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The lepton sector of the Standard Model is at present haunted by several intriguing anomalies, including
an emerging pattern of deviations in b → sll processes, with hints of lepton flavor universality violation,
and a discrepancy in the muon anomalous magnetic moment. More importantly, it cannot explain neutrino
oscillation data, which necessarily imply the existence of nonzero neutrino masses and lepton mixings.
We propose a model that accommodates all the aforementioned anomalies, induces neutrino masses and
provides a testable dark matter candidate. This is achieved by introducing a dark sector contributing to the
observables of interest at the 1-loop level. Our setup provides a very economical explanation to all these
open questions in particle physics and is compatible with the current experimental constraints.
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I. INTRODUCTION

Several anomalies are currently hinting at the presence of
new physics in the lepton sector of the StandardModel (SM).
First of all, neutrino oscillation experiments have clearly
established that neutrinos are massive. This is arguably the
most robust evidence of new physics (NP) beyond the SM.
It definitely calls for an extension of the SM lepton sector
with new degrees of freedom which, in most scenarios, lead
to deviations in other observables, directly associated to
leptons or not. Interestingly, other anomalies have recently
showed up, mainly involving the muon:

(i) The hints observed in b → s transitions, which
already point toward an emerging pattern [1–3].
This includes a deviation in the branching ratio
BrðBs → μμ̄Þ [4–7] (although the very recent CMS
result [8] is in good agreement with the SM) and,
especially, the possible violation of lepton flavor
universality in B-meson decays [9–12] encoded in
the RKð�Þ ratios, defined as

RKð�Þ ¼ BrðB → Kð�Þμμ̄Þ
BrðB → Kð�ÞeēÞ : ð1Þ

For these ratios, the theoretical uncertainties of the
SM predictions are at the percent level [13], which
strengthens the relevance of the anomalies.

(ii) The muon anomalous magnetic moment aμ ¼ ðg −
2Þμ=2 has been recently measured with unprec-
edented accuracy [14] and in agreement with pre-
vious measurements from the E821 experiment [15].
The combination of both observed values yields a
deviation of 4.2σ from the SM predictions [16],1

Δaμ ¼ aexpμ − aSMμ ¼ ð2.51� 0.59Þ × 10−9: ð2Þ

Finally, the nature of the dark matter (DM) that con-
stitutes ∼25% of the energy content of the Universe is still
a mystery. Many new physics models include DM
candidates, sometimes relating them to other open ques-
tions in particle physics or even being instrumental
in their resolution. While these NP indications might
have different origins, and some of them are still hints
to be confirmed with further experimental data and
improved theoretical calculations, it is tempting to con-
sider a common explanation.
In this paper we introduce an economical, yet powerful

model that provides an explanation to all these new physics
indications. This is achieved thanks to the addition of a dark
sector composed by a fermion singletN, two generations of
inert doublets η, a doublet leptoquark S and a singlet scalar
ϕ, with the quantum numbers under ðSUð3Þc; SUð2ÞLÞUð1ÞY
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1One should note, however, that the SM prediction is currently
under debate due to recent lattice results [17–19].
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N ∼ ð1; 1Þ0; η ∼ ð1; 2Þ1
2
; S ∼ ð3; 2Þ1

6
;

ϕ ∼ ð1; 1Þ−1: ð3Þ
The model also includes a dark Z2 parity, under which all
the new fields are assumed to be odd, while the SM fields
are even. This characterizes the dark sector of the model.2

These ingredients are enough to induce neutrino masses,
accommodate the b → sll and ðg − 2Þμ anomalies, and
provide a viable DM candidate, while being compatible
with all the relevant experimental constraints. To the best of
our knowledge, our economical model is the first to take
into account all these unresolved issues in the lepton sector
simultaneously and, as a by-product, also address the long-
standing DM problem. In our scenario, all NP contributions
to the observables of interest are induced at the 1-loop level,
withZ2-odd particles running in the loop. These dark loops
characterize our setup.
The connection between neutrino masses and the anoma-

