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Recently, the LHCbCollaboration has reported the excesses in theb → sll processes.One of the promising
candidates for new physics to explain the anomalies is the extended Standard Model (SM) with vectorlike
quarks and leptons. In that model, Yukawa couplings between the extra fermions and SM fermions are
introduced, adding extra scalars. Then, the box diagrams involving the extra fields achieve the b → sll
anomalies. It has been known that the excesses require the largeYukawa couplings of leptons, so that this kind
of model can be tested by studying correlations with other observables. In this paper, we consider the extra
scalar to be a dark matter (DM) candidate, and investigate DM physics as well as the flavor physics and the
LHC physics. The DM relic density and the direct-detection cross section are also dominantly given by the
Yukawa couplings, so that we find some explicit correlations between DM physics and the flavor physics. In
particular, we find the predictions of the b → sll anomalies against the direct detection of DM.
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I. INTRODUCTION

Recently, the LHCb Collaboration has reported that there
are deviations from the Standard Model (SM) predictions in
the b → sll processes. In the experiment, the branching
fractions of B → Kð�Þll (l ¼ e, μ) are measured, and lepton
universalities and angular distributions are studied in each
process. One excess is reported in the ratio between
BRðBþ → KþμμÞ and BRðBþ → KþeeÞ in the region with
1 GeV2 ≤ q2 ≤ 6 GeV2, where q2 is the invariant mass of
two leptons in the final state [1]. The experimental result
suggests the smaller value of BRðBþ → KþμμÞ than the
SM prediction, and the deviation is about 2.6σ [1].
Recently, a similar deviation is discovered in B → K�μμ
[2]. The B decay to μ pair in this process is again smaller
than the SM prediction. Similar indications are also
reported in B → ϕμμ [3] and Λb → Λμμ [4] in the same
q2 region. Moreover, the disagreement between the exper-
imental results and the SM prediction of the angular
distribution in B → K�μμ is also one of the longstanding
issues [5,6]. The CMS Collaboration has shown the result
that may be consistent with the SM prediction, but the
deviation is still large in the LHCb experiment and the
others. Thus, there might be some issues in the b → s
transition associated with μ.
The SM predicts that namely C7, C9, and C10 operators

contribute to the b → sll processes. C7 cannot give sizable
contributions to the processes, because it corresponds to the
electric dipole operator that is strictly constrained by
B → Xsγ. In the region with 1 GeV2 ≤ q2 ≤ 6 GeV2, the
C9 andC10 operators dominantly contribute to the branching
ratios. The Wilson coefficients, Cl

9 and Cl
10, are defined as

follows:

Heff ¼ −
4GFffiffiffi

2
p VtbV�

ts
e2

16π2
fCl

9ðsLγμbLÞðl̄γμlÞ

þ Cl
10ðsLγμbLÞðl̄γμγ5lÞ þ H:c:g: ð1Þ

In theSM,Cl
9 andC

l
10 are almost flavoruniversal and the sizes

are estimated as ðCl
9ÞSM ≃ −ðCl

10ÞSM ≃ 4 at the bottom
quark mass scale. There is an ambiguity in the long-distance
contribution [7], which is expected to be OðΛQCD=mbÞ, but
the excesses seem to require much larger contributions to Cl

9

and Cl
10: ðΔCl

9Þ=ðCl
9ÞSM≃−0.2 and ðΔCl

10Þ=ðCl
10ÞSM≃0.2,

according to the global fitting [8–17]. Here, ΔCl
9;10 denotes

the new physics contributions for Cl
9;10, respectively.

Many new physics scenarios have been proposed in
order to explain these b → sll anomalies. One simple way
is to introduce an extra gauged flavor symmetry [18]. In
such a model, the nonvanishing charges are assigned to
both μ and quarks and the extra gauge boson contributes to
ΔCl

9;10 at the tree level. Although the Bs meson mixing
strongly constrains the contributions, the large ΔCl

9;10 can
be achieved successfully if the charge of μ is not vanishing
in the mass base. Another candidate for these excesses is
namely leptoquark that is a scalar or vector field charged
under SUð3Þc [19]. The new field couples both leptons and
quarks, so that the tree-level exchanging can generate
ΔCl

9;10.
We can discuss the other possibility that the large ΔCl

9;10
is realized by the one-loop diagrams involving extra fields
[14,20–25]. For instance, extra vectorlike quarks and
leptons can be introduced without suffering from gauge
anomaly. Further, Yukawa couplings between the SM
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fermions and the extra fields can be written down by
introducing extra scalar fields.
There are several variations of the extra fields as

discussed in Refs. [20,21]. In all cases, Oð1Þ Yukawa
couplings of μ and extra leptons are required, while
moderately small Yukawa couplings of quarks and extra
quarks are necessary to realize large enough ΔCl

9;10 but to
evade from the stringent bound on the Bs meson mixing.
The masses of the extra fields cannot be so large to explain
such large ΔCl

