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Scenarios in which right-handed light Standard Model fermions couple to a new gauge group, Uð1ÞT3R,
can naturally generate a sub-GeV dark matter candidate. But such models necessarily have large couplings
to the Standard Model, generally yielding tight experimental constraints. We show that the contributions to
gμ − 2 from the dark photon and dark Higgs largely cancel out in the narrow window where all the
experimental constraints are satisfied, leaving a net correction that is consistent with recent measurements
from Fermilab. These models inherently violate lepton universality, and UV completions of these models
can include quark flavor violation that can explain RKð�Þ anomalies as observed at the LHCb experiment
after satisfying constraints on BrðBs → μþμ−Þ and various other constraints in the allowed parameter space
of the model. This scenario can be probed by FASER, SeaQuest, SHiP, LHCb, Belle, etc.
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I. INTRODUCTION

The gμ − 2 anomaly has been one of the most promising
signals of possible new physics beyond the Standard Model
(SM) [1–8]. There are a variety of new physics scenarios
which can potentially explain this anomaly and which
typically rely either on new heavy particles with a large
coupling to muons or light particles with a very small
coupling to muons. But there is an interesting scenario in
which right-handed muons and other first- or second-
generation fermions are charged under a new gauge group,
Uð1ÞT3R [9–11]. In this scenario, the symmetry-breaking
scale of Uð1ÞT3R (∼Oð10 GeVÞ) naturally feeds into the
light SM fermion mass parameters, as well as the dark
sector, yielding a sub-GeV dark matter candidate. But the
blessing is also a curse, as in this scenario the mediators
inherently have a large coupling to the SM, resulting in
tight experimental constraints, and a typically very large
correction to gμ − 2. There is only a small window in which
the model is not ruled out by current laboratory, astro-
physical and cosmological observables. But within this

narrow window, there is a region of parameter space in
which the dark Higgs (ϕ0) and dark photon (A0) contribu-
tions to gμ − 2 largely cancel, yielding a net contribution to
gμ − 2, which is consistent with the newest measurement
from Fermilab.
The combined data of Fermilab [12] and BNL [1]

increases the tension between the experimental value and
the theoretical prediction [3–8,13–28] to 4.2σ level. This is
given by

Δaμ ¼ aexpμ − athμ ¼ ð2.52� 0.59Þ × 10−9: ð1Þ

The tension is less significant as claimed in a recent lattice
calculation [29] which needs to be investigated further
[30–32].
The mass terms for fermions charged under Uð1ÞT3R

arise from nonrenormalizable operators at the electroweak
symmetry-breaking scale. A variety of UV completions of
these models are possible, which generically permit quark
flavor-violating processes involving heavy particles. On the
other hand, since Uð1ÞT3R couples to one complete gen-
eration, it necessarily induces lepton flavor nonuniversality
through processes mediated by light mediators. These
processes together can generate anomalous lepton nonun-
iversality in b decays, which can potentially explain the
recently observed RKð�Þ anomalies [33–35]. These anoma-
lies are very clean observables since they are devoid of
hadronic uncertainties. Very recently, using the full run-1
and run-2 dataset, the LHCb collaboration updated the RK
result which now shows a 3.1σ deviation from the SM [35].
The full data analysis shows
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RK ¼ 0.846þ0.042
−0.039ðstatÞþ0.013

−0.012ðsystÞ; ð2Þ

where the SM calculation yields RK ¼ 1.00� 0.01
[36–38].
Since the gμ − 2 excess and the RKð�Þ anomalies are

indications of nonuniversality in the muon sector, it would
be interesting to accommodate both of them in the context
of a model (for recent work, see [39,40]). Such a model,
however, can be constrained by various other experi-
mental data. For example, the CCFR constraint on νμN →
νμNμþμ− interaction [41] makes it difficult for a model
to explain both anomalies [42,43]. Measurement of
BrðB → Kð�ÞννÞ also restrict the parameter space. Both
these neutrino related measurements constrain models
which utilize left-handed muons to solve the RKð�Þ puzzles.
Additionally, the measurements of BrðBs → μþμ−Þ restrict
the parameter space of such models. In the context of the
Uð1ÞT3R model, where the new gauge boson does not
couple to the left-handed neutrino, we will show how both
anomalies can be accommodated after satisfying various
experimental data including the recent muon g − 2 result.
We also show the predictions for a few more B decay
observables which can test this model with more data, new
measurements and improved theoretical understanding of
form factors.
A good way to probe the allowed parameter space of

this scenario experimentally is at beam dump experiments
with a displaced detector, where one can search for
the decays of the long-lived dark photon to eþe−. The
difficulty is that, because these models have a relatively large
coupling to the Standard Models, the decay length of the A0
tends to be shorter than typically expected; although it exits
the immediate interaction region, it often will decay before
reaching many displaced detectors. Thus there are regions of
parameter space (mϕ0 ∼ 70–90 MeV, mA0 ∼ 60–200 MeV)
in which the measured value of gμ − 2 can be explained, and
which lie just beyond current bounds from U70/NuCal
[42,44,45]. Portions of this region can be probed by
FASER [46–50], SeaQuest [51,52], and SHiP [53,54].
There is a portion of this parameter space (mA0 >110MeV)
which cannot be explored by even these experiments.
Alternatively, if the A0 decays invisibly, then there is a

region of parameter space (mϕ0 ∼ 95–102 MeV, mA0 ∼
10–30 MeV) in which scenario will again evade all con-
straints from laboratory experiments and cosmological
observables while also yielding a prediction for gμ − 2

which is consistent with the experiment. Interestingly, this
scenario can also potentially explain an excess event rate
seen by the COHERENT experiment, and this mass range
can be probed by the upcoming NA-64μ and LDMX-M3

experiments.
The plan of this paper is as follows. In Sec. II, we

review the Uð1ÞT3R model and the contribution to gμ − 2.
In Sec. III, we discuss constraints on this scenario, and

identify the regions of parameter space which are allowed,
and the experiments which may further constrain this
scenario. In Sec. IV, we discuss the explanations of the
RKð�Þ anomalies in the allowed parameter space of the
model and list various predictions. In Sec. V, we conclude.

