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We show that, up to plausible uncertainties in BR(B,. — 7v), the R, leptoquark can simultaneously
explain the observation of anomalies in Ry and R without requiring large couplings. The former is

achieved via a small coupling to first generation leptons, which boosts the decay rate T'(B — K*)ete™).
Finally we motivate a neutrino mass model that includes the S; leptoquark, which can alleviate a mild
tension with the most conservative limits on BR(B, — 7v).
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I. INTRODUCTION

There have recently been multiple independent anoma-
lous measurements of semileptonic B decays that depart
from standard model (SM) predictions. Rare decays into
D™ mesons show a discrepancy from SM predictions in
BABAR [1,2], Belle [3-5], and LHCb [6,7] measurements
of the lepton flavor universality (LFU) ratios. New results
from Belle combined with measurements from BABAR and
LHCbD give [8]'

o _ T(B—Dw) _ { 0.299 +0.003 SM [9]
P " I(B - De/up)  10.335+0.031 observed [8]
(1)
and
n _ T(B-Dw) _ {0.258 +0.005 SM [10]
" "T(B—D*e/ur) 10.29840.015 observed [8]
(2)

When the correlation between the two observables is taken
into account the significance of the anomaly is at the 3.1¢
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level [8]. The SM calculation is reliable as it is largely
insensitive to hadronic uncertainties, which cancel out in
the ratios Rp.

LHCb has similarly found an intriguing deviation from
LFU in the semileptonic B meson decays to K*) mesons.
The LFU ratios

(%)

(*)

-
— K"uy) 3)
— K¥eter)

provide a clean probe of new physics effects because
hadronic uncertainties cancel out in the ratios as long as
new physics effects are small [11-13]. LHCb measured the
ratios for the dilepton invariant mass range 1.1 GeV? <
g* < 6 GeV2. A combination of run I and run II from
LHCb gives

1.0003 +£ 0.0001 SM [14] )
K {0.8464_’8_'8564(stat)fgjgllf(sys) observed [15]
and
{ 1.00+£0.01 SM [16] 5
7107162099 observed [17, 18]

where we combined the LHCb measurement [18] of Rg-
with the new Belle measurement [17] using the methods
described in Ref. [19]. Experimental sensitivity to both of
these anomalies is expected to improve by orders of
magnitude over the next few years and make a potential
confirmation of a departure from the SM imminent. The
measurements are not just quantitatively different from the
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SM but qualitatively so as well, because the SM has no
notable violation of lepton flavor universality.

The most common explanation for these anomalies is
to extend the SM by leptoquarks (see Refs. [20-38] for
a leptoquark solution to the Ry, anomalies, Refs. [34,
39-45] for the R anomalies and Refs. [34,46-69] for
simultaneous explanations). Vector leptoquarks have issues
with ultraviolet (UV) completion and their tendency is to be
heavy in UV complete models. Therefore it is attractive to
consider scalar leptoquark solutions to these anomalies. To
date the only known candidate that simultaneously explains
both sets of anomalies is the S; leptoquark [46,57,70], but it
only satisfies Ry at 2 — ¢ [57]. In this work we show that
the R, leptoquark can provide a simultaneous solution at
1 — o consistent with all known constraints.

In addition to the anomalous measurements of R .) and
Ry, two other anomalies have generated interest: On the
one hand, the value of the angular observable P [71,72]
and more generally the data of b — suji point to a deviation
from the SM [73]. While these anomalies are intriguing
they are currently less clean signals of new physics due
to large hadronic uncertainties and the difficulty in esti-
mating a signal for the Pj anomalies [72]. On the other
hand, similar to the LFU ratios R the LFU ratio
Ry, =T(Bf = J/yw)/T(Bf - J/wuv) points to a
larger branching fraction to 7z leptons compared to muons,
but it is still consistent with the SM at 2 — ¢ due to the large
error bars [74]. We therefore leave the consideration of such
anomalies to future work.