9;10: the masses of the extra fields should be
in the range between Oð100Þ GeV and Oð1Þ TeV. Thus it
is inevitable to investigate the consistency of the setup with
the other observables, such as the direct signals at the LHC
and the other flavor violating processes.
It is very interesting that the neutral fields among the

extra fermions and scalars become good dark matter (DM)
candidates [20–22]. The mass region favored by the
excesses corresponds to the one discussed in the Weakly
Interacting Massive Particle (WIMP) DM scenario. The
size of the interaction with the SM fermions via the Yukawa
couplings would not be too large to achieve the DM relic
density via the well-known thermal process [22,26,27]. As
pointed out in Ref. [26], however, this kind of model faces
the stringent constraint from the direct-detection experi-
ments of DM. The cross sections are almost on the upper
bound of the latest LUX and XENON1T experiments
[28–30] if the observed DM relic density is explained
by the thermal process. The scattering processes are
induced by the photon and Z-boson exchanging at the
one-loop level, and the contributions cancel each other in
some parameter regions. In addition, the tree-level dia-
grams involving the extra fermions become sizable depend-
ing on the alignment of the Yukawa couplings. Moreover,
the direct searches for extra quarks and leptons at the LHC
are well developed recently. Therefore, the careful inte-
grated study is required to discuss the excesses at the LHCb
in this kind of model.
Accordingly, we especially study the DM physics and

the LHC physics in this extended model with extra
fermions and scalars which couple to both quarks and
leptons. The rest of this paper is organized as follows. We
introduce our setup in Sec. II, motivated by the b → sll
anomalies. We discuss direct searches for extra fermions at
the LHC in Sec. III and flavor phenomenology in Sec. IV.
Then we discuss impacts on DM physics from the other
observations, especially the b → sll anomalies in Sec. V.
Based on the study of the DM and the LHC physics, we
could obtain the upper limits on ΔCl

9;10. We conclude our
discussion in Sec. VI.

II. SETUP

First of all, we introduce our model motivated by the
b → sll anomalies at the LHCb experiment. We introduce
an extra SUð2ÞL-doublet quark, denoted byQ0, and an extra

SUð2ÞL-doublet lepton, denoted by L0, to enhance Cl
9 and

Cl
10. Their SM charges are summarized in Table I. We

assign global Uð1ÞX charges to Q0 and L0 to distinguish
them from the SM quarks and leptons. Note that all of the
SM particles are neutral under the Uð1ÞX. We also
introduce a complex scalar X as a candidate for DM.
The DM X is charged under the global Uð1ÞX symmetry,
and it becomes stable if X is lighter than both Q0 and L0.
The charge assignment of X is shown in Table I. Note that
L0 consists of charged and neutral fermions, and the neutral
component possibly becomes a good DM candidate. We
concentrate on the case that X is DM in this paper.
We can write down the potential for the fermions and the

scalar:

V ¼ VF þ VS; ð2Þ

VF ¼ mQ0Q̄0
LQ0

R þmL0 L̄0
LL0

R þ λqi Q̄
0
RX†Qi

L

þ λliL
0
RX†liL þ H:c:;

ð3Þ

VS ¼ m2
XjXj2 þ λHjXj2jHj2 þ λXjXj4 −m2

HjHj2 þ λjHj4:
ð4Þ

In our notation, ðQ1; Q2; Q3Þ correspond to ððV†
1ju

j
L; dLÞT;

ðV†
2ju

j
L; sLÞT; ðV†

3ju
j
L; bLÞTÞ. Vij denotes the Cabibbo-

Kobayashi-Maskawa (CKM) matrix. The charged compo-
nents of ðl1L; l2L; l3LÞ correspond to ðeL; μL; τLÞ, respectively.
Each SM fermion inQi and liL is the mass eigenstate. λqi and
λli is the Yukawa coupling between the DM and the extra
fermions. The SM down-type quarks in Qi and the charged
leptons in liL are the mass eigenstates, then we simply denote
the Yukawa couplings as ðλq1; λq2; λq3Þ≡ ðλd; λs; λbÞ and
ðλl1; λl2; λl3Þ≡ ðλe; λμ; λτÞ. Note that the scalar potential VS

includes the SMHiggs boson, denoted byH. There are many
possibilities of the SM charges and spins of the extra fields.
If X is charged under the electroweak (EW) symmetry as
discussed in Refs. [20,21], the Z-boson exchanging diagram
would lead to a large cross section for the direct detection of
DM. In the case that X is fermion and Q0, L0 are scalars, the
relic density is drastically reduced because of the s-wave
contribution. Then, large Yukawa couplings, which are
favored by the LHCb excesses, would predict too small
relic DM abundance thermally. The fermionic X is, more-
over, strongly constrained by the indirect detection of DM.

TABLE I. Extra fields in our model with global Uð1ÞX .
Fields Spin SUð3Þc SUð2ÞL Uð1ÞY Uð1ÞX
Q0 1=2 3 2 1=6 1
L0 1=2 1 2 −1=2 1
X 0 1 1 0 −1
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Based on this setup summarized in Table I and
Eqs. (2)–(4), we study phenomenology in the LHC, flavor,
and DM experiments. First, we discuss constraints on these
extra fermions andDMfrom the direct searches at theLHC in
Sec. III. Then, we investigate the flavor physics and the
correlation between the b → sll anomalies and the DM
physics in Secs. IV and V, respectively.