II. THE MODEL AND gμ − 2
We consider the scenario in which the right-handed μ, ν,

u and d are charged under Uð1ÞT3R, with up-type and
down-type fermions having opposite sign charges (�2).
In this scenario, all gauge anomalies automatically cancel.
Note, it is technically natural [55] for the charged lepton
and either the up-type or down-type quark charged under
Uð1ÞT3R to bemass eigenstates. The details of this model are
described in [9–11], and are reproduced in the Appendix.
Uð1ÞT3R is spontaneously broken to a parity by the

condensation of the scalar field ϕ. We denote by V ¼ hϕi
the vacuum expectation value of ϕ, while the dark Higgs ϕ0
is the real field which denotes an excitation away from
the vacuum expectation value (vev). The dark photon A0

then gets a mass given bym2
A0 ¼ 2g2T3RV

2, where gT3R is the
coupling of Uð1ÞT3R.
Because the right-handed muon is charged under

Uð1ÞT3R, while the left-handed muon is not, the muon
mass is protected byUð1ÞT3R. As a result, in the low-energy
effective field theory (below the scale of electroweak
symmetry breaking), ϕ couples to the muon as λμϕμ̄μ. If
we define ϕ ¼ V þ ð1= ffiffiffi

2
p Þϕ0, then we find mμ ¼ λμV; if

we choose V ¼ Oð10 GeVÞ, then the effective Yukawa
coupling λμ is not unnaturally small. The dark Higgs then
couples to muons with a coupling mμ=

ffiffiffi
2

p
V.

The dark sector also includes a Dirac fermion η with
charge 1 under Uð1ÞT3R. This fermion can get a Majorana
mass term through a coupling to ϕ; if this is larger than the
Dirac mass, then one is left with two dark sector Majorana
fermions, η1;2 with masses proportional to V and a small
mass splitting. These fermions also couple to ϕ0 and A0. The
η1;2 are the only particles which are odd under the surviving
parity, and the lightest of these is a dark matter candidate
with a mass which is naturally sub-GeV.
The new fields added in this model are A0, ϕ0, η1;2 and νR.

We assume that the sterile neutrino νS is mostly νR, with
only a very small mixing with left-handed neutrinos. If the
sterile neutrino is reasonably light, it can be relevant in
formulating constraints on this scenario. For simplicity, we
will assume that it is moderately heavy, and plays little role
in these constraints.
We thus see that, once we specify V, mA0 and mϕ0 , the

coupling of the dark photon and the dark Higgs to the muon
are fixed. We will set V ¼ 10 GeV, following [9], and
consider the correction to the muon magnetic moment as a
function of mA0 and mϕ0 .
The muon anomalous magnetic moment will receive

corrections arising from diagrams in which either ϕ0 or A0
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run in the loop (see Fig. 1). The correction to aμ ¼
ðgμ − 2Þ=2 due to one-loop diagrams involving A0 and
ϕ0 is given by [56]

Δaμ ¼
m4

μ

16π2V2

Z
1

0

dx
ð1 − xÞ2ð1þ xÞ

ð1 − xÞ2m2
μ þ xm2

ϕ0

þ m2
μ

16π2V2

Z
1

0

dx
xð1 − xÞðx − 2Þm2

A0 − x3m2
μ

x2m2
μ þ ð1 − xÞm2

A0
;

¼ ð6.98 × 10−7Þ
�

V
10 GeV

�
−2
ðCϕ0 − CA0 Þ; ð3Þ

where

Cϕ0 ¼
Z

1

0

dx
ð1 − xÞ2ð1þ xÞ
ð1 − xÞ2 þ xr2ϕ0

;

CA0 ¼
Z

1

0

dx
xð1 − xÞð2 − xÞr2A0 þ x3

x2 þ ð1 − xÞr2A0
ð4Þ

and rϕ0 ≡mϕ0=mμ, rA0 ≡mA0=mμ. The contribution to
gμ − 2 from ϕ0 is always positive, while the contribution
from A0 is always negative, as the A0 has both vector and
axial couplings to the muon. These contributions must
cancel to within Oð1%Þ in order for the total correction to
gμ − 2 to be consistent with observations. We plot Cϕ0 ðrϕ0 Þ
and CA0 ðrA0 Þ in Fig. 2.
Interestingly, the contribution from the A0 is nearly

universal; CA0 only varies between 1=2 and 2=3. In
particular, as mA0 grows, the coupling also grows and
the contribution to gμ − 2 asymptotes to a constant. But
even as mA0 decreases and the gauge coupling goes to zero,
the contribution to gμ − 2 still asymptotes to a constant,
because the longitudinal polarization effectively becomes a
pseudoscalar Goldstone mode, with the same coupling to
muons as the ϕ0. As such, gμ − 2 can only be consistent
with experiment for Cϕ0 between 1=2 and 2=3, which
corresponds ð2=3Þmμ ≲mϕ0 ≲mμ. We thus see that one
can only obtain consistency with gμ − 2 measurements for
mϕ0 within the very narrow range of ∼67–100 MeV. Note
that two-loop Barr-Zee type diagrams are also possible with

dark Higgs/photon in this scenario. But the contribution is
negligible compared to the one-loop contribution [57,58].
Thus far, we have only considered the low-energy

effective field theory defined below the scale of electro-
weak symmetry breaking. But the muon mass term requires
both a Higgs and a dark Higgs insertion, and thus arises
from a nonrenormalizable operator of the form ð1=ΛÞHϕμ̄μ
in the theory defined above electroweak symmetry break-
ing. There should be some UV completion of this theory,
and one might wonder if the corrections to gμ − 2 induced
by the new UV fields could spoil the result we have
found. To explore this, we consider, as an example of a
possible UV completion, the universal seesaw [59–66].
In this case, there is a new heavy fermion χμ, charged under
hypercharge, which couples to muons as λLHχ̄μPLμþ
λRϕχ̄μPRμþ H:c:. In the theory defined below mχμ,
this will yield the required effective operator, subject to
the seesaw relation mμ∼λLλRhHiV=mχμ . If we take V ¼
10 GeV and λL;R ¼ Oð1Þ, then we findmχμ ¼ Oð10 TeVÞ;
the corrections yielded by introducing this field will not
substantially change our discussion. Note that if λLλR is
significantly smaller than unity, then χμ may be light enough
to be probed at the LHC.

III. ALLOWED REGIONS OF PARAMETER
SPACE AND FUTURE PROBES

Wewill now consider the regions of this parameter space
are consistent with other laboratory experiments. The
relevant experiments are those in which the A0 and ϕ0
are produced at accelerator experiments and either decay
invisibly, or decay visibly at displaced detectors [10].
If the A0 decays invisibly, then this scenario would

be ruled out by data from COHERENT [67–71] and
Crystal Barrel [72,73], unless mA0 < 30 MeV. But for
mA0 ≲Oð10 MeVÞ, this scenario faces tension with cos-
mological bounds (corrections to Neff [11,74]), although
there are more complicated scenarios in which this tension

FIG. 1. One-loop ϕ0=A0 contribution to gμ-2.

