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In addition to the long-standing anomalies seen in the muon g − 2, RKð�Þ , and RDð�Þ observables by various
independent experiments, the CDF Collaboration has found another significant one in the W-boson mass.
These anomalies might be intertwined at a fundamental level and have a single new-physics explanation. In
this paper, we present a simultaneous solution to these anomalies with two scalar leptoquarks of roughly
equal mass—one a weak-singlet S1 and the other a weak-triplet S3—which mix through a Higgs portal. The
solution has only a few new couplings and TeV-scale leptoquarks, making the solution testable at the LHC.
We put a lower and upper bound on the leptoquark masses in this setup from the current LHC data and the
assumption that all new couplings are within the perturbative limit.
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I. INTRODUCTION

Even though the direct experimental searches for TeV-
scale new physics have been unsuccessful, over the past few
years, various anomalies reported by different experimental
collaborations have created excitement in the physics
community. The most recent one was the W-boson mass
measurement by the CDF Collaboration [1], which showed
a 7σ departure from the Standard Model (SM) value.
Previously, the Fermilab had reported a 4.2σ deviation in
the anomalous magnetic moment of the muon [2] from the
SM value computed by the Muon g − 2 Theory Initiative
[3].1 In the backdrop, there have been the decade-old
persistent anomalies in the RKð�Þ and RDð�Þ observables of
B-meson decays independently measured by various experi-
mental collaborations [6].
Various new-physics explanations of the W-boson mass

anomaly have already been proposed in the literature [7].
However, these low-energy anomalies may not have

independent origins; they could be manifestations of a
single high-energy beyond-the-SM theory. It would be
fascinating if there were a new-physics scenario which can
simultaneously explain the above anomalies and, at the
same time, can be tested at the LHC.
One explanation could be in terms of leptoquarks (LQs).

LQs are hypothetical bosons with nonzero lepton and
baryon numbers appearing in various new-physics models
[8]. A recent experiment at the LHCb detector strongly
hints towards the existence of LQs [9] (also see Ref. [10]).
Various LQs are known to resolve different anomalies (see,
e.g., Refs. [11,12]). In this paper, we present a simple
solution to these anomalies with two TeV-scale scalar
leptoquarks (SLQs)—a weak-singlet S1ð3̄; 1; 1=3Þ and a
weak-triplet S3ð3̄; 3; 1=3Þ—that agrees with all relevant
experimental bounds. The solution is interesting because
(a) it is simple and economical, as it requires only a few
free parameters, and (b) it is testable at the LHC; as we
shall see, the current LHC data already restrict parts of the
parameter space.
The plan of the paper is as follows. In Sec. II, we discuss

our S1 þ S3 model and the flavor ansatz. We analyze the
anomalies in Sec. III and present the result of the parameter
scan and discuss the relevant experimental bounds in
Sec. IV. Finally, we present our conclusions in Sec. V.

II. THE LEPTOQUARK MODEL

Some S1 þ S3 models have been studied in different
contexts earlier [13–16]. The Yukawa part of the Lagrangian
can be written as [17]
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1Note that if, instead of the eþe− → hadrons data-driven
calculation by the Theory Initiative, the lattice-calculated value
of hadronic vacuum polarization from the BMW Collaboration
[4] is used, the deviation reduces to only 1.6σ [5].
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LY ⊃ xLijQ̄
Ci
L S1ðiσ2ÞLj

L þ xRijū
Ci
R S1l

j
R

þ yLijQ̄
Ci
L ðiσ2Þðσ⃗ · S⃗3ÞLj

L þ H:c:; ð1Þ

where we ignore the diquark interactions. The indices i, j
denote the generations of the SM fermions, while QCi

L and
Li
L are the ith-generation (charge-conjugated) quark and

lepton doublets, respectively. The Pauli matrices are denoted
by σk’s. In general, the couplings xL, xR, and yL are 3 × 3
complex matrices, but for simplicity, we assume all cou-
plings are real. The triplet S3 has three components with
charges −2=3, 1=3, and 4=3. To produce a shift in mW , we
need a mass split among the components. We consider a
Higgs portal to mix two different LQs where a mass split
appears after the electroweak symmetry breaking (EWSB)
[18]. The relevant terms in the scalar potential are given by

