explain the discrepancy of the SM prediction with experiment requires V E
2e < 10−5.

Its value is model dependent. In the model of section 3, V E
2e ∝ (χ/Mq)

4. Given the

uncertainty in the string of couplings and messenger masses generating this term such

a suppression may be sufficient to satisfy current experimental bounds. In the model

presented in appendix A the mixing vanishes.

5.7 Z → µ+µ−

In the two scalar model the Z penguin contribution involving Ψ` and Φ to the correction

to the coupling of the left handed muon to the Z-boson is given by [20]

δgLµ

gSM
Lµ

(q2) = − 1

64π2

q2

m2
Ψ`

|Γµ|2
(
G̃9(xΦL) + G̃9(xΦH )

)
(5.26)

where

G9(x) =
7− 36x+ 45x2 − 16x3 + 6(2x− 3)x2 log x

36(x− 1)4
, G̃9(x) = x−1G9(x−1) . (5.27)

The LEP measurement [48] gexp
Lµ (m2

Z) = −0.2689± 0.0011 implies∣∣∣∣∣δgLµgSM
Lµ

(m2
Z)

∣∣∣∣∣ ≤ 0.8% (2σ). (5.28)

For the case mΨ` = 100 GeV, mΦL = 80 GeV, mΦH = 400 GeV, we find
δgLµ
gSM
Lµ

(M2
Z) =

9× 10−4|Γµ|2, well within the LEP bound for perturbative couplings. For the single scalar

case the new contribution is smaller.

6 Bounds on the new particle masses and their dark matter abundance

In the Abelian family symmetry models of section 3.2 only the heavy vector-like quark and

lepton states and the scalar states Φ and Φ̃ are odd under the Z2 symmetry. As a result

the lightest Z2 odd state will be stable and a candidate for dark matter. In the mass range

of interest here direct searches exclude the possibility that the DM candidate is the heavy

lepton so one is left with the possibility that the lightest scalar is the DM.

In this case the bounds on the heavy quark mass come from pair production of the

coloured vector-like quarks and their subsequent decay into the light scalar plus a quark

(pp → ΨQΨ̄Q; ΨQ → qΦL) where q is dominantly a third generation quark. The LHC
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limits for this case have been studied in detail by Kawamura et al. [50]14 and their results

are shown in their figure 1, case A. One sees that for a scalar mass of O(100) GeV the

heavy quark should be heavier than 1.6 TeV.

For the model with just a single scalar, Φ, the possibility it is dark matter has been

studied in detail by Calibbi et al. [52]. The model corresponds to their LL1 model and in

figure 4 they show the dark matter abundance in the mS (≡ mΦ), mL(≡ mΨ`) plane for a

range of Yukawa couplings, λL (≡ Γµ). In figure 6 they plot the dark matter abundance

in the λL, mS plane for a couple of values for mL. Also shown are the LHC limits on mS

and the 1σ and 2σ limits on (g − 2)µ.

One may see that there is a small window with mΦ = (60 − 80) GeV which has not

been excluded by the LHC. Interestingly it is possible that Φ makes up all of dark matter

in this mass range, depending on the heavy lepton mass and its coupling to the scalar. For

example this is possible for mΨ` = 105 GeV, a scalar mass mΦL = 62 GeV and Γµ = 1.2, a

value a bit below the allowed range coming from b→ sµµ. With this Yukawa coupling the

discrepancy in the anomalous magnetic moment is reduced to 1.5σ.

For the two scalar model the window applies to the light scalar mass, mΦL = (60 −
80) GeV. In this case, for maximal mixing, λL ≡ Γµ/

√
2 so, for a heavy lepton mass of

105 GeV, the light scalar can make up all of dark matter for Γµ = 1.7. This is in the range

required to explain b → sµµ and within 1.3σ of the anomalous magnetic moment. The

latter is quite sensitive to the mass of the heavier scalar and the discrepancy falls to 1σ for

mΦH = 200 GeV.

Note that the bounds on the vector-like quarks and leptons and the new scalars are

significantly weakened in the case discussed in appendix B when the lightest new state can

decay rapidly into Standard Model states.

7 Summary and conclusions

In this paper we have explored the possibility that the neutral current anomalies observed

in B decays come from loop effects generated by Yukawa couplings of SM fermions to

new heavy SM singlet scalars and new heavy vector-like quark and lepton SM doublets.

We have shown that the phenomenologically required structure of the Yukawa couplings

can be ensured by a simple Abelian family symmetry and that the same symmetry can

generate and acceptable pattern of fermion masses and mixing angles, thus relating the

lepton non-universality observed in the B-sector to the non-universality of the fermion

mass matrix.

We have analysed two simple models, one with a single heavy scalar in which flavour

changing is driven solely by the mixing in the fermion sector and a second involving two

heavy scalars in which flavour changing is generated by fermion mixing and/or scalar

mixing. In both cases, for the vector-like quark much heavier than the other new states, it

is possible to generate the effective operators, O9 and O10 with coefficient large enough to

explain the B-anomaly without violating the stringent bound coming from Bs− B̄s mixing.

