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We propose a leptoquark model simultaneously to explain anomalies of muon anomalous magnetic
dipole moment and b — suji in light of experimental reports very recently. Here, we satisfy several
stringent constraints such as y — ey and meson mixings. In addition, we find these leptoquarks also play an
role in generating tiny neutrino masses at one-loop level without introducing any additional symmetries.
We have numerical analysis and show how degrees our parameter space is restricted.
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I. INTRODUCTION

The anomalous magnetic dipole moment of muon (muon
g —2) is precisely predicted in the Standard Model (SM)
and the deviation from the prediction indicates new physics
beyond the SM. The E821 experiment at Brookhaven
National Lab (BNL) reported a 3.3¢ deviation from the
SM prediction that is written by [1-3]

Aa, = a® —a™ = (26.1 £7.9) x 10710, (1.1)

Moreover a 3.7¢ deviation was given by applying the lattice
calculations as Aa, = (27.4 £7.3) x 107" in ref. [4] and
Aa, = (27.06 £ 7.26) x 1071% in Ref. [5]. Thus muon
g —2 is a long-standing anomaly in particle physics and
various solutions have been considered; review can be
found in [6-9]. Very recently the new muon g — 2 meas-
urement in E989 experiment at Fermilab reported the new
result indicating [10]

afNAL = 116592040(54) x 1071, (1.2)

Combining BNL result we have new Aq, value of
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Aap™ = (25.1 £5.9) x 10710 (1.3)
The deviation from the SM is now 4.2¢.

Experimental anomalies in rare B meson decays
(b — s¢¢) also indicate deviation from the SM prediction.
There are discrepancies in the measurements of the angular
observable P in the B meson decay (B — K*utyu~)
[11-15], the lepton nonuniversality indicated by the ratio of
branching fractions, Ry =BR(B™ — K u*u~)/BR(BT —
Ktete™) [16-19], and Rg =BR(B— K*'utu~)/
BR(B — K*eTe™) [20]. Recently, the LHCb collaboration
reported the updated result of Ry as [21]

RK — (.84 +0.04240.013

~0.039-0.012 (1.1 GeV? < ¢* < 6 GeV?),

(1.4)

where first(second) uncertainty is statical(systematic) one
and ¢ is the invariant mass squared for dilepton.
Remarkably the central value is the same as previous result
[19] and we have 3.1¢ deviation from the SM prediction.
Motivated by these results, various global analysis for
relevant Wilson coefficients are also carried out [22-26],
which indicate negative contribution to Wilson coeffi-
cients C§j and C, associated with (5gy*br)(fiy,u) and
(5gy"by)(fiy,ysp) operators; global analyses with recent
results including B, — p*u~ result by LHCb [21] is found
in Refs. [26-29].

To explain the flavor issues above, one of the attrac-
tive scenarios is to introduce leptoquarks since they can
interact with both leptons and quarks. In fact it is possible
to explain muon g—2 and/or b — s£Z anomalies by
various leptoquark models [30-52]. We can obtain con-
tribution to the Wilson coefficients Cj, for explaining
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b — s¢¢ anomalies at tree level by introducing scalar
leptoquarks with charge assignments (3,2,7/6) and
(3.3,1/3) under (SU@3), SU(2), U(1)) [30,33,36,38,
40,42,44,45,48-50]. In particular we can obtain different
magnitude of Cfy and C/, by combining these leptoquarks
improving fit to the experimental data [33,42]. Moreover
the leptoquark with charge (3,2,7/6) can provide sizable
muon g — 2 since it can couples to both left- and right-
handed muon avoiding chiral suppression [40,42,49,50].
Yukawa interactions associated with some scalar lepto-
quarks can also generate active neutrino masses at loop
level [38,39,41,43,50]. Remarkably we can realize neutrino
mass by adding only two leptoquarks with charge assign-
ments (3,2,1/6) and (3, 3, 1/3) where we do not need any
extra symmetry such as Z, [38]; note that other extra
contents such as extra scalar fields and/or vectorlike
fermions are required to generate radiative neutrino mass
in other leptoquark combinations [39,41,43,50]. It is thus
interesting to combine leptoquarks with charges (3,2,7/6),
(3,3,1/3), and (3,2, 1/6) to explain b — s£Z anomalies,
muon g — 2, and neutrino mass.