The R, leptoquark has quantum numbers (3, 2, 7/6) with
respect to the SM gauge group SU(3) x SU(2) x U(1) and
has been proposed as a cause of the R, anomalies
[10,75,76] with O(1) couplings as well as the Ry
anomalies with very large couplings through a new con-
tribution to the decay b — sujt [77-81]. These operators
are induced at the one-loop level and thus require undesir-
ably large couplings with at least one coupling needing to
be a lot larger than 1. We reopen the case of this leptoquark
and find that a more promising route to what has previously
been studied is to boost the denominator in Eq. (3), by
allowing the leptoquark to couple to electrons.” As the
relevant operator is generated at tree level, the required
couplings are quite small. The deviations in the LFU ratios
Rp» can be explained at the same time by introducing a
coupling of the R, leptoquark to 7 leptons. A mild tension
with the theoretically inferred constraint on BR(B, — 7v)
[83] can be resolved by the introduction of the Sj
leptoquark, which can be motivated within a radiative
neutrino mass model.

The structure of this paper is as follows. In Sec. II we
perform an effective field theory (EFT) analysis of the R,

*A model independent discussion of couplings to electrons and
muons using effective field theory has been performed in
Ref. [82].

leptoquark. We then explain the most relevant constraints in
Sec. III and show that R, can explain Ry« and Rj.. In
Sec. IV we introduce a minimal model for neutrino masses
based on the R, and S5 leptoquarks. Finally we conclude
in Sec. V.

II. EFFECTIVE FIELD THEORY ANALYSIS
FOR THE R, LEPTOQUARK

The R, ~ (3,2,7/6) leptoquark is an electroweak dou-
blet and couples to both left-handed and right-handed SM
quarks and leptons. Its Yukawa couplings with SM fer-
mions are

Lyy = =(Y2) oy 1aRE€asPL Ly = (Y4) 12, RIPLQy + Hoc,
(6)

We work in the basis, where the flavor eigenstates of down-
type quarks and charged leptons coincide with their mass
eigenstates. In particular, the component of R, with electric
charge 2/3 couples right-handed charged leptons to left-
handed down-type quarks and right-handed up-type quarks
to neutrinos and thus contributes to both » — s and the
b — ¢ processes.

For energies below the mass of the leptoquark, it is
convenient to write an effective Lagrangian to capture the
relevant contributions beyond the SM. Using the Warsaw
basis [84] of the SM effective field theory (SMEFT), the
relevant terms in the effective Lagrangian are

L= CZZCd(QaYMQb)(écyﬂed) + C%cd(iaVyLb)(ﬁci’””d)
lequl /7] =
+ Ctty (Lhey)e s (Qkuy)
+ Cd (Lhoep)en(Qko™uy), (7)

where 6, = %[y,.7,] with Wilson coefficients

e (Y4)Zb(Y4>cd
Ccha(mRz) = - 2"112?2
" (Y2)ap(Y2) s
Cflhac<mR2) - 2m1222 (8)

lequl lequ3 (YZ)a (Y4)L'
Cbcha (mRz) = 4Cbcha (mRz) - _#’ (9)

which are defined at the renormalization scale u = my,, the
mass of leptoquark R,. The vector Wilson coefficient C?; ,,
contributes to b — see and thus modifies the LFU ratios
Ry . This is illustrated in the left panel of Fig. 1. The blue-
shaded region indicates the 1 — s-allowed region for R ).
For a fixed leptoquark mass mg, =1 TeV, the LFU ratio
Ry decreases when increasing the magnitude of the
Yukawa couplings |(Y4),,(Y4),,], thus increasing the

magnitude of the Wilson coefficient CY;,..
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FIG. 1.

Similarly the scalar and tensor Wilson coefficients
C'“4"'3 contribute to b — czv and thus modify the LFU

vthe
ratios Rp. As the final state neutrino is not measured,
there is a contribution from all three flavors. The coupling
to v, , is accompanied by couplings to e and u respectively
and hence there are additional constraints from lepton
flavor violating processes. In order to avoid these additional
constraints, we only consider couplings to v,. The depend-
ence of Rp to the magnitude of the Yukawa couplings
|(Y2) ey (Y4),p] is illustrated in the right panel of Fig. 1. The
blue-shaded region indicates the 1 — o-allowed region for
Rpe. The Yukawa couplings [(Y3),, | and |(Y),,| are

