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We discuss a model that can accommodate the B-physics anomalies, based on combining two scalar
leptoquarks, R, and S3, of mass O(1 TeV), and that we proposed in our previous paper. We update the
analysis of its parameter space and show that a model remains viable and consistent with a number of low
energy and high energy flavor physics constraints. Since the model predicts a nonzero new physics phase,
we discuss the possibility to test its contribution to the neutron electric dipole moment and to the angular
distributions of the exclusive b — czv decays. We find that the model can provide a significant
enhancement to B(B — K*)uv) and provides both the upper and lower bounds to B(B — K*)uz).
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I. INTRODUCTION

It has been established that the only viable scenario
involving a single O(1 TeV) mediator that can accom-
modate the so-called B anomalies, while remaining con-
sistent with a wealth of measured low energy flavor
observables, as well as with the bounds arising from the
direct searches at the LHC and those deduced from the
high-p; tails of pp — £¢, is a scenario with a singlet
vector leptoquark (LQ) state, often referred to as
U, = (3,1,2/3), where the quantum numbers correspond
to the Standard Model (SM) gauge group [1]. While the
vector LQ is an appealing solution, it creates problems
when building a particular model because the resulting
effective theory is not renormalizable unless a particular
ultraviolet (UV) completion to the theory is specified [2].
This, in turn, necessitates introducing more states, more
parameters, and in order to make a model more predictive a
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number of assumptions needs to be made. An alternative to
that scenario is to combine two scalar LQ’s, such as §; =
(3,1,1/3) with S5 = (3,3,1/3) [3.4], or R, = (3,2,7/6)
with S3. The advantage of the two scalar LQ scenarios is
that they remain renormalizable; the loop processes can be
easily computed without necessity of introducing an UV
cutoff by hand, so that, once measured, such processes can
be used as constraints. In Ref. [5], a model in which the R,
leptoquark is combined with S3 both with mass O(1 TeV)
has been proposed. In order to make it minimalistic, we
chose the structure of Yukawa couplings,’ such that the
matrices of left-handed couplings to R, and to S5 are related
via Y<LS3> = —Y(LRZ), a pattern that can provide a plausible
embedding of the resulting effective theory in a SU(5)
unification scenario.

In this paper, we update the analysis presented in Ref. [5]
to show that the proposed scenario is still viable and
consistent with the current experimental data. Furthermore,
we discuss several new observables, including those
relevant to the angular distributions of B — D*(—
Dr)tv and A, — A.(— An)D, the measurement of which
can help distinguishing this particular model from the other
ones proposed in the literature. Another novelty is the
analysis of the high-py tails both of the mono-z and di-z
events for various leptoquark masses, which has not been
discussed in our previous paper [5].

"Yukawa couplings here are couplings between LQ’s and
particular quark and lepton flavors.

Published by the American Physical Society
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II. MODEL

As mentioned above, we combine R, with S3 LQs in
order to accommodate both kinds of B anomalies. More
specifically, the observation that the (partial) branching
fractions of the exclusive b — suu processes are smaller
than predicted in the SM can be described by couplings to a
S5 LQ, whereas those showing the excess of events based
on the b — ctv transition can be described by couplings
to Rz.

To be more specific, the interaction Lagrangian between
the LQ’s and the SM fermions in this model reads

£ (V™) QteiRa + (V) i RIL
+ (YP) 7 0lCiny (1, 85)L, + Hec., (1)

where Y(LR Y and Y( ?) are the Yukawa matrices, 1), are the

Pauli matrices, S5 stands for a component of the SU(2),
triplet. In the above expression, we use the notation with
kvz = i7pR;. In the mass eigenstate basis,
Lagrangian becomes

the above

L5 +(VYRIE) I, R + (VR ER) Iy ;RS
D +(VYp " ER)Vup il riRy + (Yp " Ep)Vdpil riR)

R i s
+(URY(L Z)U)]uRlULJ — (UgrYy vy >)"MRiijR3

- (Y(S3)U)ijdgi’/LjS§ + \/E(V*YL3)U)ijﬁgiijS;%
4 .. 1
- \/—( i )”dc CLiS; — (V*Y(LSK))”ﬁgijS%
+H.c., (2)

where the superindices in R, and S; now refer to the
electric charge. In what follows, we will assume the
components of the R, doublet and those of the Sj
triplet to be mass degenerate, respectively. In our nota-
tion, the mass and flavor eigenstates are related via
Upp = UL.RM/L,R, dL,R = DL,Rd/L,Ra fL,R = EL,Rf/L,R,
vy = Npvy, where Uy g, Dy g, Ep g, and N, are unitary
matrices. Therefore, V = U LDZ =U; and U = ELNZ =
NZ are the CKM and the PMNS matrices, respectively.
Concerning the Yukawa matrices, we assume their
structure to be minimalistic and the nonzero values are