FIG. 2. Plot of Cϕ0 and CA0 as functions of rϕ0 and rA0 ,
respectively.
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can be alleviated. For mA0 in the ∼10–30 MeV range, A0
production can potentially contribute to anomalous super-
nova cooling [75–78]). But in this mass range, the coupling
gT3R is large enough that the A0 will decay promptly, and the
decay products will not be able to free stream out of the
supernova. If A0 in the ∼10–30 MeV mass range decays
invisibly, then it will satisfy all other current laboratory and
cosmological constraints, and the constraints on gμ − 2 will
also be satisfied for mϕ0 in the ∼95–102 MeV range.
Moreover, for mA0 ∼ 30 MeV, this scenario can explain

the excess of events seen by the COHERENT experiment.
The COHERENT experiment collides a proton beam
against a fixed target, and searches for the scattering of
neutrinos produced by these collisions at a displaced
detector. The COHERENT experiment sees a 2.4 − 3σ
excess of events [79], which could be explained if the A0
(mA0 ∼ 30 MeV) decays to either dark matter or sterile
neutrinos, which in turn scatter against nuclei in the distant
detector by A0 exchange [10].
This scenario, in which the A0 (mA0 ∈ ½10; 30� MeV) and

ϕ0 (mϕ0 ∈ ½95; 102� MeV) decay invisibly, can be probed
definitively by the upcoming NA-64μ and LDMX-M3

experiments. We will address the scenario of invisible A0
decay further, in the context of flavor anomalies.
The visible decay A0 → eþe− can be mediated by one-

loop kinetic mixing, in which the right-handed SM fer-
mions charged underUð1ÞT3R run in the loop. Assuming no
tree-level kinetic mixing, we find a γ − A0 kinetic mixing
parameter of ϵ ∼ ðmA0=

ffiffiffi
2

p
VÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
αem=4π3

p
. This scenario is

ruled out by data from U70/NuCal unless mA0 > 56 MeV,
and by data from BABAR [42,80,81] unless mA0 <
200 MeV. For mA0 in the 56–200 MeV range, the range
of mϕ0 for which gμ − 2 can match observation is indeed
very narrow: 74–86 MeV. We plot the region of ðmϕ0 ; mA0 Þ
parameter space consistent with current gμ − 2 observations
in Fig. 3, along with current bounds from U70/NuCal,
BABAR and E137 [82–84]. We also plot the sensitivity of
FASER, FASER 2, SHiP and SeaQuest, which also can
search for the displaced decays of A0. These bounds and
sensitivities are discussed in more detail in [10].
Note that, if we increase the value of V, then we will

reduce the precision with which Cϕ0 and CA0 must cancel.
But increasing V will also result in a longer lifetime for A0,
since it would yield a reduced gauge coupling for Uð1ÞT3R.
This would raise the lower bound onmA0 from U70/NuCal,
which is determined by fact that, for larger mA0, the dark
photon decays before it reaches the detector. Thus, one
cannot significantly reduce the precision of the required
cancellation by increasing V.

A. Dark matter relic density and direct detection

The motivation for coupling the light fermions to
Uð1ÞT3R was for the new light scale to not only feed into
the light SM fermion masses but also the dark sector,

providing a predictive framework for determining the
dark matter mass scale. The dark sector consists of two
Majorana fermions, η1;2 which couple to ϕ0 (∝ mη=V) and
A0 (∝ mA0=V) These couplings allow the dark particles to
interact with the SM, potentially diluting the relic density,
and yielding a direct detection signal.
Dark matter coannihilation in the early Universe can be

mediated by the A0, but the only accessible final states are
νAνA and eþe− (the γγ final state is forbidden by the
Landau-Yang theorem [85]). Since both of these final states
are suppressed, either by a neutrino mixing angle or a
kinetic mixing parameter, coannihilation via an intermedi-
ate A0 will play no role in our benchmark scenario.
For mη ∼ ð1=2Þmϕ0, the relic density can instead be

sufficiently depleted by annihilation to photons via the
ϕ0 resonance (ηη → ϕ0 → γγ) to match current observa-
tions. Note that this annihilation cross section is p-wave
suppressed. This suppression was only an Oð10Þ factor at
the time of dark matter freeze-out, but was much larger at
late times, leading to a negligible contribution to cosmic
microwave background distortions or current indirect
detection signatures.
Dark matter spin-independent velocity-independent scat-

tering with nuclei can be mediated by either the ϕ0 or A0,
which in this scenario couple both to the dark matter and to
u=d quarks. Scattering mediated by ϕ0 is elastic and isospin
invariant, while scattering mediated by the A0 is inelastic
(since Majorana fermions can only have off-diagonal vector
couplings) and maximally isospin violating [86–88] (since
the A0 couples to u and d with opposite signs).
In Fig. 4, we plot the elastic spin-independent dark

matter nucleon scattering cross section mediated by ϕ0,
assuming mϕ0 ¼ 75 MeV. In the same plot, we also show
the inelastic spin-dependent dark matter proton scattering

FIG. 3. Plot of the region in the ðmA0 ; mϕ0 Þ plane which is
consistent with current measurements of gμ − 2 (blue), along with
current exclusion bounds (gray) from U70/NuCal, E137 and
BABAR, and the future sensitivity of FASER (red transparent),
FASER 2/SHiP (blue transparent) and SeaQuest (green trans-
parent). gT3R is shown on the top axis.
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cross section mediated by A0, assuming that the dark matter
mass splitting is negligible. Note that this cross section is
independent of mA0 at fixed V, since gT3R ∝ mA0 . For
mη1 ≲ 100 MeV, these scenarios are unconstrained by
current direct detection experiments [89–92].

IV. FLAVOR ANOMALIES

This model can potentially impact the variety of anoma-
lies in observables based on the process b → slþl−. If
these anomalies are explained by new physics, it points to a
scenario which generates both lepton flavor nonuniversality
and quark flavor violation. The scenario we describe here
can contribute to both of the above, implying that it may
also contribute to these flavor anomalies.
Lepton flavor nonuniversality arises from the low-energy

sector of the theory, since the ϕ0 and A0 couple only to μ
at tree level. On the other hand, quark flavor violation can
arise from the UV completion of this model. We have

considered, as possible UV completions, the addition
of heavy fermions which have same EM charge as SM
fermions but different charges under SUð2ÞL and/or
Uð1ÞT3R. Once these heavy fermions are integrated out,
we generate the low energy effective Lagrangian as
described in the Appendix.
When these new fermions are added, the Z and A0

couplings to fermions in the flavor eigenstate basis are
diagonal matrices which need not be proportional to the
identity. As a result, these coupling matrices can become
nondiagonal in the mass eigenstate basis, yielding vertices
of the form b̄γμPL;RsðZ; A0Þμ. Note, such flavor changing is
not allowed for the photon coupling, as a result of gauge
invariance (in particular, the photon coupling matrix is
proportional to the identity in every basis). Terms of
the form b̄γμPL;RsZμ can contribute to universal quark
flavor-changing processes (b → slþl−), while terms of the
form b̄γμPL;RsA0