VI1(Y2)e, (Ya)ip| ~ 1 and thus

typically larger than the Yukawa couplings required to
explain R. As there is generally operator mixing, when
evolving the Wilson coefficients from the scale of the

leptoquark to the scale of the b-quark, the large Wilson
lequl,3
v.thc

thus the interesting parameter range for the Yukawa
|

generally of order 1 with

coefficients C typically modify the result for R ., and

0.95 1.00 1.05 1.10
|(Y4)Tb(Y?)ch|

Dependence of R and Ry on the relevant Yukawa couplings for fixed leptoquark mass mp, = 1 TeV.

couplings (Y,),, and (Y),, differs, when attempting to
explain both R, and R simultaneously.

A minimal set of Yukawa couplings to accommodate a
simultaneous solution to Ry and R is

00 0 0 (Ya)ey (Ya)ep
Yo=[0 0 (v, | va=|0 0 o |.
0 0 0 0 0 (Y4).p
(10)

which we focus on in the following.

Before discussing the phenomenology of the R, lepto-
quark we briefly make a connection to the operators in the
commonly used operator basis in B-physics. We limit our
discussion to the operators induced after integrating out the
R, leptoquark. In the weak effective theory, after integrat-
ing out the Higgs, Z- and W-bosons and the top quark, the
relevant operators in the effective Lagrangians governing
b — sll and b — cfv decays are

4G Ao - 7 = 2
Lpre = 72FVszfs . (C§(57,PLb)(£7"C) + Co(5y,PLb)(£7"Y5E))]
7
4G ij = y ij = y ij (= Z
Lepey = _WVcbz[CV<C}/”PLb)(fi7ﬂPLyj) + C§(ePLb)(£iPy)) + C7 (0™ PLb) (€104, PLy))]. (11)
i

respectively, with the CKM mixing matrix elements V.
The Wilson coefficients in weak effective theory are related
to the ones in SMEFT by

xCi¢

C¢ =(C¢ = bsee
’ 10 \/zvtb V?s GFaem
lequl
Cw, _ 4Cn/, - _ v,thc ) 12
N T 2\/§VCpr ( )

In our numerical analysis we use the flavio package [85]
for the renormalization group evolution of the Wilson

I
coefficients and the calculation of most processes. We vary
the magnitude of the four Yukawa couplings over the
range consistent with perturbativity and the explanation of
the Ry and Ry anomalies at 1 — ¢ and their phases over

the whole allowed range [0,2z] while fixing the mass
mR2 =1 TeV.

III. EXPERIMENTAL CONSTRAINTS AND THE
VIABLE PARAMETER SPACE

In this section we first summarize the most significant
constraints on the couplings of the R, leptoquark in
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FIG. 2. Points that simultaneously explain R, and Ry at | —o with observables BR(z~ — e7y), BR(B. — 7v), BR(B~ —
K~e™77) shown in the top left, top right, and bottom left panels, respectively. The bottom right panel shows the relative size of the
largest Yukawa couplings. The orange dashed (dotted) gridlines indicate the contributions to the Zzz coupling at the level of the 1 — ¢
(2 — o) experimental error. All points explain Ry and R at the 1 — o level. Dark blue points satisfy all constraints. Light blue points
satisfy strict limits on BR(z~ — e¢~y) but are excluded by other constraints. In the top right we show the three most stringent bounds on
BR(B, — 7v) inferred from different theoretical considerations [83,86,87] and note that only the most stringent one rules out the

scenario.

Sec. III A, followed by a discussion of the viable parameter
space in Sec. III G.

A. Constraints

We show the impact of the most relevant constraints on
the parameter space satisfying a 1 — ¢ simultaneous sol-
ution for Ry and R in Fig. 2. The four most stringent
constraints are posited by the decays 7 — ey, BT —
KttTe™, Z — t7, and B, — tv.