III. CONSTRAINT FROM THE
DIRECT SEARCH AT THE LHC

The extra particles summarized in Table I could be
directly discovered at the LHC. The extra fermion decays to
a SM-singlet X and a SM fermion via the Yukawa
couplings. The branching ratio of the extra fermion
depends on the alignment of the Yukawa couplings.
Motivated by the b → sll anomalies, we assume
jλμj ≫ jλe;τj, and then the extra charged lepton dominantly
decays to a singlet and a muon. The expected signal events
have two energetic muons and large missing energy,
μμþ Emiss

T . Note that the neutral extra lepton decays to a
singlet and a neutrino, and the decay is totally invisible.
The extra up-type (down-type) quark decays to a singlet

and a SM up-type (down-type) quark depending on the
Yukawa couplings. If λd is relatively large, the contributionof
the extra quark exchangingdiagramvia theYukawa coupling
becomes too large to evade the strong bound from the DM
direct detection experiments. On the other hand, the anoma-
lies reported by the LHCb Collaboration require sizable
jλsλbj, as discussed in Sec. IV. Therefore, we assume
jλsλbj ¼ 0.15, that corresponds to the upper bound from
the Bs-Bs mixing (see Sec. IV), and consider two cases,

ðAÞ λb ¼ 1.0; λs ¼ 0.15;

ðBÞ λb ¼ λs ¼
ffiffiffiffiffiffiffiffiffi
0.15

p
:

In both cases, λd is assumed to be negligibly small. In the case
(A), we expect that the extra quark dominantly decays to a
singlet and a third-generation quark, and the expected signals
are ttþ Emiss

T or bbþ Emiss
T . While the extra quark decays

into both a third-generation quark or a second-generation
quark with almost the same probability in the case (B).
Since any extra fermions decay to a singlet and produce

large missing energies, the extra fermions give similar
signals to supersymmetric particles. We refer to the LHC
results obtained in the analysis searching for charginos [31]
to constrain the extra leptons. For the extra quarks, we refer
to the experimental limits from bbþ Emiss

T [32] and jjþ
Emiss
T [33] channels. We do not consider limits from ttþ

Emiss
T searches because the limits will be weaker than the

limit from bbþ Emiss
T . The mono-jet search is also not an

important one in our model if the singlet X is the DM. This
is because the direct detection easily excludes the mass
degenerate region where the mono-jet search becomes
potentially important, as discussed in Sec. V.

We calculate the expected number of signals in each signal
region using MADGRAPH5 [34]. The UFO format [35] model
files are created by FEYNRULES [36]. The signal processes are
generated from matrix elements with up to an extra parton,
then these are passed to PYTHIA 6 [37] for decaying top
quarks, parton showering, and hadronization. The MLM
scheme [38] is used to match the matrix element and parton
showering. The generated events are interfaced to DELPHES3
[39] for fast detector simulation. The generated hadrons are
clustered using the anti-kT algorithm [40] with the radius
parameterΔR ¼ 0.4. We basically use the ATLAS DELPHES

card, but efficiency formulas of muon reconstruction and
b-tagging are changed based on Ref. [41] and Ref. [42]. The
muon reconstruction efficiency is set to 0.7ðjηj < 0.1Þ;
0.99ð0.1 < jηj < 2.5Þ, and the b-tagging efficiency obeys
1.3 tanh ð0.002pTÞ30=ð1þ 0.086pTÞ, where η; pT are pseu-
dorapidity and transverse momentum of a jet, respectively.
The generated events are normalized according to their cross
sections obtained by the event generation and the integrated
luminosity of the data: 36.1 fb−1 for bbþ Emiss

T and jjþ
Emiss
T searches, and 13.3 fb−1 for llþ Emiss

T search.
Figure 1 shows exclusion limits on the extra quarks from

the latest searches for bbþ Emiss
T (blue) and jjþ Emiss

T (red)
events. We see in the case (A) that the jjþ Emiss

T search is
sensitive to heavy extra quark region with the light singlet
while the bbþ Emiss

T search is more sensitive to the heavier
singlet region. In the case (B), the limits from bbþ Emiss

T is
significantly weaken, while that from jjþ Emiss

T is slightly
tightened especially in large mX region.
We refer to the upper bounds on the number of events in

the signal regions defined in the jjþ Emiss
T search, that

require more than two energetic jets and large effective
mass, defined as a sum of Emiss

T and pT of jets with
pT > 50 GeV. Even events with hadronically decaying top
quarks can contribute to these signal regions although the
produced jets tend to be softer than the ones in the cases
that the extra quarks decay to the light quarks directly.
Since half of the up-type extra quark decays to a charm
quark in the case (B), the limit is slightly tightened
compared with the case (A).
The bbþ Emiss

T search is dedicated to exotic particles that
decay to a bottom quark and an invisible particle exclu-
sively, and the definitions for the signal regions require that
there are 2 b-tagged jets and pT of the fourth jet, ordered in
pT , is smaller than 50 GeV if it exists in an event. These
cuts reject the events unless both of the extra quarks decay
to a bottom quark. This fact indicates that the branching
fraction of the down-type extra quark influences limits from
the bbþ Emiss

T search significantly. We also found that the
t-channel X exchanging production process induced by the
large Yukawa coupling is not important and the production
process is governed by the usual QCD processes.
We also evaluate limits on the extra leptons from the

llþ Emiss
T search, and the result will be shown in Fig. 3.