LS ⊃ −
X
i¼1;3

h
M2

Si
S†i Si þ λHSiðH†HÞðS†i SiÞ

þ λSiðS†i SiÞ2
i
−
h
λH†ðσ⃗ · S⃗3ÞHS�1 þ H:c:

i
: ð2Þ

Here,H is the SM Higgs doublet, andM2
Si
, λHSi , λSi , and λ are

positive quantities. The charge-1=3 components of the two
SLQs (S1 and S

1=3
3 ) mix in the presence of a nonzero λ after

EWSB.We get the following mass matrix for the charge-1=3
fields:

M2 ¼
�

M2
1 λv2=2

λv2=2 M2
3

�
; ð3Þ

where M2
i ¼ M2

Si
þ λHSiv

2. An orthogonal transformation
can diagonalize it:

�
S−
Sþ

�
¼

�
cos θ sin θ

− sin θ cos θ

�� S1

S1=33

�
; ð4Þ

where S� are the mass eigenstates with masses m�, and θ is
the mixing angle:

M2
� ¼ 1

2

�
M2

3 þM2
1 �

1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðM2

3 −M2
1Þ2 þ ðλv2=2Þ2

q �
; ð5Þ

θ ¼ 1

2
tan−1

�
λv2=2

M2
1 −M2

3

�
∈ ½−π=4; π=4�: ð6Þ

A. Flavor ansatz

We use a flavor ansatz:

xL=R ¼

0
BB@

0 0 0

0 0 xR23

0 xL=R32 0

1
CCA; yL ¼

0
BB@

0 0 0

0 yL22 0

0 yL32 0

1
CCA; ð7Þ

which leads us to the following interaction terms:

L ⊃ ½xL32ðVtduCLμL þ Vtsc̄CLμL þ Vtbt̄CLμLÞ − xL32b̄
C
LνμL þ xR32t̄

C
RμR þ xR23c̄

C
LτL�S1 − ½yL32ðb̄CLνμL þ VtdūCLμL

þ Vtsc̄CLμL þ Vtbt̄CLμLÞ þ yL22ðs̄CLνμL þ VcdūCLμL þ Vcsc̄CLμL þ Vcbt̄CLμLÞ�S1=33 þ
ffiffiffi
2

p
yL32ðVtdūCLνμ

þ Vtsc̄CLνμ þ Vtbt̄CLνμÞS−2=33 þ
ffiffiffi
2

p
yL22ðVcdūCLνμ þ Vcsc̄CLνμ þ Vcbt̄CLνμÞS−2=33 −

ffiffiffi
2

p
ðyL32b̄CLμL þ yL22s̄

C
LμLÞS4=33 : ð8Þ

Here, we have assumed the LQ interactions to be aligned
with the down quarks and suppressed the neutrino-mixing
matrix (since neutrino mixing would not affect the short-
ranged experimental measurements of the low-energy ob-
servables). Our choice of new couplings is economical,
because each plays an essential role in resolving the
anomalies simultaneously. (Note that the zeros in the
coupling matrices are phenomenological and may not be
strictly applicable in specific models [19].) The rationales
behind the flavor ansatz are as follows:
(1) Based on the chiralities of the initial and final

muons, the contributions of the SLQs to Δaμ can
be split into two parts—chirality-preserving and
chirality-flipping. The chirality-preserving terms
are small, since they are proportional tom2

μ; whereas
the chirality-flipping ones go as mμmq (q is the

quark that runs in the loop). Hence, for heavy quarks
like the top, the chirality-flipping contribution is
bigger than the chirality-preserving one. With q ¼ t,
the muon g − 2 discrepancy can be accommodated
with perturbative couplings. We primarily consider

the xL=R32 couplings of the S1 for this purpose.
(2) The S1 contributes to the b → sμμ decay at the loop

level, and hence needs large Yukawa couplings to
resolve the RKð�Þ anomalies. Such large couplings
would either be ruled out or be in tension with the
LHC dilepton data. However, the charge-4=3 com-

ponent of S3, S
4=3
3 can contribute to RKð�Þ at the tree

level, and it therefore needs relatively smaller
couplings. In order to contribute to the b → sμμ
decay, it needs two nonzero couplings—namely,
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bμS4=33 and sμS4=33 . We get the required interactions
by considering the couplings yL32 and yL22 to be
nonzero. (If the S3 couplings are aligned with the up
quarks, the two necessary interactions could be
generated from only yL22 or yL32. The other essential
coupling would then be generated through the CKM
mixing. However, due to the small off-diagonal
CKM elements, it has to be large, and hence in
conflict with the LHC data.)

