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Leptoquark option for B-meson anomalies and leptonic signatures
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We entertain the option of scalar leptoquarks to explain the anomalies in the semileptonic decays of B
mesons and the discrepancies in the lepton (g — 2),’s including the recent results at Fermilab E989. The
Rie and Rp. anomalies can be accommodated by the specific couplings for triplet and singlet
leptoquarks, respectively, subject to the bounds from B — Kvv. We discuss the correlation between
the leptonic signatures from leptoquarks such as y — ey and the electric dipole moment of the electron and
show that desirable neutrino masses can be generated dominantly by top-quark loops in the extension of the

model with several doublet leptoquarks.
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I. INTRODUCTION

The universality of fundamental interactions of leptons,
apart from the Higgs boson interactions, the so-called
lepton flavor universality (LFU), has been well tested
within the Standard Model (SM), so any deviation from
LFU would hint at new physics beyond the SM. Recent
anomalies from the semileptonic decays of B mesons, the
so-called Ry« [1-7] and R anomalies [8-11], favor
the modified interactions of muon and tau leptons
beyond the SM, respectively, although we still need to
understand the hadronic uncertainties in related B-meson
decays [12].

The measurements of the anomalous magnetic moments
(g —2), and/or electric dipole moments d; for leptons are
also important tests of the SM at one-loop level, given that
the SM predictions and the measured values for them are in
good agreement up to high precision. However, the
measurement of the magnetic dipole moment of a muon
at Brookhaven E821 has shown a 3.7¢ deviation from the
SM [13,14], and it has been confirmed at 3.36 by the
Fermilab g — 2 Collaboration [15], resulting in a combined
significance at 4.2¢. There is a similar deviation observed
in the case of the electron counterpart although at a smaller
significance of 2.4¢ [16,17].

In this article, we consider the extension of the SM with
singlet and triplet scalar leptoquarks to explain both R
and R, anomalies simultaneously, being consistent with
other bounds from B-meson observables and flavor
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constraints. We update the constraints on the leptoquark
couplings in view of the latest results from LHCb and Belle
experiments.

We present the flavor structure for leptoquark couplings
[18-22] violating the LFU for the updated results for the
B-meson decays [23,24] and accommodating the discrep-
ancies in the magnetic moments of the muon and electron
[20,21,25] while satisfying the bounds from the flavor-
violating decays of leptons. We consider two benchmark
models for leptoquark couplings: One is the minimal
scenario to explain the B-meson anomalies and account
for the (g —2), anomaly with top-quark loops at the same
time, and another is to explain the B-meson anomalies as
well as the (g —2), and (g —2), anomalies via top-quark
and charm-quark loops, respectively. In either case, we
discuss the correlation between the leptoquark couplings
required for the B-meson anomalies and the leptonic
signatures including the electric dipole moment of the
electron and show how neutrino masses are generated at
loops in the model.

The paper is organized as follows. We begin with a
review on the B-meson anomalies and identify the param-
eter space for explaining them with singlet and triplet scalar
leptoquarks. We also present a general discussion on the
bounds from B — Kvv and the magnetic and electric dipole
moments of leptons and the flavor-violating decays of
leptons in this model. We give the details on the benchmark
models for the leptoquark couplings and show the corre-
lations between the B-meson anomalies and (g—2),
anomalies and other leptonic signatures. Finally, conclu-
sions are drawn.

II. LEPTOQUARKS FOR B-MESON ANOMALIES

We first give an overview on the experimental status of
the measurements on rare B-meson decays Ry and R

Published by the American Physical Society
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and discuss models with SU(2), singlet and triplet scalar
leptoquarks to explain R, and Ry anomalies, respec-
tively [19-22]. Then, we update the phenomenological
conditions for the B-meson anomalies.

A. Overview on the status of B-meson anomalies

In this section, we give a brief overview on the status of
the B-meson anomalies, and the interpretations in terms of
the effective Hamiltonians in the SM will be made in the
next subsections.

The reported values of Ry = B(B - Ku™u~)/B(B —
Kete™) from LHCb 2011-2012 [1] and 2015-2016 data
[2] were deviated from the SM prediction by 2.6¢ and 2.5¢,

|

P 0.667 001 (stat) & 0.03(syst), 0.045 GeV? < ¢* < 1.1 GeV?,
e 0.697 001 (stat) & 0.05(syst),

which again differs from the SM prediction by 2.1-2.3¢
and 2.4-2.5¢0, depending on the energy bins. The deviation
in Ry« is supported by the reduction in the angular
distribution of B — K*u*yu~, the so-called P% variable
[6]. There is also a recent update on Rg- from Belle data
[7], also showing a similar deviation, in particular, in low-
energy bins (0.045 GeV < ¢ < 1.1 GeV), although the
errors are still large.