B.77 »e7y
The radiative lepton flavor violating decay 7= — e7y
occurs at loop level. Its branching ratio takes the form [88]

BR(r™ = e7y) N 27a,,, (T
BR(z™ — ev,0,)  256aGimy, 4 e
4 m
- ty 4
3 q:u’cﬁt(YZ)qr(Y4V )eq m,

2

(13)

2
X (1 - lnm—2q>
my,

in the limit of vanishing final state electron mass and to
leading order in the quark masses in the loop. The
branching ratio for the SM purely leptonic z decay is
BR(7 — ev,7,) = 0.178. In the numerical scan, we use the
exact expression and impose the current limit on the
branching ratio BR(z~ — e7y) < 5.4 x 108 obtained by
HFLAV [89]. The HFLAV limit is less stringent than the
limit quoted in the PDG, because it combines the BABAR
result [90] with the less stringent Belle result [91] while the
PDG [92] relies only on the former. The combined limit is
less aggressive as Belle saw a small excess of this process
(see Table 319 in Ref. [89]). Irrespective of whether the
Belle result is included or not, the simultaneous explanation
of both Ry and R is viable.

In the top left panel of Fig. 2 we show the branching ratio
s (1(¥4)5(¥2)5))"72. For large couplings |(¥)ep(¥) sl
the branching ratio is dominated by the first term and thus
increases for increasing Yukawa couplings. For small
(Y4).p» the Yukawa coupling (Y;),, becomes large in
order to explain R, as shown in the bottom right plot
and thus the second term in Eq. (13) dominates, which
explains the increasing branching ratio for small

035028-4
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|(Y4),5(Y4) |- The Belle IT experiment [93] is expected to
improve the sensitivity to ¢ — ey by more than 1 order of
magnitude to 3 x 107 (indicated by a dotted red line) and
thus probe a large part of the remaining parameter space.

C.B* > K*t*e~
Another constraint on the 7 — e flavor violating proc-
esses originates from the semileptonic lepton flavor violat-
ing B decay BT — K'"rte™. Its branching ratio satisfies
BR(B" — KTzte™) < 1.5 x 107> [92]. The R, leptoquark
induces the vector operator

cl¢ = _M ( 14)

sbre 2m% ’

2

which contributes to BT — K*z"e™ and thus constrains the

simultaneous explanation of Ry and R, . As we dem-

onstrate in the bottom left panel of Fig. 2, it provides a

moderate constraint on the parameter space that simulta-

neously explains Ry« and R . The region excluded by
BT —» K*tTe™ is also excluded by 7 — ey.

D. Z decays

The R, leptoquark also contributes to several Z-boson
decay processes. In particular, its contribution to Z — 77 is
significant due to the large couplings to 7 leptons.
Approximate expressions for the left-handed and right-
handed couplings of the Z-boson to 7 leptons

Yo),l* [ 3
Re(8¢7) :% {—Ex,[l + Inx,]

23 128 1
+ x5 [ﬁ + <7 +8Inx, — gln xz) Sinzew} }
(15)
|(Y2)cy |2 1 1
Re(dg%) =~ Tﬂ{xz o~ Elnxz
| ) . 5
+ ﬁ+§lnxz sin“Oy, (16)

in terms of the Weinberg angle 6y, and the ratios x, =
(m,/mg,)?* and x; = (mz/mp,)* are obtained by expand-
ing the expressions given in Ref. [94] to leading order in x,,
xz and the quark mixing angles by taking V,, ~ 1.

The LEP experiments measured the Z-boson couplings
precisely [95] with 1 — o uncertainties of |Re(d¢7)| <
5.8 x 107* for couplings to left-handed 7 leptons and
|Re(8g%)| < 6.2 x 107* for right-handed 7 leptons. This
translates to a constraint on the magnitude of the Yukawa
couplings |(¥)5| and |(¥),,,| of |(¥),,| < 1.0(1.4) and
[(Y2)e, | £2.6(3.7) using 1-06 (2—0) experimental
uncertainties, respectively. This is indicated in the bottom

right panel of Fig. 2 as orange dashed (dotted) lines. The
dark blue points in the numerical scan do not lead to any
correction larger than the 1 — o experimental uncertainties.
In reality, a full global fit to all electroweak observables is
needed to impose a reliable constraint, and it is probable
that significantly larger deviations to effective Z couplings
can be accommodated. We leave such a work to the future
and comment here that even our pessimistic approach does
not rule out our model.