(3) We consider the xR23 coupling to generate a positive
tree-level contribution to the RDð�Þ observables from
the S1. The coupling allows the charge-1=3 LQs to
couple with a τ-lepton–c-quark pair. To resolve the
RDð�Þ anomalies, the product xL32x

R
23 needs to be order

1 for TeV-scale LQs. (Note that one could also use
the xL23 coupling for this purpose. However, a large
yL32x

L
23 or xL32x

L
23 would get into conflict with the

current Rνν
K measurements unless some additional

constraints are enforced [13] in this case.)
We show some representative Feynman diagrams contrib-
uting to the anomalies in Fig. 1.

III. CONTRIBUTION TO THE ANOMALIES

A. W mass

Due to the S1 ↔ S1=33 mixing, a mass split is induced
among the components of S3. This shifts the oblique
parameters, which induce a shift in the W mass (the
corrections to the oblique parameters due to SLQs are
studied in Ref. [20]). In the S1 þ S3 model, the shift of the
T parameter, ΔT, is given by

ΔT ¼ 3

4πs2W

1

m2
W
½FðM3;M−Þc2θ þ FðM3;MþÞs2θ�; ð9Þ

where sW is the sine of the Weinberg angle, cθ ¼ cosðθÞ
and sθ ¼ sinðθÞ. The function Fðma;mbÞ is given as

Fðma;mbÞ ¼ m2
a þm2

b −
2m2

am2
b

m2
a −m2

b

log

�
m2

a

m2
b

�
: ð10Þ

It goes to zero in the limit ma ¼ mb. The W-boson mass is
connected to the oblique parameters through the following
relation:

Δm2
W ¼ αZc2Wm

2
Z

c2W − s2W

�
−
ΔS
2

þ c2WΔT þ c2W − s2W
4s2W

ΔU
�
; ð11Þ

where αZ is the fine-structure constant at the Z pole and
c2W ¼ 1 − s2W . The recent CDF measurement puts the
W-boson mass at mCDF

W ¼ 80.4335� 0.0094 GeV [1],
about 7σ away from its SM value, mSM

W ¼ 80.361�
0.006 GeV [21]. In our model, the main contribution
comes from ΔT; we neglect the smaller shifts in the S
and U parameters. The sign of ΔM ¼ M3 −M1 is impor-
tant; we use ΔM > 0 in our analysis.

B. Muon g− 2
The 4.2σ discrepancy in muon g − 2 translates to

Δaμ ¼ aExpμ − aSMμ ¼ ð2.51� 0.59Þ × 10−9. In our model,

S� and S4=33 contribute to the muon g − 2. The total
contribution to Δaμ is obtained in Package-X [22] as

Δaμ ¼
Nc

16π2

�
−
mμmt

M2þ

�
7

6
þ 2

3
ln

�
m2

t

M2þ

��
ð2xL32xR32Vtbs2θ þ xR32y

L
32Vtbs2θ þ xR32y

L
22Vcbs2θÞ þ

1

6

m2
μ

M2þ
fðjxL32j2Vt þ jxR32j2Þs2θ

þ ðjyL32j2Vt þ jyL22j2VcÞc2θ þ xL32y
L
32Vts2θg−

mμmt

M2
−

�
7

6
þ 2

3
ln

�
m2

t

M2
−

��
ð2xL32xR32Vtbc2θ − xR32y

L
32Vtbs2θ − xR32y

L
22Vcbs2θÞ

þ 1

6

m2
μ

M2
−
fðjxL32j2Vt þ jxR32j2Þc2θ þ ðjyL32j2Vt þ jyL22j2VcÞs2θ − xL32y

L
32Vts2θg−

2

3

m2
μ

M2
3

ðjyL32j2 þ jyL22j2Þ
�
: ð12Þ

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

FIG. 1. Representative Feynman diagrams contributing to the anomalies. Here, SLQ denotes a scalar LQ. The vertices with new
Yukawa couplings are marked in red.
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Here, Vt ¼ jVtdj2 þ jVtsj2 þ jVtbj2 and Vc ¼ jVcdj2þ
jVcsj2 þ jVcbj2. Since the top-quark mass enhances the
chirality-flipping terms, the corresponding couplings need
not be large, and thus would have no conflict with the
current LHC data.