lies in b → s transitions has been explored in several works.
In most cases, neutrino masses are generated radiatively
with leptoquarks participating in the loop. These leptoquarks
are then responsible for explaining at tree-level the flavor
anomalies [20–22], and the ðg − 2Þμ [23–30]. Reference [31]
proposes an explanation for the b → sll anomalies via
loops, also linked to the generation of neutrinomasses, while
Ref. [32] considers a left-right model with neutrino masses
generated through an inverse seesaw. Finally, the b → s
anomalies have also been discussed in connection to the dark
matter problem. We would like to highlight Refs. [33–36],
which also address the b → sll and ðg − 2Þμ anomalies via
loops involving DM, and refer to the review [37] for other
works in this direction.

II. THE MODEL

The new states in our model allow us to write the
additional Lagrangian terms:

−LNP¼YNN̄lLηþYSq̄LSNþκNceRϕ†þ1

2
MNNcNþH:c:

ð4Þ

Here YN is a 3 × 2 matrix, YS and κ are both 3-components
vectors, whileMN is a parameter with dimensions of mass.
Additional Yukawa couplings not written here are forbid-
den by the dark Z2 parity. For instance, this is the case of
the NlLH or d̄RlLS terms. The scalar potential of the
model also contains new terms, including two that will be
relevant for the discussion:

VNP ⊃
λ5
2
ðH†ηÞ2 þ μHηϕþ H:c: ð5Þ

We remind the reader that two η doublets are added to the
field inventory of the model. Therefore, μ is a 2-component
vector, while λ5 is a 2 × 2 symmetric matrix. In the
following, only the SM scalar doublet H will be assumed
to acquire a nonzero vacuum expectation value (VEV),
H0 ¼ v=

ffiffiffi
2

p
, where v ≃ 246 GeV is the electroweak VEV.

This preserves the Z2 dark parity.
Neutrino masses The conservation of Z2 prevents the

generation of neutrino masses at tree-level. However, the
simultaneous presence of YN ,MN and λ5 in Eqs. (4) and (5)
implies the explicit breaking of lepton number in two units.
Majorana neutrino masses are induced at the 1-loop level á
la Scotogenic [38], as shown in Fig. 1. The states running in
the loop belong to the dark sector, a feature enforced by the
Z2 symmetry and common to all NP contributions dis-
cussed below. The resulting neutrino masses in the limit of
small λ5 is given by [39]

ðmνÞαβ ≈
1

32π2
v2
X
a;b

ðYNÞαaðYNÞβbλab5
MN

m2
b −M2

N

×

�
m2

b

m2
a −m2

b

log
m2

a

m2
b

−
M2

N

m2
a −M2

N
log

m2
a

M2
N

�
; ð6Þ

werema;b are the masses of the two η doublets. This can be

roughly estimated asmν ∼
λ5Y2

Nv
2

16π2MN
. Therefore, we obtain two

nonzero neutrino masses with mν ∼ 0.1 eV for MN ¼
1 TeV and λab5 ∼ 10−10, if the entries of the YN matrix
are of order 1. The smallness of the λ5 elements is
technically natural and protected against radiative correc-
tions [40], since in the limit λab5 → 0 lepton number is
restored.

III. OBSERVABLES

We now discuss the NP contributions induced by the new
states in our model to the observables of interest.
b → sll anomalies The model induces many 1-loop

contributions to b → sll observables. Some examples of
them are shown in Fig. 1. We note that the charged η−

scalars mix with the charged singlet ϕ−, and thus the states
propagating in the loops are the mass eigenstates resulting
from this mixing. We nevertheless show gauge eigenstates
in Fig. 1 to better illustrate the most relevant contributions.
Box diagrams are responsible for flavor universality vio-
lating contributions, central to explain observables such as
the RK ratio. In addition, one should also consider flavor
universal contributions from penguin diagrams, as shown
in the second row of Fig. 1. Our model realizes scenario (b)
of [41]. We highlight the presence of the crossed-diagram
in Fig. 1, possible due to the Majorana nature of the N
singlets. We do not show an analogous crossed-diagram
with ϕ− in the loop. These diagrams play a crucial role in
canceling unwanted contributions to Bs − B̄s mixing [42],
as discussed below.