00 O 00 O
Y&IEL =100 0 |. Uy =]0 y¢ G
0 0 ybr 0 0 O
where, as mentioned above, we take Y<LS3> = —Y(LR2>,

namely,

10 0 0 0 0
Y =—10 cos® sin0 || 0 y* yr|. (4
0 —sinf coséd 0 0 0

In summary, the new physics (NP) parameters in this model
are mg,, mg,, yR s yi", e, and 9 All of the mentioned
parameters are real except for y4°, which we allow to be

complex for the reason that will soon become clear.

A. b — ctv

At low energies, the above model, when applied to
describing the b — ¢z processes, reduces to the effective
theory,

4G _ B
HYZ™ > —= L Veblgs, (u)(Erbr)(TryL)

V2
+ gr(1)(Cro by ) (Tre* vy )| +He., (5)

which is to be added to the SM. The effective couplings that
appear in Hé’f}’ ™ can be easily identified as

bt
YI'VR
= (6)

4gT(A> _4\/_GF

gs, (A) =
me7

at the scale uy=A~m Ry That relation, due to the
renormalization group running, from A ~ 1 TeV down to
the low energy scale u = my,, translates to gg, (m;) ~ 8.1 x
gr(my) [6].7 In Ref. [5], we explicitly wrote the contribu-
tion to b — ctv coming from S5, which however is tiny in
this scenario and will be neglected in the following
discussion.

B. b — suu

Another type of anomalies, namely those relevant to the
exclusive processes based on b — suu, are described in this
framework by

s 4Grl,
HSff Mo - \/FE [5C9( )09(M)+5C10(ﬂ)010(/4)]+H-C-’
(7)
where 1, = V,, V7, and
ez _
Oy = W(SL}’ﬂbL)(ﬂyﬂﬂ),
&2
Oy = (4 ) (SLV,lbL)(/‘}”'V ﬂ) (8)

*More specifically, the relation gs, (A) = 4gr(A) gets modi-
fied due to renormalization group running from A ~1 TeV
down to p = my. Since gg, (m;) = 1.56g5, (A), and gr(my) =
0.77g(A), one then obtains gs, (my,) = 8. 1'% gr(my).
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After matching the amplitude obtained by using the
Lagrangian (2) with the one based on the low energy
effective theory (7), one finds

3\D, 3)\ SH*
m? (v )" ()"

2
Al myg,

5C9 - —5C10 -

mv? sin 20|y |?

Sl Ay 9)

Aile,  2m> 5,

This closes our discussion about the model proposed in
Ref. [5] and its relation to the couplings g, (m,,) and 5Cs.

III. PHENOMENOLOGICAL ANALYSIS—UPDATE
A. R D

We should first remind the reader that the quantities
based on b — ctv, for which the experimental hints of
lepton flavor universality violation (LFUV) have been
reported, are defined as

B(B = DW1p)

Ry =——""-+—"= .
e B(B_)D< )l)le{ey}

(10)

Both quantities have been recently measured [7], and the
new experimental averages are [§]

R;? = 0.340 + 0.030, RpP =0.295+0.014,
M = 0.293 4 0.008, RM =0.248 £ 0.001, (11)

where we also give the SM predictions in order to
emphasize that R7P > R, which is often referred to
as the B anomalies in charged currents, thus significant to a
little over 40. A similar tendency has been observed in a
corresponding ratio involving B(B. — J/w¢D) [9]. It
should be noted that a similar LFUV effect has been
recently tested at LHCb through A, — A.70, and the
resulting experimental value R, = 0.242+0.076 [10],
due to its large uncertainty, is consistent with
RSM 0.333 + 0.013, even though it may appear different
from what has been observed with decays involving
mesons. In order to obtain the allowed range of values
for gs,, we use the most recent determination of R%‘(’f),
obtained after combining the lattice QCD results for the
relevant form factors in the high ¢ region with those
extracted from experimental analysis at low ¢*’s [11].
Notice also that in this work, we use expressions and
the values of the ratios of tensor form factors and the
(dominant) axial form factor [A;(g?)] from Ref. [12]. A
lattice QCD computation of the tensor form factors would
be very welcome. From Fig. 1, we see that for all currently
viable values of gg , that are consistent with R;;‘:), one must
have Im[gs, ] # 0. That is why we emphasized after Eq. (4)
that one of the couplings entering the expression for gs in
Eq. (6) should be complex, which we chose to be y&°

FIG. 1. 1o, 20, and 3¢ regions of complex values for gg, =
gs, (my) allowed by R)", cf. Egs. (5), (6). Red and green circles
correspond to the constraints on this coupling obtained from
analysis of the high-p; tail of pp — 7v, as obtained from the
LHC data [13,14]. See text for more details.