In this work we propose a model with three scalar
leptoquarks. Combination of interactions among these
leptoquarks and the SM fermions can explain muon
g—2, b— s¢f¢ anomaly and radiative neutrino mass
generation at the same time. For neutrino mass generation,
we adopt the mechanism in Ref. [38] realized by two
leptoquarks, and one SU(2), doublet leptoquark is added
to improve b — s££ explanation and to realize sizable
muon g — 2. We then analyze our model to find a solution
to explain these issues taking into account possible flavor
constraints such as lepton flavor violating (LFV) decays of
charged leptons (£ — ¢'y) and mixing between meson and
anti-meson (M—M mixing).

TABLE 1. Charge assignments of the leptoquark fields 7, ” and
A under SU(3). x SU(2), x U(1)y.

n " A
SU3)c 3 3 3
SU(2), 2 2 3
U(l)y § z 5

This paper is organized as follows. In Sec. II, we review
our model and show relevant formulas for neutrino mass,
Wilson coefficients for b — s¢#Z decay, LFV branching
ratios(BRs), muon g — 2 and M—M mixing for our analysis.
In Sec. III, we carry out numerical analysis taking into
account flavor constraints and show muon ¢g—2 and
Wilson coefficients which are compared with recent mea-
surements (global fit results). We conclude in Sec. IV.

II. MODEL SETUP AND CONSTRAINTS

We review our model setup in this section. We introduce
three types of leptoquark bosons 7, 77/, and A. 7 has triplet
under SU(3) ., doublet under SU(2),,and 1/6 under U(1),,
and dominantly contributes to the neutrino masses. A has
antitriplet under SU(3), triplet under SU(2),, and 1/3
under U(1),, and mainly contributes to the neutrino masses
together with 7, lepton anomalous magnetic moment, and
lepton universality of b — suji both of which are recently
reported that there could exist anomalies beyond the SM. #’
has the same charges as  under SU(3) - and SU(2),,but7/6
under U(1)y, and dominantly plays an role in suppressing the
experimental bounds of B — uji and BR(u — ey).

The new field contents and their charges are shown in
Table I. The relevant Lagrangian for the interactions of #
and A with fermions and the Higgs field is given by

(2.1)

—Ly = fijd_RiF/TLLj + 9507, (i0)) ALy, + hijQp ' Cr; + hiLyii'ug; + He.,

Vnon—tri = /JHTAI/] + j'O<I_ITI-1>3[’7”-77*]3 + H.C.7 (22)

where (i, j) = 1-3 are generation indices, 77 = io,n*, o, is the second Pauli matrix, and H is the SM Higgs field that
develops a nonzero vacuum expectation value (VEV), which is denoted by (H) = [0, v/v/2]T. Although 2, induces the

mixing between n, 3 and 1f, /3 We neglect this term for simplicity. We work in the basis where all the coefficients are real and
positive for simplicity.2 The scalar fields can be parametrized as

V]

V2 64/3
o013

wt M2y/3 ’7’5/3
H= |:1;+(/)+iz:|’ n= |: :|’ 77/: |: :|’ A= 5
-2/3 NG

, (2.3)
2 1M-1/3 M3

'In our previous work in Ref. [38] it is difficult to explain b — s£Z anomalies while fitting neutrino data and introduction of three
leptoquarks is important.

’If we consider this mixing, it affects the neutrino masses, LFVs, muon g — 2.

035042-2



EXPLANATIONS FOR ANOMALIES OF MUON ANOMALOUS ... PHYS. REV. D 104, 035042 (2021)

where the subscript of the fields represents the electric charge, v ~ 246 GeV, and w* and z are, respectively, the Nambu-
Goldstone bosons, which are absorbed by the longitudinal components of the W and Z bosons. Due to the u term in
Eq. (2.2), the charged components with 1/3 and 2/3 electric charges mix each other, and their mixing matrices and mass
eigenstates are defined as follows:

13 A, Ca  Sa )
K R ) e
0i/3 B; —Sq.  Cq
where their mass eigenstates are denoted as m,, and mp, respectively. Then the whole interaction in terms of the mass
eigenstates can be written by

(2.4)

9ij ==
J dL,»VL,-<_SalA1 + ca]Bl)

V2

- 9ij —
- fide,-ij(CazAZ + s(lzBZ) - iML,-fL/-(_sa]Al + Ca]Bl)