2We use the term dark to refer to any particle charged under the
Z2 symmetry.
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Anomalous magnetic moment of the muon The model
also has new contributions to the anomalous magnetic
moment of the muon, as shown in the lower row of Fig. 1.
One should note that two different Yukawa couplings enter
this diagram. While YN plays a role in the generation of
neutrino masses, the κ Yukawa couplings do not. We also
highlight the presence of the μ trilinear couplings that
induce mixing between the charged component of η and ϕ
and can be used to chirally enhance the associated con-
tribution. These NP contributions were computed using the
formalism described in [43].
Dark matter Last but not least, the model also provides

a solution to the DM problem. The lightest Z2-odd state is
stable and, if electrically neutral, it is a potentially valid DM
candidate. Two possibilities arise: the lightest N state and
one of the components (CP-even or CP-odd) of the neutral
η0 scalars. Both scenarios have been widely studied in the
literature for the pure scotogenic model [38] and both have
been shown to be compatible with the observed DM relic
density. However, we note that the scalar candidate can
achieve this more easily [44–48], since the fermionic
candidate requires large YN Yukawa couplings and then
leads to some tension with existing bounds from lepton
flavor violating (LFV) observables [49]. We note, however,
that our model deviates from the usual scenario with one
inert η doublet, since two generations are introduced. This
scenario was studied in great detail in [50], where it was
shown that the richer inert sector may open up novel
regions in parameter space where the relic density can
match the observed value. For instance, this is achieved
when both scalar doublets have similar masses since
coannihilation rates get enhanced.

IV. NUMERICAL RESULTS

Our model faces several experimental constraints. First,
we must make sure that neutrino oscillation data are
correctly reproduced. We use the results of the global fit
[51] and implement them by means of a Casas-Ibarra
parametrization [52], properly adapted to the Scotogenic
scenario [53–55]. This allows us to write the YN Yukawa
matrix as

YT
N ¼ VD ffiffiffi

Σ
p RD ffiffiffiffi

mν
p U†

PMNS; ð7Þ

where R is a general 2 × 3 orthogonal matrix defined as

R ¼
�
0 cos θ − sin θ

0 sin θ cos θ

�
: ð8Þ

DX represents the diagonal form of the matrix X, while Σ
is defined from Eq. (6) as mν ¼ YN · Σ · YN , with V its
diagonalization matrix. Finally, UPMNS is the usual unitary
matrix that relates neutrino flavor to mass eigenstates.
Equation (7) illustrates an important connection in our
model: neutrino masses strongly restrict the elements of
the YN Yukawa matrix, which play a crucial role in the
resolution of the b → sll and ðg − 2Þμ anomalies (see
Fig. 1). Furthermore, as in most neutrino mass models,
LFV processes, such as μ → eγ, are potentially dangerous.
Searches by the MEG collaboration have shown that
the branching ratio for this radiative decay cannot exceed
4.2 × 10−13 [56].

FIG. 1. Some NP contributions to the observables of interest. Above: Box diagrams contributing to b → sμμ observables. Below from
left: Generation of neutrino masses at the 1-loop level, η0 represents the real and imaginary components of all generations of η0; flavor-
universal penguin contribution to the b → sll anomalies; and 1-loop contribution to the anomalous magnetic moment of the muon
(photon line should be attached to the charged scalars). Other contributions, not shown here for simplicity, were considered in the
analysis.
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Regarding processes with mesons, the main constraints
come from b → sγ, B → Kð�Þνν̄ and Bs − B̄s mixing. The
b → sγ decays yield strong constraints on the coefficients of
dipole operators [57]. These are induced at the 1-loop level
by diagrams like the one shown in the lower left corner of
Fig. 1, with photons or gluons and without the charged
leptons. The inclusive b → sγ branching ratio is experimen-
tally determined to be BRðb → sγÞ ¼ ð3.49� 0.19Þ × 10−4