E.B, - w

The R, leptoquark contributes to B. — 7v via the same
couplings relevant to R, since the same scalar operator
contributes to both R ) and B, — tv. In the top right panel
of Fig. 2 we show the prediction for BR(B, — zv). We find
branching ratios between 15% and 23% for the region of
parameter space that explains both R, and Ry at 1 —o.
Thus limits on this process pose a direct constraint on the
explanation of Rj.).

Several groups inferred limits on BR(B, — ) <
[0.1,0.6] [52,83,86,96,97] via different theoretical argu-
ments. In the top right panel of Fig. 2 we indicate the three
most stringent theoretically argued upper limits: 10% [83],
20% [87], and 30% [86], which are indicated by a dotted,
dash-dotted, and dashed red line, respectively. In particular,
Ref. [83] found that the branching ratio can be at most 10%,
which is in tension with the viable parameter space of the
R, leptoquark explanation of R ). However, there is some
controversy over this constraint that relies on the proba-
bility that a bottom quark hadronizes with a charmed quark
that has not yet been measured at the LHC. There is
currently an ongoing discussion on how the probability at
the LHC can be inferred from LEP measurements and
Monte Carlo simulations, where the authors of the first
paper [83,87] advocate values in the range 10%—20%
compared to some recent papers that advocate liberal
constraints in the range 39%—-60% [96,97]. The large range
of values comes from the fact that the limit is quite sensitive
to the ratio of hadronization probabilities f./f,, that is, the
probability of hadronizing with a charm or up quark,
respectively. Figure 5 in Ref. [97], in particular, shows
this dependency where a bound of 10% corresponds to
fe/fu~4x1073 and the most liberal bound of 60%
corresponds to a ratio that is a factor of 5 smaller,
fe/fu~8x 1074 Reference [97] use PyTHIAS [98,99],
which relies on experimental data to tune hadronization, to
estimate the hadronization fraction and derive a fairly
liberal lower bound of 39%. However, they and others
[87] express skepticism of the true lower bound. We remain
agnostic with regards to this constraint and show our
prediction for this branching ratio in the top right panel
of Fig. 2.

Even the most stringent constraint of 10% may be
avoided by extending the model with a S5 leptoquark, as
we discuss in Sec. IV.
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F. Other constraints

Apart from the discussed constraints we also studied
possible constraints from several other processes and we
briefly summarize the results. The limits obtained from
lepton flavor violating semileptonic 7 decays, 7 — eP with
a pseudoscalar meson P = K, x, are always substantially
weaker than the limit from 7 — ey and thus we do not
report them here. Furthermore, we considered leptonic
meson decays, in particular, B; — ee, Dy — ee and
D, — ev, using flavio and as expected neither of them
provides a relevant constraint. As the couplings required for
an explanation of Ry are small, the contribution to By —
ee is suppressed. The dominant contribution to D; — ev is
controlled by (Y3),, (Y4),, While (Yy),, is small, (Y3),,,
is constrained by its contribution to 7 — ey. Moreover,
the contribution to the LFU ratios R’L‘)/ “=T(B - Duu)/
I'(B — Dee) and RY* =T(B — D*ee)/T(B — D*up) are
generally small, because the couplings (Y,),, and (Y),,
that are responsible for explaining Ry are small.

Let us turn our attention to B, — B, mixing. Matching the
full theory with the R, leptoquark to SMEFT induces an
effective four-quark interaction in SMEFT,

L= _M(Q. Q)(Q 1Q5) (17)
12877m3, LI
In particular, this four-quark interaction induces a

new contribution to B; — B, mixing, which can be para-
metrized by

L = Clsbs (sy"P b)(Sy,PLb)  CUbs p = A
' ’ VLR = T 1085 m
(18)

in weak effective theory. It interferes with the SM con-
tribution (see, e.g., [100])

bsbs Grmiy * 2 27,2
CVLL,SM = 4—772(Vzbvm) SO(mt/mW)’ (19)

where S is the Inami-Lim function [101]

_x3— 11x% + 4x 33

W) =—a-1 o1

Inx.  (20)

The contribution of R, to C%P¥ can be expressed in terms of
the Wilson coefficient C§. A simple order of magnitude
estimate shows that C%}} . is several orders of magnitude
smaller as the SM contribution for the interesting R,

leptoquark mass range

bsbs
’ CVLL.R2

bsbs
CVLL,SM

Qo MR, 2
~ | 2 —2C5 ) . 21
(Gen ) e1)
We independently checked the contribution to B — B,
mixing using flavio with the same result.