V2

- gijd_zi?’ﬂL.f54/3 + giju—ii’/L.f(_SO‘2A3 +¢a,B3)

—Ly zfijd_R,-l/Lj(Ca,Al + 54,B1) —

+ hy; {ﬁLiijn/sﬁ + EZLi’/ﬂRjrllzﬁ] + ilij [2LiuRj’1/_5/3 - DLi”Rjr//_z/3]' (2.5)
|
In the following we summarize various phenomenological 1 (¢ sa, £ y
formulas derived from these interactions. Heip = ) m2 + nl foef b3 (57, PrD) (€Y' PLE)
2 2
99y .
A. Neutrino mixing - 22:;12% (37,PLb) (€Y' PLC)
In our model active neutrino mass can be generated at 5‘;

one loop level via interactions among leptons, quarks and haphysy o
leptoquarks where the mechanism is the same as the one in + 2m2 (57, PLb) (7" PR?), (2.8)

Ref. [38]. Calculating one-loop diagram the active neutrino

mass matrix m,, is given b .
v158 y where m;, and my, are respectively the mass of 6,3

and 17, 5.

3
(my)ap = Z [9hiRifia + faiRih), Then, we decompose Eq. (2.8) in terms of the effec-
i=1

3
R~ — Sz“‘zln 24 my.,
2(477.') mpg !

1

tive operators Og ) and O(/()) defined by Og(g) =
57, PLbEY (v5)Y, 0’9(10) = 5y,Prbly"(ys)¢, and their
Wilson coefficients are found as

1 (9%9;3 _ hth%)

desm \ mg, m?,

2

(2.6)

where we assume m, < my, ,mg,. (m,),, is diagonalized
by the Pontecorvo-Maki-Nakagawa-Sakata mixing matrix
Vimns (PMNS) [53] as (m,),, = (Vins Dy Vigns)ap With

LOC __
cLled — _

T

D, = (m,,,m,,,m,,). Then, we rewrite g in terms of obser- GrpGin hoph

vables [54] and several input parameters as follows [38,55]: CfOQf = 2f2f3 + 252% , (2.9)
4CSM m54 mr’,z

1
9= ER_I () (VansD, Vigns +4). (2.7) 5 5
C/LQ,zf’ _ 1 Coy Sa, i
. . : o 9 =g > T | Sk

where A is an arbitrary three by three antisymmetric matrix Csm \My, Mg,

with complex values, and perturbative limit g < v/4x has to CLOs _ 1 ca,  Sa, + 510

be satisfied. 0 T oo \m2 + oy foef ez (2.10)

2 2

B. b - st?

In our model b — s£7Z can be induced by leptoquark

where cgy = V,,Vi,aGr/(v/2x) is a scale factor from
the SM effective Hamiltonian. CfOQ'” also contributes to

exchanging process at tree level. The effective Hamiltonian
to estimate the b — s£¢ is given by

B, — pu~ whose experimental data is consistent with the
SM prediction. In our numerical analysis we compare our
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results with best fit values of these Wilson coefficients
obtained from global fit [27] that includes all the B meson
decay data. The best fit values for new physics contribu-
tions are

Ch = —0.91718(-0.827014) (for only Cy), (2.11)
Cly = +0.51503(+0.561013)  (for onlyCyg),  (2.12)
Ch = Cly = —0411013(=0.06201}).  (2.13)
Cy = —Cjy = 0657513 (-0431557).  (2.14)

{C5. Clot 2 {-0.67,0.24}  (for |Cy| # [Cyo|
for all rare B decays), (2.15)

where values outside(inside) bracket are for b — suji
observables only (all rare B decays). Among them cases,
only the cases with Cj, Cy =—C}, and |Cy| # |Cyo|

|

improve fit more than 5S¢ compared to the SM case. On
the other hand C§j = CY, case less improve the fit.