B. Constraints on gs, from high p; tails of pp — =

In recent years, we witnessed a revival of the idea, first
proposed in Ref. [15], to search for the presence of O(TeV)
LQ’s from the experimental information on the high pr
tails of pp — £7¢. That indeed turns out to be a source of
interesting constraints on the corresponding Yukawa cou-
plings [16]. In Ref. [17], it was proposed to bound the
couplings relevant to the explanation of the R, anomaly
from the high py tail of pp — v processes accompanied
by the low-p; jets. Further details regarding that analysis
were provided in Ref. [18], where the same set of
experimental data were used and the similar bounds on
NP couplings obtained.

More specifically, one is focused on the high-p tails in
which 6(pp — 7%v) can be written in terms of the partonic
cross sections (6) and the luminosity functions L
summed over all flavors, namely,

1d
Z/ T qq,

4i9;°

o(pp > 7'v)

)6(zs)]y (12)

d
Eq.fij = TKI %(fq,»(xvﬂF)f?{,-(T/x’ﬂF) +q; < C_lj), (13)

where the known partonic distribution functions f, (x, ur)
depend on the factorization scale p, that is conveniently
taken to be the partonic center of mass energy /3. Note also
that the kinematic variable 7 = §/s = m2, /s.

The channel of interest for our discussion is cb — 77v,,
that in Refs. [17,18] was assumed to be described/
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parametrized by the low energy effective theory (5), which
then contributes to the partonic cross via,

_ |Vcb|2G%’§
- 18%

>

20 (Blos P +alart). 04
in addition to the SM contribution, which in this analysis is
treated as a background. In our case, the two couplings are
related, cf. Eq. (6). After recasting to our problem the
bounds on W’ obtained from 139 fb~! by ATLAS [14], we
get the bound on g5, = 4gy, which upon evolving down to
U = my, amounts to

lgs, | <0.51, (15)

represented by the red circle in Fig. 1.

Since the LQ masses that we work with are not far away
from the high-py tails accessed in experiments, one should
also use the propagating LQ, and check on the difference
with respect to the bounds on gg, obtained by treating LQ
as static. Using the Lagrangian specified in Sec. II, for the
partonic cross section, we obtain

dé(cb—trv,) 1 |g* |V, P

di 192782 | (5 —m3,)?
sin?0|V o cos0 =V sindP [yE [P | |y lys 22
4(1—m3,)? (&t—mp,)?

N ¢*sinORe[(V ;cosO—V ,sin@) V7, ||yL |27

(8=miy)(i—-mg,)

| o

with a similar expression for b¢ — z~v,, where the first
term within the brackets corresponds to the SM contribu-
tion, followed by the S5 and R, contributions, and finally,
the last term is interference between S; and the SM
contributions. Note that the fermion masses in the above
expression have been neglected. It appears that, for our
phenomenological application, the R, term indeed domi-
nates because the S3 term is suppressed with respect to R,
by V., cos@ — V., sin 6, in which the first term is small due
to a tiny cos @ and the second one due to the smallness of
V.. One can therefore write

8(§)~|y§flz(|yélz+Iyﬁﬂlz) x+2  2log(1+x)
- 19272m, x(14x) x?

. (17)

where x = §/ m%e?. Again, after recasting the results by
ATLAS [14] and using the above expressions, we obtain

(V&> + 5P yR[* < 5.95, (18)

which then can be combined into gg, via Eq. (6), and
evolved down to u = my. For the benchmark mass,
mg, = 1.3 TeV, we then find

|gs, | < 0.88, (19)

shown by a green circle in Fig. 1. Note that this bound,
obtained by including the propagating R,, is far less
stringent than the one deduced from the data after integrat-
ing out R,, cf. Eq. (15). Of course, if the LQ is taken to be
heavier, such as mg, 2 5 TeV, the bounds obtained from
the effective theory would be much closer to the one in
which the propagating LQ is considered, cf. also Ref. [19].
More details on this analysis and the notation employed
above can be found in Ref. [20].