C. RKð�Þ and RDð�Þ observables

Our flavor ansatz implies that S4=33 generates two Wilson
operators, O9 ¼ ðs̄γαPLbÞðμ̄γαμÞ and O10 ¼ ðs̄γαPLbÞ
ðμ̄γαγ5μÞ, relevant for the RKð�Þ observables. The corre-
sponding coefficients can be expressed in terms of the
model parameters,

C9 ¼ −C10 ¼
πv2

αVtbV�
ts

yL32y
L
22

M2
3

: ð13Þ

The global fit for C9 ¼ −C10 stands at −0.39þ0.07
−0.07 [23]. The

negative value implies both the Yukawa couplings are
either positive or negative, since Vts is also negative. There
is a small loop-level contribution to RKð�Þ from S�, which
we ignore.
Both the charge-1=3 components, S�, contribute to

the RDð�Þ observables at the tree level. From the inter-
actions in Eq. (8), the coefficient of the operators OSL ¼
ðc̄PLbÞðτ̄PLνÞ and OTL

¼ ðc̄σμνPLbÞðτ̄σμνPLνÞ can be
written as

CSL ¼ −4ρCTL
¼ −1

4
ffiffiffi
2

p
VcbGF

�
xL32x

R
23c

2
θ

M2
−

þ xL32x
R
23s

2
θ

M2þ

þ yL32x
R
23cθsθ
M2

−
−
yL32x

R
23cθsθ
M2þ

�
; ð14Þ

where ρ ¼ ρðmb;M�Þ accounts for the modification due
to the running strong coupling [24]. Figure 4 of Ref. [12]
shows ρ for a range of the LQ mass scale. Note that in our
case, a second-generation neutrino would be produced in
the b → cτν process, whereas the SM would produce a
third-generation neutrino. Therefore, the OSL and OTL

operators in our model will not interfere with the SM one
and contribute to the RDð�Þ observables as [25]

rD ≡ RD

RSM
D

≈ 1þ 1.02jCSL j2 þ 0.9jCTL
j2

þ 1.49Re½CSL � þ 1.14Re½CTL
�; ð15Þ

rD� ≡ RD�

RSM
D

≈ 1þ 0.04jCSL j2 þ 16.07jCTL
j2

− 0.11Re½CSL � − 5.12Re½CTL
�: ð16Þ

The current averages of the RDð�Þ anomalies imply that

rD ¼ 1.137� 0.101 and rD� ¼ 1.144� 0.057 ½12�: ð17Þ

The OSL and OTL
operators also contribute to the FLðD�Þ

and PτðD�Þ observables as

fLðD�Þ≡ FLðD�Þ
FSM
L ðD�Þ ≈

1

rD�
f1þ 0.08jCSL j2 þ 7.02jCTL

j2

− 0.24Re½CSL � − 4.37Re½CTL
�g; ð18Þ

pτðD�Þ≡ PτðD�Þ
PSM
τ ðD�Þ ≈

1

rD�
f1 − 0.07jCSL j2 − 1.86 × jCTL

j2

þ 0.22Re½CSL � − 3.37Re½CTL
�g: ð19Þ

The couplings that contribute to the RKð�Þ and RDð�Þ

observables also contribute to the flavor-changing neu-
tral-current process b → sνν, which is loop-induced and
suppressed by the Glashow-Iliopoulos-Maiani mechanism
in the SM. In our model, the Rνν

K observable receives the
following correction [24]:

Rνν
K ¼ 1þ A2

3V2
tbV

2
ts

��
yL32y

L
22s

2
θ

M2
−

þ yL32y
L
22c

2
θ

M2þ
þ xL32y

L
22sθcθ
M2

−

−
xL32y

L
22sθcθ
M2þ

�
2
�
−

2A
3VtbVts

�
yL32y

L
22s

2
θ

M2
−

þ yL32y
L
22c

2
θ

M2þ

þ xL32y
L
22sθcθ
M2

−
−
xL32y

L
22sθcθ
M2þ

�
; ð20Þ

where A ¼ ffiffiffi
2

p
π2=ðe2GFjCSM

L jÞ with CSM
L ≈ −6.38 [24].