Finally, as the deviation in the ratios R<,:> originates

entirely from a modification to the branching fraction of
B — K"ete~ one may wonder whether this deviation is
consistent with measurements of the branching ratio itself.
Under the given assumptions taking the lo boundaries
(central value) the experimental value implies an increase

of the binned differential branching ratio (%Jfﬁm) X

(1.1 GeV? < ¢* < 6.0 GeV?) by 9%-21% (15%) and
similarly for B - K*e™te™ by 21%-36% (28%).

While the experimental error has been reduced to the
10% level [15] from 15% to 30% in earlier measurements
[102-105], there remains a large theory error due to the
uncertainties in the hadronic matrix elements [85,106—-109].
For Bt — K'ete™ the error in the different individual
theory calculations is of the order 16%—34%. Moreover, the
central values differ: To give an example, flavio [85] predicts
(3.49 £ 0.53) x 1078 GeV~2 for 1 GeV? < ¢*> < 6 GeV?,
while Ref. [109] obtains (4.3877¢7 4 0.28) x 10~% GeV~2
with a central value that is increased by 25%. Using flavio
we find for the allowed parameter space after imposing all
constraints [3.99,4.42] x 1078 GeV~2, which is consistent
with the experimental measurement given the large theory
uncertainties in B — Ke'e™. A similar argument applies for

B — K*e*e™. Flavio predicts (%)( 1.1 GeV? <
q* <6 GeV?) = (477 £ 0.71) x 1078 GeV~2, which cor-
responds to a theory uncertainty of 15%, while Ref. [110]
quotes errors between 25% and 100% depending on the
assumptions on the distribution of nuisance parameters.
Using flavio we find branching ratios in the range
[6.09,7.02] x 1078 GeV~? after imposing all constraints,
which corresponds to an increase of 28%—47% compared to
the SM prediction of flavio and thus larger than the SM
uncertainty quoted by flavio, but well below the conservative
uncertainty estimate in Ref. [110].

In summary, the treatment of the hadronic effects in
the theoretical predictions for the branching ratios B —
K®ete™ is still the subject of considerable debate, as we
illustrated above by referring to the literature, and thus
currently Ry can be explained by a correction to the

semileptonic decay B — K*ete™.

G. Viable parameter space

We show the viable parameter space in Fig. 3 and the
bottom right panel of Fig. 2. For a fixed leptoquark mass of
mpg, = 1 TeV, the bottom right panel of Fig. 2 shows that
an aggressive constraint from Z decays restricts two of the
Yukawa couplings to the range |(Y,),,| € [0.44,1.0] and
[(Y2),,.| € [1.0,2.6], respectively. All quoted ranges are
approximate and are only intended to give an indication.
The product is also constrained by the need to explain R )
at the 1 — o level to the range |(Y>),, (Y4),,| € [0.88, 1.3].
The product is almost purely imaginary with arg((Y;),, %
(Y4),,) € £[0.45,0.54|z, irrespective of the experimental
constraints, which confirms previous findings [10,75,76].
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FIG. 3.

|(Y4)eb|

Relevant parameter range of the Yukawa couplings. The top left panel shows the phase vs the magnitude for (¥,),,(¥3),, and

the top right panel the phase vs the magnitude of (¥ 2)cv, (Y4),,- In the bottom panel we plot the absolute values of the Yukawa couplings
entering Ry against each other. All points explain Ry« and R, at the 1 —o level. Dark blue points satisfy all experimental
constraints. Light blue points satisfy strict limits on 7~ — e~y but are excluded by other constraints.