C. LFVs and muon g -2

Yukawa interactions associated with leptoquarks induce
LFV decay of £ — ¢y at one-loop level. We then esti-
mate the branching rations calculating relevant one-
loop diagrams propagating leptoquarks. Branching ratio
of £, = ¢,y is given by

4873 C 4y Qe

B(’/ﬂa - fby) = G2Zm2
F'"*a

(I(ar)asl* + I(ar)a ).
(2.16)
where m,; (a(b) =1,2,3) is the mass for the initial

(final) eigenstate of charged-lepton; 1 =e,2=p,3 =7,
(Cs1,C31,C3,) = (1,0.1784,0.1736). ay is given by

(aR) o~ B /ldx/l_xd
Rab~(4ﬂ')2 3a’p3 0 0 y xm

5 B 2(1-x) )
T, + (-

(4 ——5 hy,h b2/ dx/_Xdy<xm2+(5 y)m? 2 xm/Z(](l_j)) g)

_giagbima srzll + C{%l _i + 3 hiahltimh h hbl a
8(4n)> \my, — mp mj 4(4r)? mﬁg m?, '

(2.17)

where m, is the mass of top quark, and «; is obtained by m, <> m,, in the last line. Clearly, the first term is dominant. The

current experimental upper bounds are given by [56,57]
B(u — ey) <4.2x 10713,

Our formula of the muon g — 2 is given by

Aa

We compare our value with the new result in Eq. (1.3).

B(t = py) <44 x 1078,

" ~ _mﬂ [(aR)QQ

B(t = ey) <33 x 1078, (2.18)

+ (ap)x)- (2.19)

D. Neutral meson mixings M - M

Mixings between meson and antimeson are induced by box diagrams propagating leptoquarks. We have to estimate the

mixings, since M — M mixings (M = K(ds), B,(db), B

s(sb), Dy(ci)), are precisely measured and there exist strong

constraints. This estimation can be achieved by effective operators [58], and each of their formulas is given by

my f12v1 3

Ay ~——47Vd E
Ma 6(4r)? .
a, a'=1

1 2 2

T T Say , €
+ ZRe[gajgiaga'kgt’a’] |:m—3:] + 2

1
3

’7/

2 2

Cll s(l

(Re[f,-af;fkaff;f] {E ( vy
q=1,2 mAq mBq

[Re[hj,hlihyahly, ] + Re[hl huiht b)),

)

4
;] _4salca1FM(Al’Bl) +_2
mg,

(2.20)

035042-4



EXPLANATIONS FOR ANOMALIES OF MUON ANOMALOUS ... PHYS. REV. D 104, 035042 (2021)

My fir, =~ (1, v+ L[ Sa,  Ca
AmMu = 6(471')2 Z] ZRe[gajgiagg’kgfa’] Z q m%q mZBq - 4saqcaqFM<Aq’ Bq)

a,a'= q=12

1 . e er -
o [Relhjahgiha iy ) + Relhj haihyy hael)), (2:21)
s
where F;(m;,m,) is given by
1 l—x 1—x-—
FM(ml,mz) :/ dx/ dy% (222)
0 0 xmyj + yms;
The current constraints are found as follows [3,59]:
Amy [(ijk?) = (1221)], Amy <348 x 10715 [GeV], (2.23)
Amy, [(ijk€) = (1331)], —1.85 x 1071 [GeV] < Amp, $4.05 x 107 [GeV], (2.24)
Amy [(ijk?) = (2332)], —2.77 x 10712 [GeV] £ Amp < 1.07 X 10712 [GeV], (2.25)
Amy, [(ijk¢) = (2112)], Amp <625 x 1071 [GeV], (2.26)

where we apply the following values in our analysis: fx~0.156 GeV, fp,;5,)~0.191(0.274) GeV [60,61],
fp=0212 GeV, mg ~0.498 GeV, mp 5 ~5.280(5.367) GeV, and m, ~ 1.865 GeV.

s

III. NUMERICAL ANALYSIS

In this section, we carry out numerical analysis scanning free parameters of the model searching for solutions to fit
neutrino oscillation data and to explain B anomalies and muon g — 2, taking into account all the flavor constraints discussed
above. First, we assume almost degenerate leptoquark masses My = msy = m,;, = my,,, = mp, for simplicity; we only

2.5 1.2 2

take mp, = Mo & 10 GeV to avoid too small R; in Eq. (2.6). In fact degeneracy of masses for the components of n") and A
is motivated to suppress the oblique S- and T—parameters.3 We then scan our parameters with the following ranges:

MLQ (S [1,5] TCV, |A12’23‘13| (S [10_13, 10_7] GCV, ((Xl,(lz) (S [10_5, 10_2],
£l € 107107, (Al lhal} € [17,1072),  [hyy(a.b £ 1)] € 10, V4],
{1l |hir |} € 107,107, |hgp(a. b # 1)| € [107, V4.