Note that Ref. [13] essentially imposed a relation among the
couplings through a discrete symmetry to satisfy the RDð�Þ

and Rνν
K measurements simultaneously; our solution to that

problem is completely different.

IV. PARAMETER SCAN
AND EXPERIMENTAL BOUNDS

We prefer a solution that is directly testable at the LHC.
Hence, we consider the LQ mass scale as close to a TeV as
possible. As we shall argue below, the lightest LQ the
current LHC data allows in our setup is about 1.5 TeV. We
perform a random scan of the five nonzero couplings in
Eq. (7) to locate the parameter regions where our S1 þ S3
model explains the anomalies simultaneously, keeping the
LQ masses fixed at M1 ¼ 1.5 TeV and M3 ¼ 1.525 TeV.
The slight mass difference, ΔM ¼ M3 −M1 ≈ 25 GeV, is
necessary to explain the W-mass anomaly. Currently, there
is no bound on the Higgs-portal coupling, λ, that controls
the mixing between S1 and S3—we set it to 1.
These five couplings would contribute to observables

other than those mentioned above as well. We list these
observables and the experimental bounds on them in
Table I. We show the results of the scan with two-
dimensional projections in Fig. 2. The light-green and
blue patches are the regions where the S1 þ S3 model
resolves the W-mass, muon g − 2, RKð�Þ , and RDð�Þ
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anomalies simultaneously while satisfying the bounds in
Table I within 2σ.

A. LHC bounds

The LHC is insensitive to the small off-diagonal CKM-
suppressed couplings. There are direct and indirect bounds
on other LQ parameters from the LHC searches [37–42].
Direct bounds: We consider the exclusion bounds from

the direct LQ searches on differently charged components
separately.

(a) For our flavor ansatz in Eq. (7), the charge-1=3
SLQs would decay to the tμ; bν; cτ; sν, and cμ final
states. Now, since xR32 tends to be small in the
favored parameter regions (the light-green regions
in Fig. 2), individually none of these decay modes
can have roughly more than a 50% branching ratio
(BR). (This is because if we ignore the CKM-
suppressed decays of a charge-1=3 LQ, each left-
type coupling opens up two decay modes, whereas a
right-type coupling leads to only one.) Of these, the
cτ mode does not have any direct search limit and,
among the others, the strongest one stands at about
1.4 TeV for a 50% BR in the cμ mode [40].

(b) The limits on S−2=33 decaying mainly to tν; cν final
states are weaker—less than a TeV. Hence, our
1.5 TeV solution trivially agrees with all direct
LHC bounds on the charge-1=3 and charge-2=3
components.

(c) The strongest collider bound on our setup comes
from the direct limits on S4=33 . In our model, S4=33

decays to bμ and sμ final states via yL32 and yL22,
respectively. The ATLAS Collaboration has put

the lower limit on SLQs that decay to the bμ (μj)
state with a 100% BR at 1721 (1733) GeV [40].
For the limit in the bμ (sμ) mode to come

down to 1.5 TeV, BRðS4=33 → bðsÞμÞ ≲ 0.53ð0.6Þ,
which forces jyL32j to be close to jyL22j, since

BRðS4=33 → bμÞ þ BRðS4=33 → sμÞ ¼ 1 in our case
[see Figs. 2(j) and 2(k)].

Indirect bounds: The indirect upper bounds on the
Yukawa couplings come from the dilepton (μμ; ττ) data
[41,42]. Since these searches are agnostic about the number
of associated jets, the LQs can contribute to the dilepton
signals in a number of ways [43,44] (see Fig. 3):

(a) They could be pair produced [Fig. 3(a)], pp →
SLQSLQ → llþ 2j. (Here we use the same notation
for a particle and its antiparticle for simplicity; l
represents a charged light lepton and j denotes a
light jet.) The pair production processes are mostly
strong-coupling mediated, and hence their contribu-
tions to the dilepton signal depend on the new
couplings mainly through the BRs.

(b) A LQ can also be produced singly [Fig. 3(b)], pp →
SLQl=SLQlj → llþ jet(s). The single-production
cross sections are proportional to κ2, where κ
represents the qlSLQ coupling involved. (To avoid
double counting while calculating the two-body and
three-body single-production cross sections, we
follow the method explained in Ref. [45].)