The other two Yukawa couplings are generally smaller
with |(Yy4),,| € [0.11,0.37], |(Y4),,| €[0.015,0.055]. Their
product constrained to the narrow range |(Y4),,(Y4).| €
[0.0047,0.0070] after imposing all experimental con-
straints. This is shown in the bottom panel of Fig. 3.
For the points that satisfy all experimental constraints, the
real part of the product is generally negative; the argument
is weakly constrained to the range arg((Y4),,(Y3).,) €
+[0.47, 1.0]. This implies that the Wilson coefficient C?;,

sbee
is generally positive. The absolute value of the product is by

contrast confined to a narrow range \/|(Y4),,(Y3).s| €
[4.7,7.0] x 1073, The hierarchy |(Y4),,| < |(Y4),,| can be
understood as follows. The constraint from Z-boson decays
constrains the coupling (Y4),, < 1.0 and thus the coupling
(Y2),,, has to be larger than 1 in order to explain R (. This
in turn leads to a stronger constraint on [(Y3),, | from
7 — ey, because the suppression from the ratio mg/m, is
compensated by the large logarithm, In(mg/mp ).
Finally, we obtain a prediction for the branching ratios
of the decays 1 — c£/¢; [111], BR(t = £¢7 +¢)~
ﬁ |e§~L 2 where eRL is the Wilson coefficient of the

ij
effective operator

L= _2\/§GF€§'L [eivuPrel[crPLi]. (22)

The R, leptoquark especially generates the Wilson
coefficients

RL __ ((Yz)esvzs + (YZ)eszb>(Y4)rthb

” 42Gpmy,
€RL _ (YZ)TbV:b((Y4)eths + (Y4)ethb) (23)
° 4v2Gpm},

We find that the decays t — czTeT are generally tiny with
branching ratios
BR(t—ctte™)<2x 107 BR(t—>cre)<8x 107!

(24)
for the parameter space, which explains both R, and R )

at the 1 — o level with a leptoquark mass mg, = 1 TeV and
thus we do not expect any signal at the LHC experiments.

IV. ALLEVIATING THE (POSSIBLE) TENSION
WITH BR(B. — =) VIA A NEUTRINO
MASS MODEL

It is well known that the Sy ~ (3,3,1/3) leptoquark’
with the Yukawa interaction

*The collider phenomenology of an S3 leptoquark has been
studied in Ref. [112].
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FIG. 4. Neutrino mass from leptoquarks in the loop. The superscripts ¢ of RS and S denote the electromagnetic charge of the different

components of R, and S3, respectively.

Lgy = —(YS)ahQ_ZiPLLka3jl€ij€kl + H.c. (25)
and mass myg contributes to the Wilson coefficients

3(YS)ab(Y§)cd

8m2 (YS)ab(Yg)cd (26)
S

2

Iq1
Cloes =
dbca
8my

lg3
Cdcgﬁca =
of the vector operators [113-115]

L= Ciz%;lcd(z‘ayﬂLb)(QcyﬂQd)
+ Claqb30d (Z‘ayﬂTILb) (QcyﬂTl Qd)’ (27)

which can help alleviate the possible tension with
BR(B. — tv) at the cost of a contribution to the decay
B — Kwvv. Such a model involving two leptoquarks can be
motivated by a neutrino mass model. In this section we
sketch out how this is possible leaving a detailed analysis to
future work.

A. Neutrino masses

Just extending the SM with R, and S3 leptoquarks is
not sufficient to generate nonzero neutrino masses.” To
keep our model minimal we extend our two leptoquark
extension of the SM by a single particle, which is a SU(2),
quadruplet with quantum numbers X~ (1,4,3). Then
neutrino masses are generated at the one-loop level as
shown in the left panel of Fig. 4. There is also a two-loop
contribution that is shown on the right.

If the two-loop diagram can be neglected, neutrino masses
are approximately given by their one-loop contribution’

“See Ref. [116] for a discussion of different possibilities in the
context of a grand unified theory.
*Further details we relegate to the Appendix.