The extra lepton lighter than 500 GeV has already been
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excluded if the DM is lighter than 300 GeV. This bound is
almost independent of the Yukawa coupling and the extra
leptons are produced by the Drell-Yan process.

IV. FLAVOR PHYSICS

Based on the study in Sec. III, we investigate the flavor
physics especially concerned with the b → sll processes,
where the LHCb Collaboration has reported the deviations
from the SM predictions. In our model, the b → s transition
is induced by the box diagram involving Q0, L0, and X. We
notice that the operator relevant to the Bs-Bs mixing is also
generated by the similar box diagram involving Q0 and X.
In this section, we discuss not only the rare B decay, but
also the other flavor processes relevant to our scenario.

A. Constraints from the Bs − B̄s mixing

In Refs. [26,43], the contributions to ΔF ¼ 2 processes
have been studied in this kind of model. Now, we are
especially interested in the Bs-Bs mixing, since that process
directly relates to the b → s transition. The box diagram

involving X and Q0 induces the operators relevant to the
Bs-Bs mixing:

HΔF¼2
eff ¼ ðC1ÞsbðsLγμbLÞðsLγμbLÞ þ H:c: ð5Þ

TheWilson coefficient at the one-loop level is given by [26],

ðC1Þsb ¼
ðλbλ�sÞ2
64π2

1

ðm2
Q0 −m2

XÞ2

×

�
m2

Q0 þm2
X

2
þ m2

Xm
2
Q0

m2
Q0 −m2

X
ln

�
m2

X

m2
Q0

��
: ð6Þ

One important observable of theBs-Bs mixing is the mass
difference, Δms, that is measured with high accuracy:
Δms ¼ 17.757� 0.021 ps−1 [44]. The SMprediction, how-
ever, still suffers from the large uncertainty of the form factor:
fBs

B̂1=2
Bs

¼ 0.266� 0.018 [45], where fBs
is the decay

constant of the Bs meson and B̂Bs
is the bag parameter.

We obtain the SM prediction as ðΔmsÞSM ¼ 18.358 ps−1,
using mBs

¼ 5.3663 GeV and ηB ¼ 0.55 [46]. The input
parameters used in our analysis are summarized in Table II.
Taking into account the error, the SMprediction is consistent

FIG. 1. LHC bound for case (A) (left) and case (B) (right). The red regions are excluded by the jjþ Emiss
T search and the blue regions

are excluded by the bbþ Emiss
T search.

TABLE II. The input parameters in our analysis. The CKM matrix, V, is written in terms of λ, A, ρ̄ and η̄ [47].

mdð2 GeVÞ 4.8þ0.5
−0.3 MeV [47] λ 0.225 09þ0.00029

−0.00028 [48]
msð2 GeVÞ 95� 5 MeV [47] A 0.8250þ0.0071

−0.0111 [48]
mbðmbÞ 4.18� 0.03 GeV [47] ρ̄ 0.1598þ0.0076

−0.0072 [48]
2ms

ðmuþmdÞ ð2 GeVÞ 27.5� 1.0 [47] η̄ 0.3499þ0.0063
−0.0061 [48]

mcðmcÞ 1.275� 0.025 GeV [47] MZ 91.1876(21) GeV [47]
mtðmtÞ 160þ5

−4 GeV [47] MW 80.385(15) GeV [47]
α 1=137.036 [47] GF 1.166 378 7ð6Þ × 10−5 GeV−2 [47]
αsðMZÞ 0.1193(16) [47]
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with the experimental result. Therefore, we estimate the
upper limit of the deviation from the SMpredictionwithin 1σ
and draw the bound on the parameters in this model.
The upper bound on the deviation from the SM prediction

is estimated as about 14%. When jλbλsj is fixed at 0.15, the
lower bound on the DM mass is estimated as follows:

mX ≥ 593 GeVð478 GeVÞ; ð7Þ

at mQ0 ¼ 1 TeV (1.1 TeV).