’

(3.1)

Here we choose smaller values of Yukawa coupling
associated with first generation to avoid strong flavor
constraints. The Yukawa couplings g;; are obtained from
Eq. (2.7) to fit neutrino oscillation data. Note that we select
smaller values for Yukawa coupling f;; so that g;; can be
sizable to fit neutrino data. As a result C’ é.%f is suppressed
and we do not show these values explicitly. Then we
impose constraints from BR(¢ — ¢'y) and M—M mixing
discussed in previous section, and obtain the possible
values of Wilson coefficient C;%“ and Aaq, for allowed
parameter sets.

*We thus do not explicitly consider these oblique parameters
making them to be small by degenerate masses.

In Fig. 1, we show our results for C5%* and C12* values
where we impose Aa, > 0 in addition to the other con-
straints. We find that many parameter sets give

C5%* ~ £CH2*. Note that we have less points for same

sign case CSQ’” ~ C]LOQ’” compared to opposite sign case

since same sign contribution comes from Yukawa coupling
g that is more constrained by neutrino data. Although some
tunings of parameters are required, we can obtain the case
of |C12#| # |C5%*| due to cancellation between diagrams.
Thus we have more freedom to obtain {Cy, Cy} values
thanks to the contributions from two different leptoquarks.
In principle we can obtain all the best fit values in Ref. [27]
summarized by Egs. (2.11)—(2.15) and that for CSQ'” =

LO. . .
—CIOQ” case can be most easily realized.
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FIG. 1. AC, and ACY, values for parameter sets satisfying

neutrino data and all flavor constraints. The shaded area indicates
new muon g — 2 value in Eq. (1.3).

’9“<Q1‘0”) and Aa, that is

compared with the new muon g — 2 result Eq. (1.3) in the
left(right) figure. As we see, it is possible to obtain the
observed value of muon g — 2 and Cé Q4 1 at the same
time; we also find both sign of CfOQ *# is achieved. Note that
sizable contribution is obtained due to enhancement by m,
in Eq. (2.17). Therefore we have parameter sets which
explain both » — s77 and muon g — 2 anomalies. Note that

we do not find clear dependence on LQ masses and any
values in [1.0, 5.0] TeV are allowed.

In Fig. 2, we show the values of C

301

Na,x10"°

et e

-04 -0.2 0.0

< .
1

-1.0

-0.8 -0.6

-1.2

a0t RN

IV. CONCLUSIONS

We have discussed a model with three leptoquarks
{A,n.1'} to explain b — s/ anomalies, muon g—2
and neutrino masses, motivated by recent experimental
results. Active neutrino mass is generated at one-loop level
via interactions among A, n and SM fermions. The
leptoquarks A and 7’ contribute to Wilson coefficient
Cg,lo at tree level. Interestingly combination of two
leptoquark contributions can provide a case of |Cé QH|
|CfOQ’” | in contrast to one leptquark scenario. In addition all
three leptoquarks can provide contribution to muon g — 2,
and induce LFV decay processes and M—M mixing which

are taken into account as constraints. We then have carried

out numerical analysis to explore Cé’%)” and muon g —2

values when neutrino data and relevant flavor constraints
are accommodated. Our findings are as follows:

(1) We can obtain sizable muon g — 2 from #’ loop due
to m, enhancement. Then we can fit the value of the
new muon g — 2 result shown in Eq. (1.3).

C§%# = —CL2* case is preferred in our scenario but

we can obtain |C52*| # |C2#| case due to con-

tributions from two leptoquarks. It is thus possible to

obtain the best fit values from global analysis not

only for C5%#* = —Ci2*. In addition we can ac-
commodate explanation of b — s and muon g — 2
at the same time.

(3) Leptoquark masses are not constrained if they are
TeV scale. The collider experiments would constrain
the mass range in future.

Thus combination of leptoquarks is attractive scenario to

explain b — s£¢ anomaly, muon g — 2 and neutrino mass
at the same time.

(@)

o

-0.5 0.0 0.5 1.0

LQ,u
Cio

FIG. 2. Cég’o’; and Aaq, values for parameter sets satisfying neutrino data and all flavor constraints in the left(right) side figure.
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