(c) The strongest sensitivity to κ comes from the qq̄0 →
ll̄ processes mediated by t-channel LQ exchanges
[Fig. 3(c)], which also interfere with the SM qq̄ →
Z → ll̄ processes. For 1.5 TeV SLQs, the resonant
productions are more phase-space suppressed than
the nonresonant processes. Hence, at this mass,
essentially all of the contribution to the dilepton
signals comes from the Oðκ4Þ terms from the
t-channel processes and the Oðκ2Þ interference
terms. (This can also be seen from Ref. [43], which
obtains the limits on S1 couplings.) Hence, we
consider only the nonresonant contributions to
obtain the indirect limits on the new couplings.

We encode the Lagrangian in Eq. (8) in FeynRules [46] to
generate the UNIVERSAL FeynRules OUTPUT [47] files.
We use MadGraph5 [48] to generate parton-level events
from the nonresonant processes. These events are then
passed through PYTHIA6 [49] for showering and hadroni-
zation. We use DELPHES v3 [50] to simulate the detector
environments.
We use two observed distributions from Refs. [41,42]—

the invariant mass distribution of muon pairs and the total
transverse mass distribution of tau pairs—to put bounds on
the LQ parameters. We apply the same cuts on the SLQ
signal events and make a χ2 estimation of the 2σ limits on
the new couplings:

TABLE I. Observables sensitive to the new Yukawa couplings.
BRðx → yÞ denotes the branching ratio of the x → y decay. We
use the “⋆” symbol to denote the couplings that contribute
through off-diagonal CKM terms.

Observable Relevant couplings Experimental bounds

Rνν
K xL32; y

L
32; y

L
22 [24] <2.7 [26]

BRðτ → μγÞ xR23; x
L⋆
32 ; y

L⋆
32 ; y

L
22 [15] <4.4 × 10−8 [27]

BRðBc → τν̄Þ xL32; x
R
23; y

L
32 [24] ≤10% [28]

fLðD�Þ xL32; x
R
23; y

L
32 [25] 1.277� 0.193 [29,30]

pτðD�Þ xL32; x
R
23; y

L
32 [25] 0.766� 1.093 [12]

δgZμLðZ → μμÞ xL32; y
L
32; y

L⋆
22 [24] ð0.3� 1.1Þ × 10−3 [31]

δgZμRðZ → μμÞ xR32 [24] ð0.2� 1.3Þ × 10−3 [31]
δgZτRðZ → ττÞ xR23 [24] ð0.66� 0.66Þ × 10−3 [31]
BRðD0 → μμÞ xL⋆32 ; yL⋆32 ; yL⋆22 [24] <7.6 × 10−9 [32]
BRðτ → μμμÞ xR23; x

L⋆
32 ; y

L⋆
32 ; y

L
22 [15] <2.1 × 10−8 [33]

BRðK → μνÞ xL⋆32 ; yL⋆32 ; yL22 [24] ð63.56� 0.11Þ% [34]
BRðDs → μνÞ xL⋆32 ; yL⋆32 ; yL22 [24] ð0.543� 0.015Þ% [34]
BRðB → μνÞ xL⋆32 ; yL⋆32 ; yL⋆22 [24] 8.6 × 10−7 [34]
ΔmðB0

s − B̄0
sÞ yL32; y

L
22 [14,15] ð0.993� 0.158ÞΔmSM

Bs
[35,36]
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FIG. 2. The light-green and blue points belong to the parameter regions where the 1.5 TeV S1 þ S3 model resolves theW-mass, muon
g − 2, RKð�Þ , and RDð�Þ anomalies without violating the limits shown in Table I. However, once the LHC bounds [the upper limits on
couplings from the high-pT dilepton data (dot-dashed lines) and the direct-search exclusion limits] are applied, only the blue regions
survive. Panels (a)–(j) are self-explanatory. Panel (k) shows the relevant part of Panel (j) with higher magnification.
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χ2 ¼
Xbins
i