In summary, from the current data by ATLAS regarding
the monotau high-py tails, and by including the propaga-
tion of the R, LQ of mg, = 1.3 TeV, one cannot obtain a
very useful constraint on the NP couplings appearing in
Eq. (5). However, by assuming data to be Gaussianly
distributed, one can make a simple projection to an
integrated 3 ab™' of the LHC data and arrive at
|gs, | < 0.41, which would indeed be a powerful constraint.
In Fig. 1, the dashed circles correspond to the projected
bounds both by using the effective and propagating R,
of mg, = 1.3 TeV.

C. RKM
As for the b — s£¢ decays, the LFUV ratios are [21]

il _ BB~ KYup)
R " = . 20
Kt B'(B —» K"ee) (20)

where B’ stands for the partial branching fraction taken
over the common interval, [q% q%] conveniently chosen as
to stay away from the region in which the ¢c resonances
dominate the dilepton spectra. We include the most recent
[1.1,6]

value for Ry [22], and for completeness, we also quote
RIUL1L6) 23]

K* )

RYY = 0.847 4 0.042, R =0.71£0.10. (21)
These values are smaller than predicted in the SM, R[I;(‘f)] =
1.00(1) [24]. This apparent LFUYV, R?(E) < Ril}f), is attrib-
uted to a deficit of the muon pairs in the final state with
respect to the SM prediction. Another novel b — suu result
is the most recent LHCb measurement, B(B, — uu) =
(3.09704%) x 107 [25], which after combining with the
other two LHC experiments leads to

B(B, — up) =2.85(33) x 107, 3.66(14) x 107y,

(22)
showing that the measured value is about 2¢ smaller than

predicted in the SM [26]. These three quantities [Rg, Rg-,
B(B; — pu)] are then used to determine [1]
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also consistent with the global fit analyses [27]. To make
this result consistent with Eq. (9), and knowing that 1, < 0,
one should have sin26 < 0. The factor sin 20 provides a
desired suppression of the b — suu decays with respect to
b — cto. Indeed, from the fit with data we obtain |0| =~ 7/2,
i.e., slightly larger than but close to 4-7/2. The contribution
of this model to the B; — B, mixing amplitude comes from
the S5 box diagram, and it is proportional to sin?(26), thus
again bringing a desired suppression since we know that the
SM  contribution saturates the measured Amp. More

precisely, the S3 contribution to Amp_is o sin229[(y2” )2+

(V)12 /m3,.

D. Updating the parameter space of our R,-S; model

Besides R ), Ry, and B(B; — uu) discussed so far in
this section, and which are the most important constraints
on the parameters of this model, the following quantities
are used as further constraints:

(i) The B, — B, mixing is included by considering

R(Amp ) = AmB /AmZM. We combine the im-
proved experrmental value with the lattice QCD
result by HPQCD [28] and obtain R(Amp )P =
1.027(68). We also performed the full scan of
parameter space using the FLAG value for the
corresponding hadronic matrix element as computed
with Ny =2+ 1 dynamical quark flavors, which
corresponds to R(Amp )P = 0.897(69) [29] and
found no significant impact to the selected parameter
space, except for the slightly different value of y2. .

(i) We require the results to be consistent with

Rg‘/ 7P = 0.977(43) [30], which is obtained by
combining  RY/9°P =0.995(45) [31] with
RW/P = 1.04(5) [32]. Note that in this model

only S5 can contribute to R(”/e) B(B —» DWup)/
B(B — D®e D).

(iii) We also impose the measured B(B — tv) =
1.09(24) x 107 [33] as a constraint, where we
use fp=190.0=£1.3 MeV [29]. When needed
we take the CKM couplings from Ref. [34].

(iv) Tests of LFUV in the kaon leptonic decays can
also be used as constraints to the S3 LQ. We con-
sider 7" =T (K - ep)/T(K — uv) and r{/* =
I'(z—KD)/T'(K—-up); the measured values of
whlch]\L33] are compared to the SM values, ri¢/* P/

(e/SM 1 004(4), ATHEPASM — 0972(14)
and represent a rather powerful constraint,
cf. Ref. [30]. Similarly, the ratio r}y/*) = B(D, —

w)/B(Dy — ub) is converted to a constraint when

comparing to /MCXP/ (WSM _ 1.027(52) [33].
(v) Experimental bounds on the lepton flavor Vlolatmg

(LFV) decay modes B(r — uy) <4.4x1078

B(t — ¢u) < 8.4 x 1078 [33] provide the signifi-
cant constraints too. Note that both R, and S;
contribute to the latter mode, cf. Ref. [35], while
the expression for the LQ contribution to B(z — ¢u)
can be found in [36]. We also use B(B — Ky~ t") <
2.8 x 107 [33,37] in our scan of the param-
eter space.