μ can contribute to lepton nonuniversal
quark flavor-changing processes (b → sμþμ−).
As an example, we have considered a UV completion

based on the universal seesaw, in which one introduces new
heavy vectorlike fermions χu;d;μ;ν which are neutral under
Uð1ÞT3R, but have the same SM quantum numbers as uR,
dR, μR and νR, respectively. While this is a minimal UV
completion, one could add additional generations of these
heavy particles, or even a single additional particle, without
generating anomalies. Consider adding an additional χ0a,
which mixes with b and s through Lagrangian terms of
form λ0b;sHQ̄b;s

L PRχ
0
a þm0

b;sχ̄
0
aPRq

b;s
R þH:c:. (we assume

negligible mixing with the first generation). We see that
ðχ0aÞR has same Z coupling as ðb; sÞR, while ðχ0aÞL has a Z
coupling which differs from ðb; sÞL, and ðb; s; χ0aÞL;R are all
neutral under Uð1ÞT3R. In this scenario, we would find a
vertex of the form b̄γμPLsZμ at tree level [Fig. 5(a)], but
with no similar coupling for right-handed quarks (since
the Z coupling to the right-handed quarks is the identity
in every basis). A coupling of the form b̄γμPLsA0

μ is also
induced at one-loop through Z − A0 kinetic mixing, but this
term will generally be small if the kinetic mixing is small.

FIG. 4. Spin-independent dark matter-nucleon scattering cross
section as a function of the dark matter mass. The blue (solid) line
shows the spin-independent (SI) elastic scattering cross section
mediated by ϕ0 for mϕ0 ¼ 75 MeV. And the orange (dashed) line
shows the SI inelastic scattering cross section mediated by A0
with δ ¼ 0.

FIG. 5. Feynman diagrams that contribute to the B anomalies.
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By the same token, one could instead add a vectorlike
fermion χ00a with the same SM quantum numbers as ðb; sÞR
but withUð1ÞT3R chargeQT3R ¼ 2. This fermion could mix
with b, s (we assuming negligible mixing with d) through a
Lagrangian term of the form λ00b;sϕχ̄

00
aPRqb;s. Since χ00a is

charged under Uð1ÞT3R while b, s are not, this term will
yield a tree-level contribution to the coupling b̄γμPL;RsA0

μ

[Fig. 5(b)]. Similarly, since ðχ00aÞL has a different Z coupling
than ðb; sÞL, this term will yield a tree-level contribution to
the coupling b̄γμPLsZμ. In this case, there is no similar
contribution to b̄γμPRsZμ, since ðb; s; χ00aÞR all have iden-
tical coupling to the Z boson. These considerations would
be reversed if we had instead given the χ00a the same SM
gauge charges as ðb; sÞL.
Note that the introduction of χ00a will also induce a vertex

of the form λ00b;sϕ
0q̄Lðs;bÞqRðb;sÞ sin θ0ðs;bÞL. The related dia-

gram is shown in Fig. 5(c).
We can approximate the effect of these interactions

with effective operators which couple a (b, s) quark
bilinear to a muon bilinear. For diagrams in which ϕ0 or
A0 is exchanged, since the energy transfer is much larger
than the mediator, we may approximate the energy scale
of the operator with energy scale of the process,
Λ ∼Oð2 GeVÞ.
The diagrams which involve ϕ0 exchange will contribute

to effective operators with scalar Lorentz structure. The
diagrams which involve Z or A0 exchange will contribute to
effective operators with vector or axial-vector Lorentz
structure, and also to operators with pseudoscalar structure
(arising from the Goldstone mode, or equivalently, the
chiral coupling of the longitudinal polarization). We may
ignore this operator for the case of Z exchange, however,
since the mass of the gauge boson is much larger than the
energy of the process.
The effective operator corresponding to Fig. 5(a) can be

written as

OZ
U ¼ e2

3m2
Z
tan2θWðsinθsL sinθbLþ sinθ0sL sinθ

0
bLÞ

× ðb̄γμPLsÞ
�
μ̄γμ

�
PRþ

�
1−

1

2sin2θW

�
PL

�
μ

�
: ð5Þ

We can express the effective operators corresponding to
Figs. 5(b) and 5(c) as

OA0
NU ¼ 1

Λ2
sin θ0sðL;RÞ sin θ

0
bðL;RÞ

�
mA0ffiffiffi
2

p
V

�
2

× ðb̄γμPL;RsÞðμ̄γμPRμÞ

þ 1

Λ2
sin θ0sðRÞ sin θ

0
bðRÞ

�
mμmb

2V2

�
ðb̄γ5sÞðμ̄γ5μÞ

−
1

Λ2
sin θ0sðLÞ sin θ

0
bðLÞ

�
mμms

2V2

�
ðb̄γ5sÞðμ̄γ5μÞ; ð6Þ

Oϕ0
NU ¼ λ00s

Λ2
sin θ0bL

mμffiffiffi
2

p
V
ðb̄PRsÞðμ̄μÞ

þ λ00b
Λ2

sin θ0sL
mμffiffiffi
2

p
V
ðb̄PLsÞðμ̄μÞ; ð7Þ

where θðs;bÞL are the left-handed ðs; bÞ − χ0a mixing angles,
θ0ðs;bÞðL;RÞ are the left-/right-handed ðs; bÞ − χ00a mixing

angles and where we may take Λ ∼Oð2 GeVÞ.
We can expand these operators in the basis

αemGFffiffiffi
2

p
π

VtbV�
ts

X
i;l

Cbsll
i Obsll

i ; ð8Þ

where

Obsll
9 ¼ ðs̄γμPLbÞðl̄γμlÞ;

Obsll
10 ¼ ðs̄γμPLbÞðl̄γμγ5lÞ;

O0bsll
9 ¼ ðs̄γμPRbÞðl̄γμlÞ;

O0bsll
10 ¼ ðs̄γμPRbÞðl̄γμγ5lÞ;

Obsll
S ¼ mbðs̄PRbÞðl̄lÞ;

O0bsll
S ¼ mbðs̄PLbÞðl̄lÞ;

Obsll
P ¼ mbðs̄PRbÞðl̄γ5lÞ;

O0bsll
P ¼ mbðs̄PLbÞðl̄γ5lÞ: ð9Þ

Defining CU
i ¼ Cbsee

i and CNU
i ¼ Cbsμμ

i − CU
i , we find

ΔCU
9 ¼ ð−146Þðsin θsL sin θbL þ sin θ0sL sin θ

0
bLÞ;