B. The excesses of the b → sll processes

Finally, we consider the b → sll (l ¼ e, μ) decays. The
explanation of the anomaly has been done in the setups
similar to our model [20,21]. In our setup, the box diagram,
that involves X, Q0, and L0, contributes to the flavor
violating processes, b → sll. The ΔB ¼ 1 effective
Hamiltonian is given by

Heff ¼ −gSMfCl
9ðsLγμbLÞðl̄γμlÞ

þ Cl
10ðsLγμbLÞðl̄γμγ5lÞ þ H:c:g; ð8Þ

where gSM is the factor from the SM contribution:

gSM ¼ 4GFffiffiffi
2

p VtbV�
ts

e2

16π2
: ð9Þ

The Wilson coefficients Cl
9 and Cl

10 consist of the SM and
the new physics contributions as Cl

9 ¼ ðCl
9ÞSM þ ΔCl

9 and
Cl
10 ¼ ðCl

10ÞSM þ ΔCl
10. The new physics contributions in

this model are given by

ΔCμ
9 ¼ −ΔCμ

10

¼ λbλ
�
s jλμj2

128π2gSM

1

m2
Q0 −m2

L0
ffðm2

X=m
2
Q0 Þ − fðm2

X=m
2
L0 Þg;

ð10Þ

where fðxÞ is defined as

fðxÞ ¼ 1

x − 1
−

ln x
ðx − 1Þ2 : ð11Þ

The branching fractions BRðBþ → KþllÞ and
BRðB0 → K�llÞ are recently measured in the LHCb experi-
ment [1,2]. In the SM, the ratio between the branching
fractions for l ¼ μ and l ¼ e is predicted to be almost unity.
The measured values of such observables, namely RK and
RK� , are reported in each bin of q2 GeV2, which is the
invariant mass of two leptons in the final state [1,2]. In
particular, both results inBþ → Kþμμ andB0 → K�μμwith
1 GeV2 ≤ q2 ≤ 6 GeV2 are smaller than the SM predic-
tions, and the deviations of RK and RK� exceed 2σ: RK ¼
0.745� 0.097 [1] and RK� ¼ 0.685� 0.122 [2]. In the

region with lower q2, we can also see the deviation of
RK� , although the contribution from the electric dipole
operator needs to be taken into account [2].
As discussed in Refs. [8–17], the new physics contri-

butions to Cl
9 and Cl

10 are required to explain the excesses.
RK and RK� including the new physics contributions, for
instance, are calculated in Refs. [10,49,50].
Figure 2 shows the required values of λμ for the RK and

RK� anomalies when mL0 ¼ 1 TeV, jλbλsj ¼ 0.15 and
mQ0 ¼ 1.1 TeV. The (light) red region is the 1σ (2σ)
region of RK . The bands within thick and dashed red lines
correspond to 1σ and 2σ regions of RK� . The (dashed) green
line depicts the lower limit from the Bs-Bs mixing in Eq. (7)
at mQ0 ¼ 1.1 TeV (1 TeV). We see that λμ need to be about
2 to explain the excesses within 1σ.
In Fig. 3, the predicted ΔCl

9 is also depicted on the
mL0-mX plane, when λμ is fixed at λμ ¼ 2. The value
required by the global fitting, where the angular distribution
of B → K�μμ is also included, is about 25%, compared to
the SM prediction. The magnitudes of ðCl

9ÞSM and ðCl
10ÞSM

are about 4, so that Oð1Þ value of jΔCμ
9j seems to be

required by the global analysis. As we see in Fig. 3, the
region with jΔCl

9j≳ 0.5 is below the exclusion limit from
the Bs-Bs mixing. The 1σ region of jΔCμ

9j suggested by the
global analysis, for instance, is −0.81 ≤ ΔCμ

9 ≤ −0.48 (1σ)
and −1.00 ≤ ΔCμ

9 ≤ −0.32 (2σ) [13]. Then, we could
conclude that our model can fit the experimental results
including the angular distribution of B → K�μμ within 2σ
but not 1σ as far as λμ is equal to 2.
In the next section, we study DM physics based on these

analyses. In this kind of model, large Yukawa couplings are
required by the thermal relic density, because the DM

FIG. 2. The required values of λμ for the RK and RK� anomalies
when mL0 ¼ 1 TeV, jλbλsj ¼ 0.15 and mQ0 ¼ 1.1 TeV. The
(light) red region is the 1σ (2σ) region of RK . The region for
RK� is not so different from the RK . The bands within thick and
dashed red lines correspond to 1σ and 2σ regions of RK� . The
(dashed) green line depicts the lower limit from Bs-Bs mixing in
Eq. (7) at mQ0 ¼ 1.1 TeV (1 TeV).
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candidate is a complex scalar. Then, we will find the
parameter region that the explanation of the excesses within
2σ as well as the DM relic density can be achieved.
Before the DM physics, let us discuss the other observ-

ables in flavor physics. We simply assume that λd is tiny to
avoid the strong constraints from K0-K0 and Bd-Bd
mixings. In this setup, since SUð2ÞL doublet quarks couple
to the extra quarks and DM, the sizable λb and λs generate
sizable Yukawa couplings between left-handed up-type
quarks and the extra up-type quarks as well. Then, the
constraint from D0-D̄0 should be taken into account. The
relevant Yukawa couplings are as follows:

ðλsV�
us þ λbV�

ubÞQ0
1RX

†uL þ ðλsV�
cs þ λbV�

cbÞQ0
1RX

†cL:

ð12Þ
Here, Q0

1 denotes the isospin 1=2 component of Q0. Each
coupling is suppressed by the CKM matrix, and the most
relevant coupling is expected to be induced by λs because
of the relatively large elements of the CKM matrix.
On the other hand, the theoretical prediction of D0-D0

also suffers from the ambiguity of the long-distance
correction [51,52]. Therefore, we estimate the new physics
contributions and compare the order of the SM prediction.
The Yukawa couplings in Eq. (12) induce the ΔF ¼ 2
operator with ðC1Þuc via the box diagram. The observable
of the D0-D0 mixing is given by

xD ¼ 2jMD
12jτD; ð13Þ

where τD is the life time: τD ¼ 0.41 ps [47]. MD
12 includes

both the SM prediction and the new physics contribution.
Using the input parameters in Refs. [47,53,54], the new
physics contribution to xD is estimated as ∼2 × 10−4 at
ðλb; λsÞ ¼ ð1; 0.15Þ, mQ0 ¼ 1 TeV and mX ¼ 500 GeV.
The SM prediction is Oð10−2Þ [52], so that these param-
eters are safe for theD0-D0 mixing. The upper bound on λs
would be about 0.3. If λs is Oð1Þ and λb is Oð0.1Þ, the new
physics contribution becomes hundreds of times bigger
than the SM prediction. Thus, we concentrate on the case
(A) and the case (B) where jλbj ≥ jλsj is satisfied.

V. THE IMPACT ON DM PHYSICS

Here, we study DM physics and discuss the consistency
between the explanation of the b → sll anomalies and the
DM observations. As discussed above, the b → sll anoma-
lies and the constraints from the ΔF ¼ 2 processes imply
that jλbλsj ¼ 0.15 and jλbj ≥ jλsj for mQ0 ¼ 1.1 TeV.
Then, in this section, we analyze the DM relic density
and the direct detection bounds, focusing on two parameter
sets: ðλb; λsÞ ¼ ð1.0; 0.15Þ (Case A) and ðλb; λsÞ ¼
ð ffiffiffiffiffiffiffiffiffi

0.15
p

;
ffiffiffiffiffiffiffiffiffi
0.15

p Þ (Case B). In both cases, mQ0 is fixed at
1.1 TeV. Note that we employ MICROMEGAS_4.3.4 [55] to
evaluate the DM relic density in our analysis.

A. Relic density

The DM annihilation process is governed by the extra
quark and lepton exchanging in t-channel: XX† → QQ̄; ll̄.
Since the Yukawa terms in Eq. (3) preserve the chiralities of
the interacting fermions, the final state fermions are left-
handed in the massless limit. Then, the s-wave contribution
is suppressed by the fermion mass, so that the annihilation
becomes p-wave dominant. That requires the Yukawa
coupling to be so large that the observed value of the
DM abundance is explained thermally. As seen in Fig. 2,
the b → sll anomalies also require a large jλμj, and this fact
indicates that the b → sll anomalies can be compatible with
the observed DM density in our model.
In Fig. 4, we show the values of jλμj, by black lines,

required to explain the central value of the observed DM
abundance: ΩCDMh2 ¼ 0.1186� 0.0020 [47]. In the case
(B) with jλbj ¼ jλsj ¼

ffiffiffiffiffiffiffiffiffi
0.15

p
, the dominant annihilation

process is XX† → μμ̄; νν̄ in our parameter space, except
for the coannihilation region. We find in the right panel
of Fig. 4 that jλμj≃ 2 is predicted by ðmX;mL0 Þ ¼
ð500 GeV; 1TeVÞ. The b → sll anomalies are simultane-
ously explained with the DM density around this region.
In the case (A) with jλbj ¼ 1.0 and jλsj ¼ 0.15, other

processes, especially XX† → bb̄; tt̄, may assist in reducing
the DM relic density in addition to XX† → μμ̄; νν̄. Since
we fix mQ0 at 1.1 TeV, these processes dominate the

FIG. 3. ΔC9 on the plane ofmL0 andmX with jλμj ¼ 2, jλbλsj ¼
0.15 and mQ0 ¼ 1.1 TeV. The size of ΔC9 ¼ −ΔC10 on each
black line is −0.1 (thick), −0.2 (dashed), −0.3 (dotted), and −0.5
(solid), respectively. The (light) red region is the 1σ (2σ) region of
RK . The (dashed) green line depicts the lower limit from Bs-Bs
mixing in Eq. (7) at mQ0 ¼ 1.1 TeV (1 TeV). The blue region is
excluded by μμþ Emiss

T at the LHC [31].
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annihilation process in the region with mL0 > 1 TeV. In
fact, we find in the left panel of Fig. 4 that the observed
density is explained by smaller values of jλμj than the
case (B).