Taking the results of BABAR [8], Belle [9], and LHCb
[10] for Rp = B(B - Dtw)/B(B - DIlv) and Rp =
B(B — D*w)/B(B — D*lv) with | =e, u for BABAR
and Belle and /=y for LHCb, the Heavy Flavor
Averaging Group [26] reported the experimental world
averages as follows:

R;? = 0.403 4+ 0.040 + 0.024, (2.3)

R;P =0.310 +0.015 £ 0.008. (2.4)
On the other hand, taking into account the lattice calcu-
lation of Rp, which is Rp =0.299+0.011 [27],
and the uncertainties in Rp- in various groups [28,29],
we take the SM predictions for these ratios as follows:

RSM = 0.299 + 0.011, (2.5)

RM = 0.260 + 0.010. (2.6)
Then, the combined derivation between the measurements
and the SM predictions for Ry and Rp- is about 4.16. We
quote the best-fit values for R and R+ including the new
physics contributions [30]:

RD RD*
R RS 1.21 + 0.06. (2.7)

respectively. Recently, the result has been updated further
with LHCb 2017-2018 data [3], so the combined value for
1.1 GeV? < ¢* < 6.0 GeV? now shows a 3.1c deviation
from the SM, as follows:
Ry = 0.8467055 (stat) (0013 (syst). (2.1

The analysis of the full Belle data sample led to new
results on Ry in various bin energies [4], showing the
consistency with the LHCb result in the bin of inter-
est, 1 GeV? < ¢*> < 6 GeV>.

On the other hand, for vector B mesons, Rg- = B(B —
K*utu™)/B(B - K*ete™) from LHCb [5] is

2.2
1.1 GeV? < ¢* < 6.0 GeV?, 22)

|

There has been a recent update on Rp+ from Belle [11],
which leads to the new global average values R, =
0.337 £0.030 and R;" = 0.299 + 0.013.

The upcoming LHCb with run 3 and HL-LHC data will
measure the rates of semileptonic B-meson decays with
better precision, and the online Belle II experiment can
eventually test the lepton flavor universality in B-meson
decays up to a few percent level at least with data of

5 ab~! [31].

B. Effective interactions from scalar leptoquarks

We consider the Lagrangian for an SU(2), singlet
scalar leptoquark, S; with ¥ =41 and an SU(2),
triplet scalar leptoquark, S;=®,, with Y = +%, as
follows:

LLQ - ES] + LS3 (28)

Ly = —ﬁij(QC)?ei(iUz)abSIL[Zj - jLﬁ'j(“c)Ll'SlejR +H.c.,
(2.9)
where a and b are SU(2), indices, ¢° is the second Pauli

matrix, ¢ = Ciy” is the charge conjugate with C = iy’y?,
and

L, = —x;j(Q°) % PupL]; + He. (2.10)
with
D, = (\@b} % ) (2.11)
_¢2 —\/iqbl
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where (¢, ¢,, ¢3) forms an isospin triplet with 75 =
+1,0,—1 and Q = —|—3,+— —2 We note that our con-
ventions can be compared to those in the literature from

® = (ic®)(3- §), where & are Pauli matrices and S are
complex scalar fields.

It is worthwhile to mention that the flavor mixing in the
SM should be taken into account for identifying the
necessary leptoquark couplings for B-meson decays.
First, in the basis where the mass matrices for down-type
quarks and charged leptons are diagonal, from Eq. (2.8),
we can rewrite the general leptoquark couplings for mass
eigenstates (denoted by primed fields) as follows:

u 7 e\
Lig= _lgj)<u/C)Rislele + Agj)(d/C)RiSII/Lj
- y;'j(u/C)LiSle}R +V2k,, ii(d/C)Rigble;‘L
~(u

) z,(”/C>R1¢2€,L +K ’<2 z)(d C>R1¢2V,L

- \/_K3.ij<” )Ri¢3ij’ (2.12)
where
A = (Vegm)* -4, 2D =2- U;MNS’ Y=V -4,
(2.13)
K| =K, f<§") = (Vekm)* -k,
~(d - X
Kg ) =K U;MNS’ K3 = (VCKM) c K- UE’MNS' (214)

Here, Vcgms Upmns, and V,,, are the Cabibbo-Kobayashi-
Maskawa (CKM) matrix for quarks, the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix for leptons, and the
rotation matrix for right-handed up-type quarks, respec-
tively. Then, at least, for A*) and &, couplings, which are
relevant for R, and R, anomalies, respectively, we can
infer the original flavor structure for leptoquarks. For
instance, if 433 # 0 and the other components of 4;;
are zero, we can get the hierarchical leptoquark

Couplings /lglg) = thl33 o~ /133, /‘ng) = Vcb/133 ~ 0.041/133,

and A% = V333 ~ 0.003655.
|

Instead, taking the basis where the mass matrices for up-
type quarks and charged leptons are diagonal, from
Eq. (2.8), we can also rewrite the general leptoquark
couplings for mass eigenstates in Eq. (2.12) with

AW =2, 2D = (Vo)™ 2 Ubyins y =7,
(2.15)
k= (Vexm)" -k, ’?gu) =K,
_(d o
Ké '= (Vexm)” - € - Upynss Ry =k Upyns  (2.16)

In this case, similarly to the previous case with the diagonal
mass matrix for down-type quarks, the flavor structure for
leptoquarks is inherited in A(*) and &, couplings up to the
CKM mixing, which are relevant for R, and Ry
anomalies, respectively. More importantly, there is no
CKM mixing appearing in A and y’ =/, which are
relevant for explaining (g —2), anomalies, as will be
discussed in a later section. For convenience, we work
in the mass eigenstates for the leptoquark couplings in the
following discussion.