ΔCU
10 ¼ ð1.8 × 103Þðsin θsL sin θbL þ sin θ0sL sin θ

0
bLÞ;

ΔCNU
9 ¼ ΔCNU

10 ¼ ð1.9 × 108Þ sin θ0sL sin θ0bL
�

mA0ffiffiffi
2

p
V

�
2

;

ΔC0NU
9 ¼ ΔC0NU

10 ¼ ð1.9 × 108Þ sin θ0sR sin θ0bR
�

mA0ffiffiffi
2

p
V

�
2

;

ΔCNU
P ¼ −ΔC0NU

P ¼ −ð2.0 × 105 GeV−1Þ
�

V
10 GeV

�
−2

× ðsin θ0sR sin θ0bR − ðms=mbÞ sin θ0sL sin θ0bLÞ;

ΔCNU
S ¼ ð2.7 × 107 GeV−1Þλ00b sin θ0sL

mμ

mb

�
V

10 GeV

�
−1
;

ΔC0NU
S ¼ ð2.7 × 107 GeV−1Þλ00s sin θ0bL

mμ

mb

�
V

10 GeV

�
−1
:

ð10Þ

Since sin2 θW ∼ 0.23, the universal lepton vector coupling
is negligible.
We see that this scenario allows for several operators

which contribute b → slþl− processes, with coefficients
controlled by independently tunable couplings and mixing
angles. We find that we have freedom in the quark
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couplings, although the vector couplings to muons are only
right handed.

A. Benchmark scenarios

We now use the allowed parameter space of mA0 and mϕ0

masses, as shown in Fig. 3, to explain the recently observed
anomalies. To study the implications of this scenario for
flavor anomalies, we restrict our analysis to theoretically
clean observables [93], RK , RK� and BrðBs → μþμ−Þ. RK
and RK� are defined as

RK ≡ BrðB → Kμþμ−Þ
BrðB → Keþe−Þ ;

RK� ≡ BrðB → K�μþμ−Þ
BrðB → K�eþe−Þ : ð11Þ

Because of lepton flavor universality, the SM predictions
for RK and RK� are close to unity [36,37], while the
measurements have been consistently below the SM
prediction [33–35,94,95]. Recently, the LHCb collabora-
tion reported the most precise measurement of RK in the q2

bin of 1.1 to 6 GeV2 using the full run-1 and run-2 datasets
shown in Eq. (2) [35], which deviates form the SM
prediction by 3.1σ. The RK� measurements [33,34]

RK� ¼
�
0.660þ0.11

−0.07 � 0.03ð2mμÞ2 < q2 < 1.1 GeV2

0.685þ0.11
−0.07 � 0.051.1 GeV2 < q2 < 6 GeV2

ð12Þ

disagree with the SM expectations at the 2.4σ and 2.5σ
levels, respectively. In this study, we restrict ourselves to
the central bin of RK� measurement. It is known that
explaining both bins with effective operators is extremely
challenging, and we will wait for more data to confirm the
energy dependency [96,97]. Together with other processes
mediated by b → slþl− transitions, the tension is at least
at the level of 4σ [93,98,99]. LHCb also reported the
measurement of the branching fraction of Bs → μþμ− using
the full dataset [100],

BrðBs → μþμ−Þ ¼ 3.09þ0.46
−0.43ðstatÞþ0.15

−0.11ðsysÞ × 10−9: ð13Þ

Together with the recent measurement by ATLAS [101]
and CMS [102], a decay rate smaller than the SM
prediction is favored [93,98].
In general, it is difficult to explain gμ − 2, RKð�Þ , and

Bs → μþμ− simultaneously with a vector mediator while
respecting all current experimental constraints. The region
that is consistent with gμ − 2 is strongly constrained by
beam dump and fixed target experiments for models such as
Uð1ÞB−L [42]. In models such as Uð1ÞLμ−Lτ

[103,104], a

mediator around 10–100 MeV with a coupling gμτ ∼
Oð10−4Þ–Oð10−3Þ can accommodate the gμ − 2 results.

Heavier mediators require larger muon couplings and are
heavily constrained by neutrino trident production at CCFR
[42]. Then to accommodate the result of RK and RK� , a bs
coupling around Oð10−10Þ–Oð10−9Þ is required. In this
scenario, a light mediator decays dominantly to neutrinos,
and it contributes to the B → K�X;X → νν process. The
couplings required to explain RKð�Þ lead to BrðB → K�XÞ ×
BrðX → ννÞ at least Oð10−4Þ. The measurement at Belle
sets an upper limit on BrðB → K�ννÞ of 5.5 × 10−5 at 90%
confident level [105], and thus exclude this simple
scenario.
The advantage of models with only right-handed lepton

coupling such as Uð1ÞT3R is that, due to the lack of left-
handed neutrino couplings, the major experimental con-
straints, including CCFR and B → K�νν, do not apply to
such scenarios.1 But on the other hand, Uð1ÞT3R models

necessarily impose Cð0ÞNU
9 ¼ Cð0ÞNU

10 , and this constraint
makes it difficult to explain the RK and RK� , and BrðBS →
μþμ−Þ measurements simultaneously. The RK and RK�

measurements prefers a negative Cbsμμ
9 , or a positive Cbsμμ

10 ,
and the smaller decay rate of Bs → μþμ− favors a positive
Cbsμμ
10 , or a negative C0bsμμ

10 . To explain RK and RK� with a
positive Cbsμμ

10 , which is favored by Bs → μþμ−, implies
a negative Cbsμμ

9 . Since CNU
9 ¼ CNU

10 , a negative Cbsμμ
9 and a

positive Cbsμμ
10 imply a negative nonuniversal part and a

positive universal part. Then a positive Cbsee
10 will leave the

RK and R�
K unexplained.