B. Direct detection

Next, we discuss the constraint from the DM direct
detection. Figure 5 shows relevant processes to the
DM-nucleon scattering in this model. The type of dominant
process depends on mass spectrum of the DM and the extra
fermion and the size of the Yukawa couplings.
If the DM has a sizable interaction with the up or down

quarks, the dominant contribution to the direct detection
will be the tree-level scattering through the extra quark
exchanging, as the left diagram in Fig. 5. This process is not
suppressed by nucleon form factors, and thus leads a large
cross section. Note that in our model, even if λd is
vanishing, the DM can interact with the up quark through
the CKM matrix as in Eq. (12).
There are large contributions from the 1-loop vector-

boson exchanging, as shown in the center of Fig. 5, because
the large Yukawa coupling is required by the DM relic
density. As studied in the literatures [26,27,56], the triangle
diagram involving the SM fermion f and the extra fermion

F induces the scattering of DM with the proton through the
photon exchanging, and the contribution is given by

fphotonp ≃ e2Qfjλfj2
16π2m2

F

Nc

3
ln

�
m2

f

m2
F

�
; ð14Þ

in the limit that mF ≫ mX;mf. Nc and Qf denote the
number of color and the electromagnetic charge for the
fermion f. It is interesting that there is a logarithm
enhancement as lnðm2

f=m
2
FÞ, so that the lighter fermion

has a larger contribution.
In addition, the diagram similar to the photon exchang-

ing also generates the Z-boson exchanging process. The
contribution is evaluated as

fZp ¼ ð4s2W − 1ÞGFaZffiffiffi
2

p ; fZn ¼ GFaZffiffiffi
2

p ; ð15Þ

where sW denotes the sine of theWeinberg angle and aZ is a
loop function:

aZ ≃ Tf
3Ncjλfj2
16π2

m2
f

m2
F

�
3

2
þ ln

�
m2

f

m2
F

��
; ð16Þ

FIG. 4. The values of jλμj required for the central value of the observed DM abundance (black solid lines); ΩCDMh2 ¼ 0.1186�
0.0020 [47]. The left (right) panel corresponds to the case A (case B). DM direct detection experiments constrain the red region.

FIG. 5. Diagrams contributing to the DM-nucleon elastic scattering.
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with Tf
3 being isospin of the SM fermion f in the loop.

Since the Z-exchanging contribution is proportional to
m2

f=m
2
F, this process is significant in the case that f is the

top quark. In our analysis, we use exact expressions for
these vector-boson exchanging contributions, not the
approximate forms, Eqs. (14) and (16).
Besides, DM can also scatter off the gluon in the nucleon

through the box diagram involving the heavy and extra
quarks, depicted as the right piece of Fig. 5. This con-
tribution is less than 10% of the photon exchanging
contribution in most of our parameter space, as discussed
in Ref. [26]. However, this process is largely enhanced to
be the dominant contribution in the region of mQ0 −mX ≃
mq [57–59]. This contribution is included in our analysis by
using MICROMEGAS.
In the case (B) with jλbj ¼ jλsj ¼

ffiffiffiffiffiffiffiffiffi
0.15

p
, the DM sig-

nificantly interacts with the leptons. The Yukawa interaction
involving the lepton does not induce the tree-level process,
and the dominant process is the 1-loop photon exchanging in
most of our parameter space. On the other hand, λs induces
the sizable tree-level scattering with the up quark via the
CKM mixing. Although λs is much smaller than λμ, it is
possible that λs gives sizable contributions to the direct
detection. This process becomes dominant in the region
where both mX and mL0 are large even when we fix mQ0 at
1.1 TeVandmuch larger thanmL0 . In the right panel of Fig. 6,
we find that 400 GeV≲mX ≲ 900 GeV and mL0 ≳ 1 TeV
are allowed by the XENON1T experiment [30].
In the case (A) of jλbj ¼ 1 and jλsj ¼ 0.15, there is a

large contribution from the Z-boson exchanging via the
top-quark loop, in addition to the photon exchanging. Even

in this case, the photon exchanging is dominant process in
the smaller mass region. The Z-boson exchanging domi-
nates the DM-nucleon scattering in mX ≳ 400 GeV and
mL0 ≳ 1 TeV, except for the region where mQ0 −mX ≃mt

and the gluon scattering is dominant. Moreover, we
emphasize that the photon and Z-boson exchanging are
comparable and the sign is opposite. Thus there is a
considerable cancellation between them. In the left panel
of Fig. 6, we find that the allowed DM mass is 300 GeV≲
mX ≲ 900 GeV to evade the XENON1T bound [30].

C. b → sll anomalies with the observed DM abundance

In the Fig. 6, we depict the values of ΔC9 by black lines,
when jλμj is aligned to account for the measured DM
density. The left (right) panel corresponds to the case
(A) (case (B)). Shaded region is excluded by the LHC,
flavor, and DM experiments; the extra quark and lepton
searches at the LHC (blue), the Bs-Bs mixing observables
(green), and the DM direct detections (red). We also fill in
the region constrained by the theoretical requirement with
colors; the perturbative bound jλμj >

ffiffiffiffiffiffi
4π

p
(gray) and the

unstable X, mX > mL0 (light gray). Further, we show the
future sensitivity prospects in XENON1T experiment and
neutrino floor in the figure.
In the case (A) (left panel), we see that the Q0 searches at

the LHC and the DM direct detection stringently limit our
model parameter. Then, the region where ΔCμ

9 ≲ −0.2 is
excluded by these results. Following Ref. [13], the global
fitting of ΔCμ