We also remark that other Yukawa couplings for the
singlet leptoquark are possible, such as lﬁ’j(_iRiS 1 (u€)p;» but
the simultaneous presence of 4;; # 0 and /Ij’J # 0 would be
dangerous for proton decay, as in R-parity-violating super-
symmetry. So, we set A; = 0 in favor of explaining the (g —
2) , anomaly. But, if we keep /12’1 # 0 instead, it would also
lead to an interesting phenomenology for leptoquark
searches with dijets. In R-parity-violating supersymmetry,
the Yukawa couplings to the singlet quarks and
leptons, A, o are absent, but the nonholomorphic terms

i | 20d20c;X(U)[S (E)] + H.c., with M, being the
cutoff scale and c; being dimensionless parameters, could

generate 4;; = X for X = Fy6?. In this case, down-type

= Cij M2
squarks corresponding to S are responsible for both R )
and (g —2), anomalies [20].

After integrating out the leptoquark scalars in the
Lagrangian (2.8), we obtain the effective Lagrangian for
the SM fermions in the following:

1 3 _ _
Legr = <4m2 i +4 s3 Kz,Kk1>(QLkJ’”QLi)(LuVyLLj)

Sy

1 _ _
+ < am 2 — 4 /1* 4 v Ku"k1>(QLkY”UIQLi)(LLz}’ﬂUILLj)

2 2

2m

A4 (lRriy" ugi) (€riy uer;)s

——AijAy ((”RkQL/)(eRlLLJ)__(uRko-” 0.i)(erio, LL;)) +H.c.

(2.17)
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where ¢! (I = 1,2,3) are the Pauli matrices. There, we
find that there are both SU(2), singlet and triplet V — A
operators from the leptoquark couplings to left-handed
fermions in the SM. Moreover, for /121. # 0, which is
crucial to explain the muon (g—2),, the decay mode
B — D, can be affected by additional scalar and tensor
operators on top of the effective operators obtained in
Ref. [20], as shown in Eq. (2.17). A simultaneous
solution to Rgx and Rj. anomalies was previously

|

4G

Hegr = %

discussed along the line of the effective Lagrangian
approach [32], and it was also pointed out that lepto-
quark couplings are important in relation to b — ctv
decays in the literature [33].

C. R;,-, anomalies and leptoquarks

The effective Hamiltonian for b — ctv in the SM is
given by

Vepl(L+ Cyp)(@y*PLb)(Zy,Pry,) + Cyr(Cr* Pgrb)(Ty,Prv,) + Csp (EPLD) (TP ;)

+ Csr(CPgb) (7P v,) + Cr(Co' Py b)(70,,PLv,)] +H.c., (2.18)
where Cy; =0 and Cyp = Cg; = Cgp = Cr =0 in the SM and V_, ~ 0.04. The new physics contribution may also
contain the other dimension-6 four-fermion vector operators that are not present in the SM. In order to explain the R
anomalies in Eq. (2.7), however, the Wilson coefficients for the new physics contribution are favored to be Cy; = 0.1 and
Cyr = Cg; = Cgp = Cy = 01in Eq. (2.18), while taking [0.072, 0.127] and [0.044, 0.153] for Cy, within 1¢ and 26 errors,
respectively.

From the part of the effective Lagrangian obtained in Eq. (2.17) after the leptoquark S is integrated, we take the effective

Hamiltonian relevant for b — czi, as

A% % pu
Hh—nw, = - 233 2% (bL]/ CL)( TL}/yTL) + H.c. 23 33
ms m3
! 1
Lz 1
= (bry*cr)(Dgry,tr) + Heo +—
A H AIDZ

As a consequence, the singlet leptoquark gives rise to the
effective operator for explaining the R,,.) anomalies, and
the effective cutoff scales are to be Ap ~3.5 TeV < A),.
Thus, for mg 2 1 TeV, we need /433453 2 0.4

In the left plot in Fig. 1, we depict the parameter
space for mg and the effective leptoquark coupling,
Aett = \/|433423], in which the Rj. anomalies can be
explained within 2¢(16) errors in the green (yellow) region
from the conditions below Eq. (2.18).

D. Ry, anomalies and leptoquarks

The effective Hamiltonian for b — su™u~ is given by

4G Qe
el byt = é ViV 4 (G405 + C1oOly

+ CyOY + CHON) + He.,

AH

(2.20)

where O = (57" PLb)(Frum), Oy = (57" PLb)(y,rn),
Og' = (57" Prb) (r,p).  Ofy = (57*Prb)(Ay,r°n).  and
dem 1S the electromagnetic coupling. In the SM,
the Wilson coefficients are given by Cg Mim,) =
"M (my,) = 427 and CEM(my,) ~ —C SM(m,,) ~ 0.

[(apr)@PLU,) - % (Z‘a"”PLb)(%aﬂ,,PLvT)} He.

[( P.b)(zP.v,) —i(éa””PLb)(%aWPLu,)} + H.c.

(2.19)

[

For Ci)"" = cl™" = %P = 0, the best-fit value for
new physics contribution is given by Cy’ NP — _0.82+0.14
[23] to explain all the rare B decays including
the Ry anomalies. On the other hand, for Cg'NP =

—C’l‘bNP and others being zero, the best-fit value for new

physics contribution is NP = 043 +
0.07 [23].