Therefore, we consider the following two additional
scenarios. In the first scenario, we introduce scalar and
pseudoscalar couplings. We rely on the scalar and pseu-
doscalar operators to explain BrðBS → μþμ−Þ, while RKð�Þ

can be fixed by other operators. In the second scenario, we
include the prime operators, which only contain the
nonuniversal part, so that the contributions are generated
from both left-handed and right-handed quark couplings.
In Table I, we present four benchmarks. For all bench-

mark points, we calculate the corresponding flavor observ-
ables with FLAVIO [110], and also calculate the SM pull,
defined as

ffiffiffiffiffiffiffiffi
Δχ2

p
, using the clean observables only, to show

how well those three measurements can be described and
how significant the deviation is from the SM. When we
calculate the SM pull, we only include the LHCb results
for simplicity. The Belle measurements of RKð�Þ have

1In this scenario, there is a contribution to the B → Kð�Þνν
process from B → Kð�ÞA0, and A0 → νν. These processes have
hadronic form factor uncertainties [106–108]. In addition, in the
Belle and BABAR analysis [105,109], the invariant mass of the
two neutrinos, mνν is required to be larger than about 2.5 GeV.
Therefore, such measurements do not apply to the parameter
space if A0 dominantly decays into missing energy, i.e., νsνs.
There would be constraints from the COHERENT and Crystal
Barrel experiments for such a final state in this model for
mA0 > 30 MeV. However for mA0 < 30 MeV all constraints
are satisfied.
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significantly larger uncertainties compared to the LHCb
results [33–35], while the Bs → μþμ− measurements by
ATLAS and CMS correlates with Bd → μþμ− [101,102].
The energy-dependant behavior in RK� is beyond the scope
of this study, so we only list the value of RK� in the central
q2 bin, as indicated by numbers in the bracket. Here q2 is
defined as the invariant mass squared of the dimuon
system.
The first three benchmarks correspond to the first

scenario in which scalar and pseudoscalar operators are
responsible for BrðBS → μþμ−Þ. In BMA, we include the
scalar operators, and in BMB, and in BMC, we include
both scalar and pseudoscalar operators. For BMA, RK and
Bs → μþμ− agree with the LHCb results within 1σ, and RK�

agree with the LHCb results within 2σ, and the SM pull is
4.4σ for BMA. For the second benchmark BMB, all three
observables agree with the LHCb measurements within 1σ,
with a SM pull of 4.6σ. For BMC, RK and Bs → μþμ−
agree with the LHCb results within 1σ, while RK� is
SM like.
BMD corresponds to the second scenario. Introducing

only left-handed quark couplings does not provide a good
explanation for all three measurements. As discussed
above, a pure left-handed quark coupling will leave either
RK� or BrðBs → μþμ−Þ unexplained. Therefore, we further
include the nonuniversal, primed operators. RK and Bs →
μþμ− agree with the LHCb results within 1σ, and RK� agree
with the LHCb results within 2σ, and the SM pull is 4.7σ
for BMD.
In BMA and BMC, with a negative C9 and a positive

C10, both electron and muon modes are suppressed
compared to the SM, and RK and RK� are explained by
suppressing the muon mode even more from the nonuni-
versal part. In BMB and BMD, both electron and muon
modes are enhanced compared to the SM, and RK and RK�

are explained by increasing the muon mode less from the
nonuniversal part. For all benchmark scenarios we consid-
ered, the Z-mediated contributions to B → Kð�Þνν, and

B → Kð�Þee are well below the current upper limit
[105,111,112], and contributions to Bs − Bs mixing are
negligible as bsbs operators are very small in the region of
interest.
We have listed in Table II the predictions of this model

for other observables with large theoretical uncertainties.
We also list the current experimental value and the SM
predictions, calculated by FLAVIO [110] for references.
Currently, those observables are measured with 3 fb−1 of
data. The numbers in the bracket show the range of the
invariant mass-squared of the dimuon system, q2. The
uncertainties in the experimental value, from left to right,
are statistical, systematic and due to the normalisation
mode (for the last two only). As discussed above, in BMA
and BMC, the muon modes are suppressed, as indicated by
the current experiments, while in BMB and BMD, the
muon modes are enhanced compared to the SM.
Because of the universal contribution, in order to

accommodate the experimental value of RK and RK� ,
sizable deviations from SM predictions are expected for
the unclean observables. Models with smaller Wilson
coefficients, such as in BMB, lead to a good explanation
to the unclean observables. These observables, however,
involve form factor related uncertainties, which lead to
large corrections to the model predictions. If these theo-
retical uncertainties can be brought under control, then
model predictions can be more meaningfully compared
to data.
Below the dimuon threshold, A0 may decay to eþe− via

kinetic mixing with the photon. In processes such as B →
Keþe− (which contain hadronic form factor uncertainties
[106–108]), an A0 can be produced on shell via B → KA0,
with the A0 decaying to an eþe− pair, potentially leading to
a signal in a resonance search. Although LHCb does have
constraints on the dark photon using ll resonance
searches, it has no constraints on the eþe− decay mode
in the energy range of interest. LHCb constraints use the
μþμ− final state for mA0 ≥ 2mμ [116]. For B → K�ll

TABLE I. Details of the four benchmark points described in the text. The first five rows present the values of the
coefficients CU

10, C
NU
9;10, jCs − C0

sj (in units of GeV−1), jCp − C0
pj (in units of GeV−1), and C0NU

9;10 . Rows 6–8 present
predictions for RK, RK� (in the q2 ∈ ½1.1; 6� GeV2 bin), and BrðBs → μþμ−Þ. Row 9 presents the SM pull of each
benchmark point.

BMA BMB BMC BMD

CU
10

4.85 −5.86 2.7 −5.67
CNU
9;10 −0.30 3.65 −0.8 4.55

jCs − C0
sj GeV−1 0.033 0.024 0.011 …

jCp − C0
pj GeV−1 … 0.030 0.043 …

C0NU
9;10 … … … −1.28

RK 0.82 0.87 0.86 0.87
R�
K ½1.1; 6� 0.83 0.78 0.97 0.89

BrðBs → μþμ−Þ 3.36 × 10−9 3.05 × 10−9 2.67 × 10−9 3.34 × 10−9

SM pull 4.4σ 4.6σ 3.8σ 4.2σ
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modes [117,118], LHCb performs a resonance (eþe−)
analysis only for q2 > 6 GeV2, using the J=ψ → eþe−

channel. Below 6 GeV2, there exists no resonance study
providing the distribution mllðq2Þ. The minimum angular
separation between eþ and e− is also not given (eþe− is
quite collimated for such a low A0 mass, as in our scenario).
LHCb also performs nonresonance studies of the invariant
massesmðKπllÞ andmðKllÞ for the B → K�ll and B →
Kll decay modes, respectively which does not constrain
our model. Since we considermA0 ∼ 100 MeV, one needs a
dedicated resonance study with the eþe− final state to
obtain constraints. Currently we do not have any constraint
from LHCb on this resonance channel.
In this setup, we introduced mixing in the second and

third generation down-type quark sector via heavy quarks,
and we have discussed the associated predictions for
flavor-changing neutral currents. But this scenario does
not generate contributions to the Cabibbo-Kobayashi-
Maskawa matrix. To do so, we would need to turn on
mixing among all the generations of up- and down-type
quarks [59–66].