(vi) In Ref. [5], we provided the expressions for

R = B(B —» K™up)/B(B — K®up)™,  which
should respect the experimental bounds R,, < 3.9
and R}, < 2.7 [38].

(vii) The complete expressions for the scalar LQ con-
tributions to B(Z — £¢) have been derived in
Ref. [39], and they are used in this analysis, together
with the experimental values for the branching
fractions given in Ref. [33].

(viii) Finally, we take into account the bounds on the
couplings derived from the high-p; tails after
recasting the bounds on a heavy Higgs boson
decaying to two z-leptons obtained from 139 fb~!
of data by ATLAS, reported in Ref. [40]. By
focusing on the region of m,, > 700 GeV, and by
using the propagating R, of mg, = 1.3 TeV, we
obtain rather stringent bounds on the couplings,
which can be conveniently written as

L75(5)* +0.29(y
+3.43(y¢

be)% +7.96(y57)*

)2 <25.9. (24)
Notice that in obtaining this result, we use the
experimental bounds from Ref. [40] to 26.

A careful reader would notice that with respect to
Ref. [5], where mg, = 0.8 TeV has been used to present
the results, here we take mg, = 1.3 TeV. This choice is
made in order to be consistent with the most recent bounds
regarding the LQ production processes in the direct
searches at the LHC, as discussed in Ref. [1]. For the
same reason, we take mg, =2 TeV and perform a scan
over the remaining parameters of the model, yb & vy L , V5%,
and 6 € (x/2,7) U (—x/2,0), by imposing all of the
constraints discussed so far. In Fig. 2, we show the result
of such a scan in the g5, = g5, (m),) plane. We obtain
xai = 13.5, and for the best fit values, we get (to 10)
Relgs,] = —0.07(14).  [Im[gg, ]| = 0.44(:0%).  (25)
If we did not use the experimental bounds on the LFV
modes as constraints, our flavor fit would have given two
solutions: one corresponding to a small angle 6~ 0,
and another one corresponding to |0| ~ /2. In fact,
B(t = p¢p) « cos* @, and the corresponding experimental
bound help us select a viable solution, i.e., the one with
|0| ~ z/2. In Fig. 2, we also plot the current constraint,
lgs, | < 0.55, obtained from the study of the high-p; ditau
tails. In the same plot, we also show the projected bound
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mp, = 1.3TeV, mg, = 2.0 TeV

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

0.5t 5 TT

= 1y (3ab-1 )

............
e,
.....

.
ust
.
e
o
o
K
o
8
5

Im[gsL]
o
e
=3
S
=

Relgs,]

FIG. 2. Results of the flavor fit in the g, plane, as defined in
Eq. (5) for the transition b — cto,. The allowed 1o(20) regions
are shown in red (orange). Separate constraints from Rp and Rp-
to 20 accuracy are shown by the purple and blue regions,
respectively. The current LHC exclusions are depicted by the
gray regions. We also show the projected bounds expected to be
obtained from the high p; monotau (red curve) and ditau tails
(dashed curve) with 3 ab~! of data.

from 3 ab~! of data, a constraint which on the basis of
current information should be much stronger than the one
based on the high-p; monotau tails.

Before closing this section, we also provide the ranges
for the couplings we obtain after imposing all of the
constraints discussed so far,

0.16,0.33) (0.11,0.40),,,
0.87,1.40),,.  (0.64,1.54),,

037,0.02),,.  (—0.58,0.15),,.
0.83,1.53) (0.61,1.87),,,

lo>

mrnmrn

(
(
[](
[Im[y]| € (

lo»

96%(1.01,1.06) 5(1.01,1.12)26, (26)

lo>
where Im[y%’] has two symmetric solutions (positive and
negative).