From the part of the effective Lagrangian obtained in
Eq. (2.17) after the component of the triplet leptoquark, ¢
with Q = + f—‘, is integrated out, we also take the effective

Hamiltonian relevant for b — syt~ as

given by

HS> o K32K22 (

bt = 2 bry*sy)(iLyme) + He.
1

(bry*sy) (i yme) + He. (2.21)

Ak

As a consequence, the triplet leptoquark gives rise to the
effective operator of the (V — A) form for the quark current,
that is, Cy NP - NP £0, as favored by the Ry
anomalies, and the effective cutoff scale is to be
Ag ~30 TeV. The result is in contrast to the case for Z’
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Parameter space for the leptoquark mass m;q and the effective coupling A, explaining the B-meson anomalies, in the green

(yellow) region at 26(16) level. We have taken my g = mg and Ay = +/|4353423] for R in the left plot and g = mg, and Ay =

V/|K3aka| for Ry in the right plot.

models with family-dependent charges such as Q' =
x(Bs —Ls) +y(L,—L,) with x and y being arbitrary
parameters where C’g"NP #0 and C’l‘bNP =0 [34]. Then,
formy 2 1 TeV, we need y/k3,k 2 0.03. Therefore, we
can combine scalar leptoquarks S, and S5 to explain R
and Ry anomalies, respectively.

In the right plot in Fig. 1, we depict the parameter space
for mg ~and the effective leptoquark coupling
Kett = 1/ |K3,K22|, in which the Ry, anomalies can be
explained within 2¢(16) errors in the green (yellow) region
from the conditions below Eq. (2.20). There are direct
limits on the masses and couplings of scalar leptoquarks
from the LHC, corresponding to myq 2 1 TeV from most
of the leptoquark decay channels [20].

III. OTHER BOUNDS ON LEPTOQUARK
COUPLINGS

In this section, we consider the bounds from other B-
meson decays such as B — K*)ui and present the general
results for the magnetic and electric dipole moments of
leptons due to scalar leptoquarks.

A. Rare meson decays and mixing

In leptoquark models, there is no B — B mixing at tree
level. The new contribution of leptoquarks to the B, — B,
mixing appears sizable at one-loop level in the case of the
singlet leptoquark [19], but it is less constrained due to
large errors in the SM prediction. However, both singlet and
triplet leptoquarks contribute to B — K")u at tree level,
which are important constraints for leptoquark models.

The effective Hamiltonian relevant for b — 5vb [35] is
given by

My = _ V20 Gy
T

VisVis Y Ch(by"PLs) (D7, PLuy),
1

(3.1)

where C, = C3M 4 C/NP. Here, the SM contribution C§M
is given by C™M =-X,/s%, with sy =sinfy and
X, =1.469 £0.017. From the result in Eq. (2.17), the
new contributions from scalar leptoquarks to the effective
Hamiltonian for B — Kvv are

Ao
CIIJ,NP _ _< 3i 221+
2myg,

K5,k j> r (
. (32)
Zméz \/EaemGFVlb V;Fs

Then, the ratio of the branching ratios in our model is
given by

_ B(B— KYuw)
"~ B(B - KYWub)|gy
2 1|eM+ NP

= - —_— 3.3
33 e (33)

K®y

The experimental bounds on B(B — K"up) [36] are
given by

B(B— Kuwp) <1.6x1075,  B(B— K*vb) <2.7x 1073,

(3.4)

and the SM predictions [37] are

015007-5
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B(B = Kub)|gy = (3.98 £0.43 £0.19) x 1078,

B(B — K*u)|gy = (9.19 + 0.86 +0.50) x 107, (3.5)

As aresult, the Rg-, bound on the new physics contribution is

—10.1 < Re(CINP) < 22.8. (3.6)

Taking into account k3, and k,,, which are necessary for
B — KWutu~, the triplet scalar leptoquark contributes
onlyto B - K (*)1/,417”. In this case, as the triplet leptoquark
contribution to C*“ is about the same as Cg‘NP = —0.61,it
satisfies the Ry, bound on its own easily. However, it is
necessary to introduce 433 and 4,3 for the singlet leptoquark
for explaining the anomalies in B — D*)zp_, resulting in
the significant contribution to B — K"y, 7,.

Ignoring the mass splitting within the triplet scalar
leptoquark, we get mgy = my, = my = mg,. Then, we
can cancel the contributions to B — K"y, or
B - K"y, v, ,, with the additional couplings x,; and
k33 for the triplet leptoquark, as follows:

2
|K33kas| _ |K5oka3| M5,
53a3|  |250das|  mig,

(3.7)

Then, for mg ~mg, we mneed /|K33K03] &
V/|433423] Z 0.4, in order to explain the R. anomalies.
On the other hand, for mg, ~ mg,, the additional coupling
for the singlet leptoquark, A3, must satisfy
V| W5203] & \/|K5k03],  subject  to  the  conditions
/M35 2 0.4 and /|ki,kn| 2 0.03, for explaining
Rp» and Ry anomalies, respectively. In this case, it is
possible to get a sizable 43, coupling in order to explain the
deviation in (g—2), with top-quark loops as will be
discussed in the next subsection.