V. CONCLUSION

Scenarios in which first-/second-generation right-handed
SM fermions are charged under Uð1ÞT3R are particularly
interesting. Among all scenarios involving new gauge
groups, this scenario is distinctive because the coupling
of the new particles to the SM is constrained from below;
because the new symmetry protects fermion masses, the
coupling of the symmetry-breaking field to SM fermions is
proportional to the fermion mass. This yields an attractive
scenario in which the symmetry-breaking naturally sets not
only the light SM fermion masses but also the mass scale of
the dark sector, naturally pointing to sub-GeV dark matter.
But the other side of this coin is that the symmetry-breaking
field necessarily has a large coupling to SM fields, as it is
proportional to the ratio of SM fermion mass and the
symmetry-breaking scale, which is presumed to be not
large. This coupling is inherited by the dark Higgs and the

Goldstone mode (which is absorbed into the dark photon
longitudinal polarization). This scenario thus faces tight
constraints from searches for these mediators, and only a
narrow range of parameter space is still viable.
These couplings are particularly relevant to the correc-

tions to gμ − 2, as both the dark Higgs and dark photon
yield corrections which are roughly two orders of magni-
tude too large. But within the small region of parameter
space which is allowed by other experiments, the correc-
tions from the dark photon and the dark Higgs can cancel,
yielding an overall contribution which matches the latest
measurements from Fermilab.
This scenario necessarily leads to lepton flavor nonun-

iversality arising from low-energy physics. Moreover, UV
completions of this scenario can easily accommodate quark
flavor violation. These are the required ingredients for
explaining the anomalies in RKð�Þ observation. We show
that we can have necessary operators to explain the
anomalies after satisfying Bs → μþμ− constraint in the
allowed parameter space where the gμ − 2 anomaly is also
explained. In general, it is not easy to explain both
anomalies after satisfying various constraints. Various
neutrino related measurements restrict the parameter space
of the models which utilize left handed muons to solve the
RKð�Þ puzzle. However, this problem is ameliorated in the
context of theUð1ÞT3R model due to the absence of the left-
handed neutrino couplings of A0. We also list predictions
for a few more observables which can be tested in the
future. The future measurements of RKð�Þ would be crucial
to probe this scenario. In addition, as an example, we show
a possible UV completion of this scenario based on the
universal seesaw mechanism. The new heavy vectorlike
fermions introduced can lead to strong first-order electro-
weak phase transitions and the corresponding gravitational
wave signal provides an additional probe to this scenario
[119]. As a future work, the cosmological dynamics behind
this scenario will be studied in further detail.
It is interesting to probe the allowed parameter space of

this model with future experiments. Future searches at

TABLE II. Predictions for observables for the four benchmark points described in the text (columns 4–7), along with the Standard
Model prediction (third column) and the measured value with uncertainties (second column). The uncertainties, from left to right,
are statistical, systematic and due to the normalization mode (for the last two only). Rows 1–3 consider
BrðBþ → K�þμþμ−Þðq2 ∈ ½15; 19� GeV2Þ, BrðB0 → K0μþμ−Þðq2 ∈ ½15; 19� GeV2Þ and BrðBþ → Kþμþμ−Þðq2 ∈ ½15; 22� GeV2Þ,
respectively, all in units of 10−8. Row 4 considers dBrðBS → ϕμþμ−Þ=dq2, in units of 10−8 GeV−2, averaged over
q2 ∈ ½1; 6� GeV2, while row 5 considers dBrðΛ0

b → Λμþμ−Þ=dq2, in units of 10−7 GeV−2, averaged over q2 ∈ ½15; 20� GeV2.

Observable Measured value SM BMA BMB BMC BMD

BrðBþ → K�þμþμ−Þð10−8Þ½15.0; 19.0� 15.8þ3.2
−2.9 � 1.1 [113] 26.8� 3.6 7.80 82.9 10.4 92.4

BrðB0 → K0μþμ−Þð10−8Þ½15.0; 22.0� 6.7� 1.1� 0.4 [113] 9.8� 1.0 3.31 30.4 4.15 29.4
BrðBþ → Kþμþμ−Þð10−8Þ½15.0; 22.0� 8.5� 0.3� 0.4 [113] 10.7� 1.2 3.59 33.0 4.5 32.0
dBðBS→ϕμþμ−Þ

dq2 ð10−8 GeV−2Þ½1.0; 6.0� 2.57þ0.33
−0.31 � 0.08� 0.19 [114] 4.81� 0.56 1.60 16.8 2.28 18.7

dBðΛ0
b→Λμþμ−Þ
dq2 ð10−7 GeV−2Þ½15; 20� 1.18þ0.09

−0.08 � 0.03� 0.27 [115] 0.71� 0.08 2.19 2.28 0.29 2.48
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experiments such as FASER, SeaQuest and SHiP may find
evidence for the displaced decays of A0 → eþe−. But the
difficulty is that the very fact that the dark photon and dark
Higgs contributions to gμ − 2 must be canceled against
each other shows that they were both large, leading to an A0
decay rate which is larger than usually expected. As a
result, the A0 often decays before it reaches a displaced
detector. To test this scenario definitively, it would be best
to have an experiment with a shorter distance from the
target to the displaced detector.
We can consider the properties needed by a future

displaced detector experiment to probe these models. If
NA0 is the number of A0 at characteristic energy E produced
by the beam which would reach the detector if A0 were
stable, the number which reaches the detector at distance d
away is NA0 exp½−d=ddec�, where ddec is the decay length
for an A0 of energy EA0. If ddecay ≪ d, then most A0 which
reach the detector will decay shortly after. So if we set this
number to be of order unity, as a rough estimate of the
number of A0 reaching the detector necessary for a signal to
be detected above negligible background, then we find
ddec ¼ d= lnðNA0 Þ. ddec is determined by the model, but
d= lnðNA0 Þ is entirely determined by the properties of the
instrument, and is a function of the maximum typically
energy of the produced A0. We plot this quantity as a
function of EA0 in Fig. 6.
An alternative would be to search for visible decays of

the ϕ0 (ϕ0 → γγ). Searches for this decay channel require a
detailed study of ϕ0 production mechanisms. It would be
interesting to perform a more detailed study of the
sensitivity of displaced decay experiments. Alternatively,
one could search for the central production of ϕ0 at the

LHC; where it could appear either as missing energy, or as a
monophoton or diphoton signal. It maybe possible to
search for these signals in events where ϕ0 receives a large
transverse boost against a recoiling photon or jet. It would
be interesting to study this possibility in greater detail.
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APPENDIX: MODEL DESCRIPTION