1 u(=) mg,
( u)z] 1671'2 %2 _ §< Z)kz k %

2
(M) vifosy e e
M
in the limit of small mixing between R, and S5 leptoquarks,
which is generated by the trilinear potential term
pE7*R,;:S3 ;. The Yukawa coupling matrices are defined
in the basis where charged lepton and down-type quark mass
matrices are diagonal. Thus the loop diagram with
up-type quarks in the loop is proportional to the CKM
mixing matrix element V},. Roman indices i, j, k, [ indicate
flavor, m, the up-type quark mass, mpg,, mg are R, and S
leptoquark masses, respectively, and (X°) the vacuum
expectation value of the neutral component of X. The loop
function F(x) is defined as

xInx

F(x) (29)

S 1l-x
The more general expression for a general mixing angle
between the R, and S5 leptoquarks is given in Appendix.
The two-loop contribution features a similar flavor structure.

V. CONCLUSION

We demonstrate that the R, ~ (3,2,7/6) leptoquark is a
new single particle candidate for explaining the anomalous
lepton-flavor-universality ratios Ry and R . There is
possibly a mild tension with the theoretically derived limit
on the branching ratio BR(B, — zv). Since we require the
branching ratio of B. — v to be within a relatively narrow
range, the viability of the R, leptoquark as a single particle
solution to these anomalies is a directly falsifiable scenario.
Another promising probe of the viable parameter space of
our model is BR(z — ey), where the projected sensitivity
for Belle II is expected to improve by an order of magnitude
[93]. Another intriguing possibility is whether the large
imaginary couplings needed to explain R, leave an
permanent neutron electric dipole moment that is detectable
in future experiments [117].

035028-8



R, AS A SINGLE LEPTOQUARK SOLUTION TO ...

PHYS. REV. D 100, 035028 (2019)

The tension with the disputed aggressive limit on
BR(B, — 7v) can be alleviated through the introduction
of a S5 leptoquark, which can be motivated by a neutrino
mass model as discussed in Sec. A. This suggests that even
if future analysis indeed rules out the R, leptoquark as a
single leptoquark solution to anomalous B decays, it still
can play a substantial role in an extended model.
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APPENDIX: LEPTOQUARK MIXING AND
NEUTRINO MASSES

The relevant terms in the scalar potential V =V, + V; are

vo=2<<—1>qw%|x|2 |x|4) S a2y

where (—1)% is —1 for H and X and +1 for the other scalar
fields. Thus the general form for neutrino masses at one-
loop order is given by

1 m2 kl
A {mF( )v;;z]
1672 2 mk

X (Ys)in(Uy)ys, + (m < n).

(mu)mn -
(A3)

The mixing between Ré/ 3 and S;z/ ? is generated by (9
and is obtained by diagonalizing the charge 2/3 leptoquark

mass matrix, which is given in the (R2*, $3%) basis

2 2 ,

Ve (/4%?+/1HR17H+/1R2% /41—\/% )
S ‘ v2
nE H5 + Aus 3 +/152—Z

— UlDiag(ns .13, )Us (A%)

with vy = (H°)//2 and vy = (£°)/V/2, the masses mg
and the 2 x 2 unitary mixing matrix Ug which defines the
mass eigenstates S; in terms of the flavor eigenstates

sin @

S R;B cosd i
- US 23 US = . . (AS)
S, S5 /: —sinf cos@

A straightforward calculation results in the following
expressions for the rotation angle and the masses

H.Ry.S3. H.Ry.S3.
Tex Ze{x<y}
Al 2
(A1) an(20) = V2uvy :
Vi = St Ry Sy + Aasy U H H H pk — 1%+ % (Agr — Aus) +5 (Ags — Ass)
+ ﬂ2H33R§iS3[jS3k1Hm€jk€lm + H.C., (A2) (Aé)
|
2 2, Y %3
5 Mg+ s+ A (Aug + Aus) + 5 (Ags + Asx)
mSl,Z - 2
1 vy, v2 2 v2
+ 2 [M%e —p5 + X (Aur = Aus) + 5 (Ags — Ass)| +4p* = (A7)

For small ¢ and thus small mixing, the square of the masses mg, and m; in the main part of the text can be identified with the
diagonal elements of the scalar mass matrix M3, my = pg + Augvi/2 + Agsv3/2 and mg = p3 + Aysvy /2 + Assv3/2.
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