We also remark that the singlet leptoquark loops con-
tribute to (g —2), via charm-quark loops for 4,; # 0 and
A5, # 0 instead of top-quark loops. In this case, we also
need to consider the constraints from Rg-,, which again sets

the similar relations between the leptoquark couplings as in
Eq. (3.7), as follows:

2
|K33K21 | ~ |K3ak21 o
|’1§3/121| |’1§2/121| m%,

(3.8)

Therefore, we also need to take into account a nonzero k»;
for a sizable 1,; coupling.

Finally, we note that the leptoquark couplings required
for R, anomalies also lead to a nonzero extra contribution
to B. — 70,, so the corresponding decay branching ratio
[38] becomes

/B,

Br(B. — tv,) = 0.02 <O.43 Gov

2
) 1+ Cy, —4.3CSL|2,
(3.9)

where the Wilson coefficients are given in Eq. (2.18) with
Eq. (2.19). The best limit for B, — 7o, [38,39] is given by

Br(B, - 70,) <0.1. (3.10)
Therefore, choosing Cs; < Cyp ~ 0.1 to explain the R
anomalies in our model as discussed in Sec. II. 3, we find

that the bound from B, — 7, does not constrain the
parameter space strongly in our model.

B. Magnetic and electric dipole moments of leptons

The deviation of the anomalous magnetic moment
of the muon between experiment and SM values is given
[13,14] by

Aa, = a;* —aiM =279(76) x 107", (3.11)
which is a 3.7¢ discrepancy from the SM. Recently, the
muon g — 2 experiment E989 at Fermilab has confirmed it
by a 3.3¢ deviation from the SM [15]. As a result, from the
combined average with Brookhaven E821, the difference
from the SM value becomes

Aa, = a,”® — aEM =251(59) x 107!, (3.12)
which is now a 4.2¢ discrepancy from the SM [15].

Furthermore, there is a 2.4¢ discrepancy reported
between the SM prediction for the anomalous magnetic
moment of the electron and the experimental measurements
[16,17], as follows:

__ eXp
Aa, =a;" —

asM = —88(36) x 10714, (3.13)
There have been some attempts to explain both anomalies
beyond the SM [40].

From the Yukawa couplings for the singlet scalar
leptoquark, the chirality-enhanced effect from the top quark
contributes most to the (g — 2), of leptons [19], as follows:

s M
a)' =5 Re[Cg]

o (3.14)

with

ij _ _ Ne I my,
CR=_12’"§1 %:mukzkizkj 7+4log( 5 ) ). (3.15)

S

On the other hand, a new source of CP violation in the
singlet leptoquark couplings could lead to a new contri-
bution to the electric dipole moment (EDM) of the lepton:

015007-6
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1
d; = —5Im|[Cl).

- (3.16)

The current best limit on the electron EDM comes from
ACMEII [41] as follows:

d, <1.1x 107 ecm. (3.17)

Moreover, we have a much weaker bound on the muon
EDM [42] by

d, <15%x107" ecm. (3.18)

C. Flavor-violating decays of leptons

The leptoquark couplings for muon or electron anoma-
lous magnetic moments also contribute to the branching
ratio of the flavor-violating decays of the tau lepton, 7 — py
and 7 — ey, as follows:

3
am;

BR(z — uy) = 5o 5n(ICRP +[CPP). (3.19)
am3

BR(7 = ey) = 256;4 7.(|CR12 + |CP?), (3.20)

where C¥ = C¥(13; — Xy A3, — A35) and the lifetime of
tau is given by 7, = (290.3 £0.5) x 1075 s [43]. The
current experimental bounds are given [44] by

BR(7 — uy) < 4.4 x 1078, (3.21)
BR(z — ey) < 3.3 x 1078, (3.22)
0O 0 O 0

A= 0 0 /123 y K = 0

/131 /132 /133 0

We discuss the reason for the above flavor structure in
detail. First, we need A334,3 # 0 for Ry« anomalies and
K32ky # 0 for Rp- anomalies. As discussed for Eq. (3.7),
we also introduced extra couplings for the triplet lepto-
quark, x,3 and k33, to get a sizable A5, for generating a large
deviation in (g — 2), without a conflict to the bound from

B — K®up. We also took A3 =0 to suppress the lep-
toquark contributions to scalar and tensor operators for Rp:
in Eq. (2.19). We note that 13, and 25, are unnecessary for
B-meson anomalies, but we introduced them unlike in
Ref. [20] to see new contributions to (¢ —2), and d, from
top-quark loops.

Similarly, the simultaneous presence of contributions to
both muon and electron anomalous magnetic moments
generically leads to the branching ratio of u — ey:

3

am,

BR(u — ey) (3.23)

where the lifetime of the muon is given by 7, = 2.197 x

107% s [43]. The current experimental bound is given
[45] by

BR(u — ey) <42 x 10713, (3.24)

IV. LEPTOQUARK FLAVORS AND LEPTONIC
SIGNATURES

We discuss two benchmark models for leptoquarks,
model I and model II, in light of the B-meson anomalies,
and show the correlations with the leptonic signatures from
the leptoquark couplings, such as the magnetic and electric
dipole moments of leptons, flavor-violating decays of
leptons, and neutrino masses.