The gauge symmetry of our model is SUð3ÞC ×
SUð2ÞL ×Uð1ÞY × Uð1ÞT3R. The electric charge is defined
as Q ¼ T3Lþ Y, such that the new gauge group Uð1ÞT3R
is not connected to electric charge.
In addition to the light fields ϕ, A0, η and νR (discussed in

detail in the text and Ref. [9]), we add a set of heavy fermions
χu;d;μ;ν which are singlets under SUð2ÞL and Uð1ÞT3R, and
have same quantum numbers under SUð3ÞC andUð1ÞY as u,
d, μ and ν, respectively. These fermions will mix with the
fermions charged under Uð1ÞT3R, generating the mass terms
and couplings of the light fermions through a high-scale
seesaw mechanism. The charge assignment of relevant
particles are given in Table III.
The scalar potential can be written as

V ¼ m2
HH

†H þm2
ϕϕ

�ϕþ λHðH†HÞ2 þ λϕðϕ�ϕÞ2
þ λðH†HÞðϕ�ϕÞ: ðA1Þ

Both scalar fields will get vevs, hHi ¼ v=
ffiffiffi
2

p
and

hϕi ¼ V. After the spontaneous symmetry breaking, the
scalar fields can be written as

H ¼
� Gþ

1ffiffi
2

p ðvþ ρ0 þ iG0Þ
�
;

ϕ ¼ V þ 1ffiffiffi
2

p ðρϕ þ iGϕ0Þ: ðA2Þ

There are total 6 scalar degrees of freedom, out of which
4 are absorbed into the longitudinal polarizations of the
W�; Z and A0 gauge bosons. The remaining 2 are the
physical Higgs and dark Higgs scalars. The CP-even states
ρ0 and ρϕ mix and give rise to the two physical neutral
scalar h and ϕ0 with masses mh and m0

ϕ, respectively. We
identify h as the SM Higgs boson. The two physical neutral
scalars in terms of the interaction states are given as

FIG. 6. A rough estimate of maximum d= lnðNA0 Þ necessary for
an experiment to be able to probe this scenario for
mA0 ∈ ½110 MeV; 200 MeV�, as a function of the maximum A0
energy produced by the experiment. d is the displacement of the
detector from the beam dump, and NA0 is the number of A0 at
energy EA0 produced in a beam aimed at the detector. The
maximum A0 energies of FASER, SHiP and SeaQuest are
also shown.
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�
h

ϕ0

�
¼
�
cos α − sin α

sin α cos α

��
ρ0

ρϕ

�
; ðA3Þ

where α is the mixing angle.
The decay rate for h → ϕ0ϕ0 is constrained by LHC data.

To remain consistent with this data, one must assume that λ
(equivalently, α) is small.
The renormalizable Yukawa sector Lagrangian of the

UV-complete model in the interaction basis is given by

−LY ¼ λLuq̄0Lχ
0
uR
eH þ λLdq̄0Lχ

0
dRH

þ λLνl
0
Lχ

0
νR
eH þ λLll

0
Lχ

0
μRH þ λRuχ

0
uLu

0
Rϕ

�

þ λRdχ
0
dLd

0
Rϕþ λRνχ

0
νLν

0
Rϕ

� þ λRlχ
0
μLμ

0
Rϕ

þmχuχ
0
uLχuR þmχdχ

0
dLχdR þmχνχ

0
νLχνR

þmχμχ
0
μLχμR þmDηRηL þ 1

2
ληLη

c
LηLϕ

þ 1

2
ληRη

c
RηRϕ

� þ H:c:: ðA4Þ

The fermionic flavor eigenstates will mix and give rise to
the mass eigenstates. The mass matrix in the flavor
eigenstate basis is given by

Mf ¼
 

0
λLfvffiffi

2
p

λRfV mχ0f

!
: ðA5Þ

The diagonalization of the fermionic mass matrix using
the seesaw mechanism gives two mass eigenstates. The
lightest mass eigenstates is the SM fermion while the
heavier one is the physical vector-like fermion. The mass
term for the SM fermion is

mf ¼
λLfλRfvVffiffiffi

2
p

mχ0f

; ðA6Þ

and the physical vectorlike fermion mass is

mχf ≃mχ0f
: ðA7Þ

The neutrino mass matrix will be a more complicated 3 × 3
matrix since they can also get Majorana masses as both ν0R
and χ0ν are uncharged under the unbroken SM gauge
groups. The fermion mass eigenstates can be written in
terms of the flavor eigenstates as follows:�

fL;R
χfL;R

�
¼
� cos θfL;R sin θfL;R
− sin θfL;R cos θfL;R

�� f0L;R
χf0L;R

�
; ðA8Þ

where θfL;R are the mixing angles. In the high-scale seesaw
limit, mχf ≫ λLfv=2, we get

θfL ≃ tan−1
�
λLfvffiffiffi
2

p
mχf

�
; ðA9Þ

and if mχf ≫ λRfV, then

θfR ≃ tan−1
�
λRfV

mχf

�
: ðA10Þ

The mass matrix of the η field contains both Dirac
terms, mD, and Majorana terms, mM. The Majorana term,
mM, is proportional to the vev V as mM ¼ λMV, where
we assume that λM ¼ ληL ¼ ληR. We further assume that
mM ≫ mD. We get two Majorana fermions, η1 and η2,
with masses m1 ¼ mM −mD and m2 ¼ mM þmD,
respectively.
In the low-energy effective field theory defined below

the electroweak symmetry breaking scale, the interactions
of the SM fermions and the dark matter fields, η, with the ϕ0
is given by

−L ¼ mfffiffiffi
2

p
V
f̄fϕ0 þ m1

2
ffiffiffi
2

p
V
η̄1η1ϕ

0

þ m2

2
ffiffiffi
2

p
V
η̄2η2ϕ

0: ðA11Þ

TABLE III. The charges of the fields under the gauge groups of
the model. For the fermionic fields, the shown charges are for the
left-handed component of each Weyl spinor.

Particle SUð3ÞC × SUð2ÞL ×Uð1ÞY × Uð1ÞT3R
χuL ð3; 1; 2=3; 0Þ
χdL ð3; 1;−1=3; 0Þ
χμL ð1; 1;−1; 0Þ
χνL (1,1,0,0)
χcuR ð3; 1;−2=3; 0Þ
χcdR ð3; 1; 1=3; 0Þ
χcμR (1,1,1,0)
χcνR (1,1,0,0)
qL ð3; 2; 1=6; 0Þ
ucR ð3; 1;−2=3;−2Þ
dcR ð3; 1; 1=3; 2Þ
lL ð1; 2;−1=2; 0Þ
μcR (1,1,1,2)
νcR ð1; 1; 0;−2Þ
ηL (1,1,0,1)
ηcR ð1; 1; 0;−1Þ
H ð1; 2; 1=2; 0Þ
ϕ (1,1,0,2)
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