�
N i

TðMSLQ ; fκgÞ −N i
D

ΔN i

�2

ð21Þ

with

N i
TðMSLQ ; fλgÞ ¼ N nrðMSLQ ; fκgÞ þN i

SM; ð22Þ

ΔN i ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔN i

statÞ2 þ ðΔN i
systÞ2

q
: ð23Þ

Here, N nrðMSLQ ; fκgÞ and N i
SM are the total number of

events from the nonresonant production modes passing the
selection cuts and the total SM background in the ith bin;
ΔN i

stat ¼
ffiffiffiffiffiffiffiffi
N i

D

p
, and we assume a uniform 10% systematic

error—i.e., ΔN i
syst ¼ δi ×N i

D with δi ¼ 0.1. Instead of κ,
we use fκg to indicate that multiple large new couplings
can simultaneously contribute to a specific dilepton
signal—for example, both the two couplings shown in
Fig. 2(j) can contribute to the μμ final state leading to the
elliptic upper bound. A more elaborate explanation of the
method for obtaining the limits on a number of Yukawa
couplings is found in our previous papers [43,44].
We show the indirect bounds with dot-dashed lines in

Fig. 2 and mark the common parts between the regions
favored by the anomalies and those agreeing with the LHC
limits with blue. From a comparison of the light-green and
blue regions in Fig. 2, it is clear that our solution is testable at
the LHC—the current LHC bounds severely restrict the
parameter space of the 1.5 TeV LQs. The LHC data do
not allow the LQ mass scale to be smaller than ∼1.5 TeV.
This can be seen from Figs. 2(j) and 2(k) as follows. The
C9 ¼ −C10 global fit implies that both jyL32j and jyL22j cannot
be large simultaneously; whereas the LHC direct limits on
S4=33 require jyL32j ∼ jyL22j, severely constricting the parameter

space. For a lighter LQ mass, the upper limit on BRðS4=33 →
bðsÞμÞ will be tighter and impossible to satisfy.
The 1.5 TeV lower bound points to a tradeoff between

the LHC direct bounds and the degree of freedom in the
model. By introducing more large couplings, one can
reduce the BR of the restrictive modes and reduce the
direct limit on the mass scale. However, with more new
(large) couplings, the solutions become less appealing or
fine-tuned. Note that for LQ masses 1.5 TeVand above, the

indirect limits cannot be diluted significantly by introduc-
ing additional coupling(s), as they are essentially indepen-
dent of the LQ BRs.

V. CONCLUSIONS

This paper presents a simple solution to the recent
W-boson mass anomaly along with the long-standing muon
g − 2, RKð�Þ , and RDð�Þ anomalies with a model of S1 and S3
SLQs. While various S1 þ S3 models have been seen to
address different combinations of these anomalies [13–16],
ours is a new solution that is economical (i.e., it has fewer
degrees of freedom than the known solutions; see, e.g.,
Ref. [16]), does not require any fine-tuned parameters, and
is testable at the LHC.2 We have shown that our solution
satisfies all known low-energy bounds. We also obtained
the bounds from the LHC data including those from the
direct LQ searches and the high-pT μμ and ττ tails.
The testability of the 1.5 TeV setup at the LHC is clear

from the scan shown in Fig. 2. If the LQs are heavier, more
parameter space will open up—heavier particles are less
restricted by the low-energy and LHC bounds. However,
heavier SLQs would need larger couplings to accommodate
the anomalies. If we limit all the couplings to be perturba-
tive, we get an upper bound on the LQ mass scale—the
heaviest it can go (assuming no additional new couplings
are turned on) is about 8 TeV. Of course, if the LQs are
significantly heavier than 2 TeV, the direct searches would
not be useful, but the model can still be probed via indirect
searches. Future data with better statistics are expected to
give better indirect bounds and reduce the upper limit on the
LQ mass scale. The large cross-generation couplings (e.g.,
xR23, x

L
32) indicate that the model will have exotic signatures

(like cτ, tμ) at the LHC, and the single productions
mediated by these couplings could have good prospects
(see, e.g., Refs. [45,50]). They could also be tested
indirectly from the high-pT dilepton or monoleptonþ =ET
data [43].

(a) (b) (c)

FIG. 3. Representative Feynman diagrams for various LQ production processes at the LHC.

2Our conclusions remain unchanged if, instead of the 4.2σ, we
consider the aμ anomaly to be 1.6σ by taking the lattice result
[4,5]. In that case, the jxR32j ≳ 0.03 regions, which were anyway
excluded by the corresponding indirect bound from the LHC
data, are disfavored.
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To summarize, we have presented a testable economical
new-physics model that can explain all the anomalies
simultaneously without any fine-tuned parameters. Or
equivalently, one could also argue that the anomalies
together strongly indicate the existence of the LQs.
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