In this section, we focus on the case where the
singlet leptoquark gives rise to dominant contributions to
(g9 —2), anomalies at one-loop level, although it is also
possible to use the triplet leptoquark couplings in the
presence of a mass mixing between singlet and triplet
leptoquarks [25].

A. Model I: Top-quark loops

We consider the minimal flavor structure for leptoquark
couplings to accommodate both Ry and Rp- anomalies, as
follows [20]:

0 0 0 0 0
Ky  Kp3 s ﬂ/ - 0 0 0 (4 1)
K3 K33 %1 ’1/32 0

For the flavor structure in Eq. (4.1), from Eq. (3.14), the
one-loop contributions with a top quark and singlet
leptoquark to the (g —2),’s for muon and electron, are,
respectively,

C.m,m
s t ! "
aﬂl - 16ﬂ'2/:1’l§1 Re(ﬂ“32132)’ (42)
C
adt = e Re( 1), (4.3)

167r2m§
1
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m2
with C, = 4log(-+)
mass enhancement [20] for both (g —2), and (g - 2),, and
the ratio of (g — 2),’s depends on the leptoquark couplings by

— 7. Then, in this case, there is a top

Sy
a, m, Re(3145)
= /131/1 < (4.4)
ay my Re(43,

Then, for |ael / aS'| ~3 x 107 at the central values in the
deviations in Egs. (3.11) and (3.13), we would need
|Re (43145 ) /Re(13,455)| ~ 0.06. But, there is a strong bound
from p — ey, which excludes the possibility to explain the
(g —2), in this case.

Similarly, from Eq. (3.14), the lepton EDMs are given by

Cim,

> = 307 2 Im(/1321 ) (45>
C,my;

d, = Im(A5,2%). 4.6

e 32”2m§1 m(A345)) (4.6)

On the other hand, from Egs. (3.20) and (3.23), we
obtain the branching ratios for flavor-violating decays of
leptons:

am? C,m
BR(c = 1) =gz (o) kel + o]

(4.7)

Hy) =

3
Cim
BR(z — ey) = o <

st () Wl + P

(4.8)

As2 =Agz=1, A33=0

— BR(t-py)
Aay(20)
Aay(10)

! ! ! Lol ! ! ! Lo11a
108 10* 10%
miq (GeV)

am’ C,m,
BR(u = er) = 5sci® /‘(4m ) (12312517 + [ A2 251 ]

(4.9)

Assuming that the leptoquark couplings are real, we can
eliminate 13, and A3, in the latter result by using Egs. (4.2)
and (4.3), as follows:

3
om0 (4
Cm? | \m? m,

with R = A3;/13,. Therefore, the correlation between
(9—2),’s and u — ey is manifest.

In Fig. 2, we show the parameter space for the singlet
scalar leptoquark mass, my o = mg, , and the extra lepto-
quark coupling A3,, where the (g—2), anomaly can be
explained, in the green (yellow) region at 26(10) level. The
gray region is excluded by the bound on B(r — uy). We
have taken A3, = 433 = 1 (0.1) in the left (right) plot and
X33 = 0. Therefore, for m; o < 10-50 TeV under perturba-
tivity and leptoquark couplings less than unity, the (g — 2),
anomaly can be explained in our model, being compatible
with B(t — py).

In Fig. 3, we also depict the correlation between the
leptonic signatures, namely, the leptoquark contributions
to the muon and electron g—2. We showed the
16(20) bands for (g—2), in green and yellow, respec-
tively. We have fixed BR(y — ey) = 4.2 x 107"® and
1015 in the left and right plots, respectively. We varied
A31/23 = 1073, 10723, 1072, and 10~' from top to

BR(x — ¢7)

As2 =A33=0.1, A33=0

— BR(t-pny)

Aay(20)
Aay(10)

10—4 L Ll L L
108 104 10°

myq (GeV)

FIG. 2. Parameter space for myq = mg and A}, allowed by (g—2), in model I. Green (yellow) regions show 25(165) bands for
(9 —2),,- The gray region is excluded by the bound on BR(z — py). We have fixed 43, = 433 = 1(0.1) in the left (right) plot and 13; = 0

in both plots.
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BR(u~ey)=4.2x10""
1078

m:. 10—9

—— A31/Azz=10"3

——— A31/A3p=10"25

—— A31/Az2=10"2
1.5

—— A31/A32=10"

-10 Ly,
10 10-20

%\(\\)\\71\9\\{8\71\8\\1\\8\71\7\ %\\0\\\71[\‘3\ 1“8‘71‘5”;(‘;‘71:‘”48713
-ae

FIG. 3.