14See also [49].
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Indeed in the two scalar model it is possible to avoid this bound completely with the

caveat that one also has a strong cancellation in K − K̄ and D − D̄ mixing. We have also

checked that the Yukawa couplings needed do not generate an unacceptable contribution

to the KL − KS mass difference and D − D̄ mixing or to other lepton family number or

universality violating processes. While the Yukawa couplings required are quite large, they

remain in the perturbative regime with the further new states needed to avoid their Landau

poles only required above a scale of O(106) GeV. It is interesting to note that the same

coupling generates a contribution to the muon anomalous magnetic moment that resolves

the observed discrepancy of the experimental value with the SM prediction. For this to

be the case the lightest scalar and vector-like lepton should be quite light, of O(100) GeV,

but if they decay rapidly to SM states there will be no significant missing energy signal

and the best limit is the LEP limit for the heavy lepton at 100 GeV. The scalar cannot be

directly pair produced and so the limit on its mass is much milder.

On the other hand a simple Z2 extension of the family symmetry ensures that the new

states are distinguished from the SM states so that they can only be produced in pairs and

the lightest state, which must be a scalar, is stable and a DM candidate. In the case of

the two scalar model the DM abundance for the Yukawa coupling needed to explain the

B-anomalies is at the level that it can make up all of DM for a scalar mass of O(100) GeV.

Of course it is necessary to check that the new heavy states should not have been observed

to date and in this case there are significant missing energy signals. The bounds on the

coloured quarks are quite severe, requiring them to be above 1.5 TeV and accordingly our

numerical estimates were done for a 2 TeV vector-like doublet of quarks. The other states

must be much lighter and it turns out that there is a viable window with the lightest scalar

mass of O(60 − 80) GeV and the heavy lepton mass of O(100) GeV. In this region it is

possible simultaneously to explain the neutral B anomalies, the muon anomalous magnetic

moment and the DM abundance. It should be possible for the LHC experimental searches

to fully explore this region in the near future.
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A Elimination of lepton flavour changing processes

While the lepton family mixing is small enough to avoid violating bounds on lepton flavour

violating processes, τ → µγ, µ→ eγ etc. the expectation in this model is that the branching

ratios are close to these bounds. Thus it is of interest to check whether these can be further
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suppressed. Indeed this is relatively simple through the introduction of a further family

symmetry. A simple example is to add a Z3 discrete symmetry under which the 3 different

lepton families transform as 1, α and α2 where α is the cube root of unity. In this case

there can be no lepton family mixing and the current eigenstates are the mass eigenstates.

If, in addition, Ψ`,(L,R) transforms in the same way as the muon under Z3 then the box

graph will only involve muons and generate b→ sµµ as desired. Because the lepton families

do not mix it is possible to simplify their charge structure under U(1)F . The choice given

in eq. (A.1) gives an acceptable lepton mass hierarchy with
mµ
mτ

= O(ε) and me
mµ

= O(ε3).

Q1 q1 Q2 q2 Q3 q3 L1 l1 L2 l2 L3 l3 ΨQ,(L,R) Ψ`,(L,R) Φ Φ̃ H χ

QF 3 −1 2 0 0 0 2 −2 −1 0 0 0 2 1 −2 0 0 1

Z3 1(α) 1(α) 1 1 1 1 1 1 α α α2 α2 1 α 1 1 1 1

(A.1)

With these Z3 charges given in eq. (A.1) there is no lepton family mixing. The muon

mass remains of O(ε) relative to the τ mass but the electron mass is now O(ε3) relative

to the muon mass, still phenomenologically acceptable given the unknown O(1) couplings

involved.

The quark masses and mixings are unchanged compared to the model discussed in

section 3 with couplings of Q1 to the vector-like quark generating additional non-universal

lepton decay modes. These can readily be forbidden if the first generation quark doublet

and down quark transform non-trivially under Z3 as shown by the terms in brackets in

eq. (A.1). In this case the mixing to the first generation of quarks must occur in the up

quark sector.

Neutrino massese are presumed to be generated at very short distances. The Z3

symmetry only allows L2L3 terms in a Weinberg operator for see-saw neutrino masses.

However, it is natural to expect that the dynamics responsible for breaking lepton number

does not respect Z3.

B Simplified model without a dark matter candidate

If one is not concerned to have the possibility that the new heavy states are dark matter

candidates it is possible to simplify the original model by dropping the Z2 symmetry. In

this case there are additional terms allowed, for example

LMeff = M ′Q2PRΨQ + ΨQPR q2H

(
χ

Mq

)2

+ ΨQPR q3H

(
χ

Mq

)2

+ ΨQPR q1H

(
χ

Mq

)3

+ Γ̃sΨQPRΨQΦ̃ (B.1)

The first four terms induce mixing between qi, Q2 and ΨQ; together with the corresponding

mass terms in section 3 these induce 4 × 4 mass matrices for up and down type quarks

so that, e.g., the unitary matrices that diagonalize these are 4 × 4. The last term is an

interaction, and both this term and the mass mixing clearly allow the original Z2 odd states

to decay so they are no longer dark matter candidates.
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