[58]. As we will show below, this constrains the ðYSÞ2 ×
ðYSÞ3 product. AboutB → Kð�Þνν̄, note that if a contribution
to B → Kð�Þlþl− exists, the corresponding process with
neutrinos is unavoidable due to SUð2ÞL invariance. Current
experimental results set limits to the branching ratios of
B → Kð�Þνν̄ which, normalized to their SM predictions, are
restricted to Rνν̄

K < 3.9 and Rνν̄
K� < 2.7 [59]. On top of this,

Bs − B̄s mixing [60] is again inevitable and typically very
constraining in scenarios aiming at an explanation of the
b → sll anomalies at the 1-loop level. Any model that
generates a box diagramwithb and s quarks and two leptons,
like the ones in Fig. 1, will automatically produce box
contributions to the four quarks operators responsible for
Bs − B̄s mixing. In fact, this specific constraint precludes
most radiative models for b → s transitions. In our scenario,
however, theMajorana nature of theN singlet can be used to
suppress Bs − B̄s mixing in the limit of (nearly) degenerate
NP masses participating in the box, i.e. S−1=3 and N, as
pointed out in [42]. This is actually the reason to introduce
just one N singlet. If the model contained more than one
generation ofN, the cancellationwould not work anymore or
would require more tunings.
We present now our results. Our goal is to prove that our

model can accommodate all the anomalies while being
consistent with neutrino oscillation data and all the exper-
imental constraints. In what concerns the b → sll anoma-
lies, a reasonable goal is to accommodate scenario 5 of the
global fit [3], characterized by

CV9μ ¼ −0.55þ0.44
−0.47 ;

CV10μ ¼ 0.49þ0.35
−0.41 ;

CU9 ¼ CU10 ¼ −0.35þ0.42
−0.38 ; ð9Þ

where C9 and C10 are the Wilson coefficients of the O9 ¼
ðs̄γμPLbÞðl̄γμlÞ and O10 ¼ ðs̄γμPLbÞðl̄γμγ5lÞ effective
operators, respectively. The superindices V and U denote
flavor universality violating and conserving contributions,
respectively, and the flavor universality violating ones are
specific to the muon flavor. This scenario provides a clear
improvement with respect to the SM in what concerns the
description of b → sll data [3]. We constructed a χ2-
function in the usual way, with these four Wilson coef-
ficients and the anomalous magnetic moment of the muon.
Rather than finding the global minimum of the resulting
χ2-function, which depends nontrivially on many model

parameters, our goal is to prove that our model can provide
a good explanation to all the anomalies. Therefore, in order
to simplify the analysis, we fixed several parameters. First,
the masses of the NP states were taken to be close to 1 TeV,
a typical reference NP scale. We have explicitly checked
that the qualitative results and the conclusions of our
analysis remain the same with other choices of NP scale.
Note that the Bs − B̄s mixing suppression requires the
masses of S and N to be degenerate or nearly degenerate
[42]. The mass of η is taken to be lower, around 550 GeV.
With this hierarchy, η would be the lightest stable particle
with a mass compatible with the observed DM relic density
and direct detection cross-section bounds [47,48]. We
assumed that the 2 × 2 matrix λ5 is proportional to the
identity, i.e. λ5 ¼ λ05I2, and fix the following values:

μ1 ¼ −μ2 ¼ −1.0 TeV; κ1 ¼ 0; ð10Þ
λ05 ¼ 2 × 10−10; κ2 ¼ 0.04: ð11Þ

We noticed that these two elements of the coupling vector
κ ¼ ðκ1κ2κ3Þ need to be small in order to suppress the
branching ratio of μ → eγ below the experimental bound.
Indeed, we chose to set κ1 to zero. The rest of the
parameters of the model are not relevant for our discussion
here, given the generation structure of the diagrams
depicted in Fig. 1. Note also that due to the external
quark structure, YS always enters in the combination
ðYSÞ2 × ðYSÞ3. For the χ2 minimization, we are then left
with ðYSÞ2 × ðYSÞ3 and sin θ. We found that the values of
the parameters for which χ2 was minimal, were