BR(u—~ey)=10"1°

1078

—— Azq/Azp=10"45

——— AzqlAzp=10"4

—— Azq/Azp=10"35

—— Azq/Azp=10"3

16!9

1l 1
10718 1
_ae

-10 L1 I L
1070 o7

Correlation between the leptoquark contributions to the muon and electron g — 2 in model I. Green (yellow) regions show

26(10) bands for (g —2),. We fixed BR(u — ey) = 4.2 x 107"3 and 107" in the left and right plots, respectively. Various lines are
shown for A3, /A3, = 1073, 10723, 1072, and 10~" from top to bottom (black, orange, purple, and blue lines, respectively) in the left plot
and A3, /23, = 1073, 1074, 10733, and 1073 from top to bottom (black, orange, purple, and blue lines, respectively) in the right plot.

bottom (black, orange, purple, and blue lines, respec-
tively) in the left plot and A3, /A3, = 107%3, 107%, 10733,
and 1073 from top to bottom (black, orange, purple, and
blue lines, respectively) in the right plot. Then, from the
left plot in Fig. 2, when the bound from B(u — ey)
is saturated, the leptoquark contribution to the electron
(g —2), is smaller than about 107! within the 26 region
for (g —2),. Requiring B(u — ey) to be smaller than the
current limit as in the right plot in Fig. 2, the electron
(9 —2), becomes much smaller.

In Fig. 4, we also showed the correlation between
the leptoquark contributions to BR(x — ey) and electron
(g —2), on the left and the correlation between those to
|

0 0 0 0
A=14a 0 4n |, K= K2
0 A3 Ay 0

The reason for the flavor structure in Eq. (4.11) is in order.
First, we took Aj; = 1}; = k; = 0 for satisfying the strong
limits from light meson decays. As in the flavor structure
in Eq. (4.1), we introduced the necessary leptoquark
couplings, 433, 4»3 and k3,, kyy, for B-meson anomalies,
as well as k,3, k33 and A3, for satisfying the bound from
B — Kuw, and set A5 = 0 for a better fit with Cg = Cy =
0to Ry in Eq. (2.18). We need 43,45, # 0 for explaining
(9 —2), with top-quark loops, so we took 43, = 43; = 0in
order to avoid the strong bound from y — ey. Similarly,
we need 1,45, # 0 for explaining (g —2), with charm-
quark loops, so we took 45, = 4y, = 0 for 4 — ey. Then,

BR(u — ey) and electron EDM d, on the right. We took
A31/Az = 107%, 1073, and 1072 from bottom to top (orange
dotted, purple dashed, and blue solid lines, respectively) in
both plots, and the CP phase for the electron EDM was taken
to ¢ = 0.1 on the right. Taking into account the current limit
from BR(u — ey) < 4.2 x 10713, which is the region below
the black dashed line in both plots, we find that the (g — 2),
and the electron EDM are consequently suppressed.

B. Model II: Top- and charm-quark loops

We take an alternative flavor structure for leptoquark
couplings as follows:

0 0 0 0 0
K K | A=Ay 0 A (4.11)
K3y K33 0 /1/32 0

|
the flavor structure between the Yukawa couplings, 4 and
A, for the singlet leptoquark, is correlated. Finally, for the
consistency with the bounds from B — Kuvv, we took
k31 = 0 for 43; = 0 and x,; # 0 for 4,; # 0, subject to the
condition in Eq. (3.8). We note that the flavor structure
(4.11) in model II can be realized in the basis where the
mass matrices for up quarks and charged leptons are
diagonal [25], as shown in Egs. (2.15) and (2.16).

For the flavor structure in Eq. (4.11), from Eq. (3.14), the
one-loop contributions with a top quark and singlet
leptoquark to the (¢g—2), for the muon and electron,
are, respectively,
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109 10% - 7
3 3 Y
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Lol S T 10f
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FIG. 4. Left: correlation between BR(u — ey) and electron (g —2), for the lo region of (g—2),. Right: correlation between
BR(u — ey) and electron EDM d,. We took A3, /A3, = 107, 1073, and 1072 from bottom to top (orange dotted, purple dashed, and blue
solid lines, respectively) for both plots and the CP phase ¢ = 0.1 in the right plot. The black dashed line shows the current upper limit

BR(u — ey) = 4.2 x 10713,

s, Cim,m,

ay _WRG(A32J’§E)’ (412)
C.m,m,
S clttellte %
ac' :WRGMZI 51) (4.13)
2
with C. = 4log (%) — 7. In this case, there is a top-quark

mass enhancement for (g—2), but there is a weaker
enhancement with charm-quark mass for (¢g—2), [25].
Therefore, we get the following ratio of (g —2),’s:

@' C.mgm, Re(lyi)
a;jl Cim,m, RG(ASZ%*Z)'

(4.14)

Then, for |afl / a,f‘| ~3 x 10~ at the central values in the
deviations in Eqgs. (3.11) and (3.13), we would need
|Re(421457)/Re(A3245,)| = 1 for mg, ~ 1 TeV. In this case,
there is no bound from y — ey at one-loop level.

In Fig. 5, we draw the correlation between muon
and electron g — 2 in model II on the left and the parameter
space for mpq=mg, and (|y45])"/? explaining the
(9 —2), anomaly in model II on the right. In the left plot
in Fig. 5, we took mg =2 TeV and several values of
R = |Re(4y45))/Re(43545;)| = 0.1, 1, and 10 in dotted,
dashed, and dot-dashed lines, respectively. The simulta-
neous explanation of (g—2), and (g—2), anomalies is
possible for R ~ 1, which means that [1,4},| ~ [13545,| 2
1073 for myg 2 1 TeV.