9 ¼ −ΔCμ
10 suggests −0.81 ≤ ΔCμ

9 ≤ −0.48
(1σ) and −1.00 ≤ ΔCμ

9 ≤ −0.32 (2σ). Thus, we conclude

FIG. 6. The ΔCμ
9 value (black lines), when the value of jλμj is aligned to explain the observed DM abundance. The left (right) panel

corresponds to the case A (case B). We fill in the region excluded by the LHC, flavor, and DM experiments with colors; the extra quark
and lepton searches (blue), Bs-Bs mixing (green), and DM direct detection experiments (red). The gray region stands for the
perturbativity limit; jλμj >

ffiffiffiffiffi
4π

p
.
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that it is difficult to explain the b → sll anomalies within
even 2σ in the case (A).
In the case (B), on the other hand, we find that even the

region where ΔCμ
9 ≲ −0.3 is allowed and the b → sll

anomalies can be explained within 2σ, consistently with
the other experiments.

VI. SUMMARY

The LHCb Collaboration has reported several excesses
in the b → sll processes. A common feature is that the
branching ratio of the b decay associated with two muons is
rather small, compared to the SM prediction. If the excesses
are evidences for new physics, they may indicate existences
of flavor-violating couplings between the SM fermions and
new particles.1 So far, many candidates for the new physics
have been proposed: Z0 [18], leptoquark [19], and so on.
In those models, the tree-level diagram involving the extra
particle contributes to C9 and C10 operators. Although we
may have to introduce many extra fields especially in Z0
models to achieve the realistic Yukawa couplings and the
anomaly-free conditions, we can simply explain the
excesses without conflicts with the other flavor observables
[18,19].
In this paper, we focus on the other simple scenario that

extra fields charged under the SM gauge symmetries are
introduced and the one-loop diagram involving the extra
fields contributes to the C9 and C10 operators [14,20–25].
In order to explain the experimental results of Rð�Þ

K , we
need rather large Yukawa couplings between the extra
lepton and muon. The Yukawa couplings in the quark
sector, on the other hand, need to be rather small to avoid
the constraint from the Bs-Bs mixing. An interesting point
of this setup is that the EW-neutral scalar can be
interpreted as a good DM candidate and such large
Yukawa couplings predict a large cross section of DM
annihilation moderately to explain the DM relic density.
Besides, the cross section of the DM direct detection is
predicted to be just below the current experimental upper
bound in this kind of model [26]. In our model motivated
by the excesses in the LHCb experiment, we have found
that the cross section for the DM direct detection has a
nontrivial structure: the photon exchanging and Z
exchanging diagrams cancel each other in some parameter
regions. Then, the cross section is estimated as the one
just below the current experimental bound [29,30] in the
region with the Oð1Þ-TeV mass of L0 and about 500-GeV
mass of the DM. Around the region, the predicted C9 and

C10 become large enough to achieve the Rð�Þ
K experimental

results within 1σ level. We can expect that the DM direct
detection experiments [30] will prove our model if our
DM is the dominant component of the relic density.

We can consider the other setups to explain the excesses;
for instance, DM is a fermion and extra quarks/leptons are
scalar fields. In such a case, large λμ, which is favored by
the excesses, could not be consistent with the relic density
of DM. As studied in Ref. [26], the relic density requires
jλμj ≤ 1, when mX ¼ 500 GeV and mQ0 ¼ mL0 ¼ 1 TeV.
In addition, the constraint from the indirect detection of
DM excludes mX ≲ 1 TeV in this fermionic DM case.
Thus, the scalar DM scenario seems to be favored from the
viewpoint of the consistency between the excesses and the
DM observables.
Finally, let us also give a comment on the difference

between our setup and the other models that have been
studied before. In Refs. [20,21], the explanation of the
excesses has been done using the box diagram involving
extra scalars and fermions. The possible EW charge
assignments for the extra fields are well summarized,
and the model with the DM charged under the EW
symmetry is discussed in Ref. [20]. In our paper, we
concentrate on the case that the DM is neutral under the
EW symmetry, and we have carefully studied the dark
matter physics and collider physics taking into account
the flavor dependence as well. We conclude that both the
DM direct detection and the LHC results strictly limit the
explanation of the excess even in our model. If the DM
is charged under the EW symmetry, as discussed in
Ref. [20], the Z-boson exchanging would drastically
enhance the DM direct-detection cross section and the
bound would become more severe than ours. We assign
the global Uð1ÞX symmetry to stabilize the DM. We can
consider the gauge Uð1ÞX as discussed in Ref. [22]. The
authors in Ref. [22] consider the possibility that there is a
mass mixing between the extra quark and the SM quarks.
Then, the massive Uð1ÞX gauge boson exchanging
explains the excess. In this case, the collider signal of
the extra quark is different from ours, so that the model
with the gauged Uð1ÞX may be able to evade the strong
bound from the LHC experiment. Even in such a case,
however, we emphasize that the DM direct detection
cross section plays an important role in testing this kind
of model, as far as the DM is complex scalar. In
Ref. [22], the real scalar DM scenario is discussed, so
that the bound from the DM direct detection could
be relaxed, although the Yukawa coupling required by
the thermal relic density is larger than the one in our
model.
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