ðYSÞ2 × ðYSÞ3 ¼ 0.6; sin θ ¼ 0.25; ð12Þ

giving χ2min ¼ 1.52 and Δχ2 ¼ χ2SM − χ2min ¼ 21.23. This
not only shows a remarkable improvement with respect to
the SM, but the low χ2min value also guarantees that all the
anomalous observables can be properly accommodated in
our model. This is better illustrated on the left-hand side of
Fig. 2, which shows the results of our χ2 fit in the sin θ −
ðYSÞ2 × ðYSÞ3 plane. We find that both parameters can
substantially deviate from their best-fit values without
affecting the χ2-function notably. However, sin θ is required
to be in the 0.25 ballpark in order to reduce the μ → eγ
branching ratio below its experimental bound. This turns out
to be a strong constraint in ourmodel due to the connection to
neutrino masses, which generically require the YN couplings
involving the electron to be nonzero. Similarly, the b → sγ
constraint imposes an upper bound on the ðYSÞ2 × ðYSÞ3
product, which has to be below ∼1. The impact on CV9μ and
Δaμ is shown on the right-hand side of Fig. 2. Here we see
that the central value for both observables (we treat the CV9μ
coefficient as an observable here) can be easily achieved in
our model and is in fact very close to our global best-fit point
in Eq. (9), which only deviates slightly due to the influence of
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otherWilson coefficients. It is also remarkable that ourmodel
does not require too large YS Yukawa parameters to accom-
modate the b → sll anomalies. In fact, Oð1ÞYS Yukawas
are sufficient to reproduce all the anomalies at the 1σ level.
We emphasize once again that all the parameter points
considered in our analysis comply with the constraints from
neutrino oscillation data, b → sγ and Bs − B̄s mixing. The
B → Kð�Þνν̄ bounds are also easily satisfied. Finally, the
mass spectrum chosen in our numerical fit also accommo-
dates the observed DM relic density. Therefore, although a
more sophisticated analysis is required to determine pre-
cisely the region of parameter space where our model can
accommodate all the anomalies, we have shown that this
region does exist and the model can fully achieve its goals.

V. DISCUSSION

We have proposed a novel model that accommodates the
existing deviations in b → sll observables and the muon
g − 2, induces neutrino masses and provides a weakly
interacting dark matter candidate, thanks to a dark sector
including several states contributing to the observables of
interest at the 1-loop level. We have shown that our simple
and economical model can explain all the anomalies via
these dark loops. This is achieved with renormalizable
Yukawa couplings, while being compatible with neutrino
oscillation data and the existing experimental bounds. The
flavor violating muon decay μ → eγ turns out to provide
an important constraint, but this can be easily satisfied in a
wide region of the parameter space.
The scenario considered in our analysis requires the

existence of several states at the TeV scale. Since they are

all odd under a new dark parity, their production and decay
channels are modified with respect to more common scenar-
ios. For instance, the S leptoquark must be produced in pairs
at colliders and subsequently decay as S → jN → jlET ,
where the jet can be given by a 2nd or 3rd generation quark
and the missing energy in the final state is due to the
production of the η DM particle. The approximate mass
degeneracy betweenS andN, introduced to suppressBs − B̄s

mixing, implies very soft jets, undetectable at the LHC.
Moreover, if both η generations are lighter thanN, additional
leptons can be produced in the cascade. A more compressed
spectrum would not affect our results in a substantial way,
but would make these leptons very soft too, leading to a
particularly challenging scenario at the LHC. In what
concerns the heavy neutral lepton N, the conservation of
the dark parity forbids its mixingwith the standard neutrinos.
We conclude that our scenario contains several nonstandard
features and a dedicated study is thus required to fully assess
its observability. We leave it for future work.
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FIG. 2. Results of our χ2 fit of the model parameters. The colored regions correspond to 1σ (pink), 2σ (orange) and 3σ (yellow)
regions, while the best-fit point is indicated with an orange dot. The region allowed by the MEG experiment is shown in dark red, while
the dashed lines correspond to contours of Br(μ → eγ). The shaded region is excluded by the b → sγ constraint at 3σ. In the right panel,
contours of the ðYSÞ2 × ðYSÞ3 product are shown with thick dashed gray lines, while the black dashed line and dot are the experimentally
determined 1σ region and central value, respectively.
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