Moreover, from Eq. (3.14), the leptoquark contributions
to the lepton EDMs are given by

C.m
d, = —5"-Tm(13,4%), 4.15
" 32”2m§1 m(A3, 32) ( )
C.m.,.
d, = —55-Tm(A 15)). (4.16)
32ﬂ'2m§l 21

Then, we find that the electron EDM is related to the
electron (g —2), and the CP phase by

d, ~ (10¢ cm) <6 xqio—6> <9 o _13) (4.17)

with ¢ =1Im(4,45;)/Re(4y;45;). Therefore, the CP
phase in the leptoquark couplings is severely constrained
to be less than 6 x 107° in the region where the electron
(9 —2), anomaly is explained. On the other hand, from
Egs. (4.7) and (4.8), we obtain the same branching ratios
for r — py and 7 — ey as in model I, so it constrains the
model equally as in model I. However, from Eq. (3.23),
the new contribution to the branching ratio for y — ey
vanishes at one loop, so it is possible to reconcile the
strong tension between the limit from y — ey and the
simultaneous explanation of (¢—2), and (g9-2),
anomalies.

C. Neutrino masses from leptoquarks
We introduce a doublet leptoquark S, with hypercharge
Y = +é, with the following interactions to the SM fer-
mions and the singlet leptoquark:

Ls, = —Aijdgily Sy — pAS,S; + Hee.,  (4.18)

015007-10



LEPTOQUARK OPTION FOR B-MESON ANOMALIES AND ...

PHYS. REV. D 104, 015007 (2021)

ms1 =2TeV

9L ."' / /
u 107% j  /R=10
1] 1
II L
B / i
R=0.1/ / ;
B / /
/ !
; II g
. 7 ()
R=1,’ ','
J ! 1
=10 L § v W it b
10—16 10—15 10—14 10—13 10—12 10—11 10—10
_ae
FIG. 5. Left: correlation between muon and electron ¢g—2
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in model II. We took mg =2TeV and varied

R = |Re(4y145)/Re(43,455)] = 0.1, 1, and 10 in dotted, dashed, and dot-dashed lines, respectively. We also indicated the bound
from BR(z — py) in gray for A33/43, = 25. Right: parameter space for my o = mg, and |15,45, | allowed by (g — 2), in model II. Green
(yellow) regions show the 2¢(10) bands for (g —2),, and brown (orange) regions show the 26(16) bands for (g —2),.

where u is the dimensionful parameter and H = ic?H* is
the complex conjugate of the SM Higgs doublet.
Then, the lepton number is violated due to the leptoquark
couplings, and there appears a mixing between the
singlet and doublet leptoquarks after electroweak symmetry
breaking.1 Consequently, neutrino masses can be generated
due to loop corrections with leptoquarks, similarly
as in R-parity-violating supersymmetry [46], and the
dominant contributions to the neutrino mass matrix
stem from the top quark at one-loop level, given for
mg, > mg, by

A3
(m,);; = A1, A2, 433) T | (4.19)
pER
where
vm
o 4.20
8\/§ﬂ2m§l ( )

and v = 246 GeV. The above mass matrix has unit rank,
so there is only one nonzero mass eigenvalue:
m, 3 = A(A31 4% + Ay + A334%;). Therefore, we need
to introduce at least one more doublet leptoquark to realize
the current neutrino oscillation data. Here, we can set an

'We note that there can be a nonzero mixing between the
singlet and triplet leptoquarks in our model by L. =
—/lmHTd)HST + H.c. In this case, however, there is no lepton
number violation at the renormalizable level, so neutrino masses
are absent.

upper bound on the leptoquark couplings from
m, < 0.1 eV, as follows:
max((2s25) < 1020 (2) (=) a2
3iM3i r 1 TeV . .

As a result, it is enough to introduce tiny extra couplings
for the doublet leptoquark to get neutrino masses, so the
additional contributions from the doublet leptoquark
to b — sutu~ [namely, with the Wilson coefficients
C}' = —C},, in Eq. (2.20)] [20] are suppressed.

V. CONCLUSIONS

We revisited the models of scalar leptoquarks in light of
the B-meson anomalies in the quark sector and the (g — 2),
anomalies in the lepton sector. Then, we determined the
flavor structure for the leptoquark couplings phenomeno-
logically, based on the bounds from other B-meson decays
and flavor-violating decays of leptons.

First, we showed that there is a strong correlation
between the u — ey and the magnetic or electric dipole
moments of electron in the minimal scenario for the
B-meson anomalies and the (g — 2), anomaly. In this case,
there are top-quark mass enhancements in the magnetic
dipole moments of muon and electron, so there is a strong
bound from the flavor violation in u — ey. On the other
hand, in the benchmark model oriented to accommodate
both (g —2), anomalies, the magnetic dipole moment of
muon still has the top-quark mass enhancement, but the
magnetic dipole moment of electron is relatively sup-
pressed by the charm-quark mass. Therefore, we can evade
the bounds from u — ey and other flavor-violating decays
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of leptons, and there is an interesting relation between the
leptoquark contributions to the (g—2), and (g9-2),
values. We also found that neutrino masses can be
generated from the top-quark loops in the model aug-
mented with several doublet leptoquarks, being consistent
with the B-meson decays.
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