IV. MORE OBSERVABLES

A. Contribution to the electric dipole moment of the
neutron

From the fit to the data, we saw that we obtain Im|[gg, ] >

Re[gs,] when accommodating ROP > RM . In other

words, we get a large |Im[y4*]|, which then calls for a

4 =2GeV,

careful analysis of the observables in which such a complex
phase may play a significant role. We first check whether or
not this phase might be in conflict with the current bound
on the electric dipole moment of the neutron, |d,| < 1.8 x
10726 ¢ cm [41]. That issue has recently been addressed in
Ref. [42] in the scenarios in which the SM is extended by
one or more scalar leptoquarks. For our purpose, it is
important to note that the charm quark contribution to d,
can be written as d,, = g7d., where the tensor charge g%,
defined as

(N|ea"ysc|N) = griiyo™ysuy, (27)

has been recently computed by means of numerical
simulations of QCD on the lattice with Ny =2+ 141
dynamical quark flavors [43]. The reported result at
in the MS renormalization scheme is
g5 =—(2.4+1.6) x 107*. We translate the notation of
Ref. [42] to the one used here and write

1
d.=0.1 x Q.em.—Im[V?, ybry<7]
mR2
G
~0.1 x Q.em ‘[1; < Im(gg, |, (28)

where in the second line we employed Eq. (6). In the
denominator, 1.7 accounts for the running of gg, to the low
energy scale. By using the charm quark mass value from
Ref. [29], the central value for ¢¢, and the experimental
bound on |d,|, we arrive at

lim[gs, ]| < 0.76, (29)

which is obviously in good agreement with what we obtain
in Fig. 2 and in Eq. (25). However, we should note that if
instead of the central value we take g5 = —4 x 107 then
this constraint translates to [Im[gg, ]| < 0.46, which would
eliminate a fraction of the allowed g, regions in Fig. 2.
This shows why a more precise lattice QCD value of g%
would be highly beneficial for checking the validity of the
model proposed in Ref. [5] and further discussed here.

B. Contribution to Aacp

The difference in the time-integrated CP asymmetries of
D’ - K*K~ and DY — 7tz has been measured by
LHCb. Their recent result AAcp = (=154 +£2.9) x 107*
[44] has been corrected for the effects of D — DY mixing
so that the result for the difference of direct , CP
asymmetries  becomes  Aadf = (=157 £2.9) x 10~
[45]. The interpretation of this result is still unclear. In
the SM picture, the effect could be attributed to the
(nonperturbative) rescattering of light mesons in the final
state. Otherwise, one would need a NP contribution to
accommodate the measured value [46].
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In Ref. [47], the NP contribution to Aacp has been
estimated under the assumption of the maximal strong
phases. It was found that |Aacp| < 1.8/ImCEF(m,)+
ImCyF (m,)|, where Cgg are the Wilson coefficients of
the chromomagnetic operators,

GF g _

H = T J[CsPr + Cy PL]cTGY.  (30)

In our model, R, will contribute to ¢y — u; g, and to one-
loop, we get

V CT*
NP — 4’”4\/"_’721?: By(0, m},, m?). (31)
F

With the structure of couplings chosen in our model,
cf. Eq. (3), there is no one-loop contribution to
cL = uRg, ie., Cy = 0. By taking m,/mg, — 0, we have
B (0, mR ,0) —» 1/(2mR ),  which then leads to
|AaCP| <107, thus a very small effect.

C. Contribution to B - Kvv and K —» mwv

It is well known that a contribution of the left-handed
current to b — s£¢ implies a similar contribution to B —
K®yy decays. In our case, that means

R£*> _ B(B e d K(*)yy) le |5UCSM +5C |2 (32)
BB - KWw)S™M 3|CSM2 ’

where C?M = —6.38(6) [48] and the tree-level contribution
arising from S5 amounts to [30]

S3)\bi S3)N\Six
) (Y(Ls)) (Y( 3))

D D

3

: cp? cT
_ v’ sm26?(yL” +y,_2)’ (33)

2
20t A, ms,

thus also negative, and therefore, the net effect in the
present model is that R,f,j) > 1. We get

%) e (1.3,2.5),,, (1.1,3.4),,. (34)

lo»

the result, which is likely to be probed experimentally at
Belle II [49].

The expressions relevant to the S; contribution to
B(K — mwv) have been derived in Ref. [50]. With our
choice of couplings, together with values given in Eq. (26),
that contribution turns out to be very small. We checked
that the same conclusion holds true for the R, contribution
as well.

D. B — Kpuz and its correlation with  — py and R.}

Most of the models that can accommodate the LFUV
also predict a nonzero branching fraction of the associated
LFV decay modes [51]. Even more interesting is that in our
model we get both the lower and the upper bounds, namely
and to 1o,

0.6 x 1077 <B(B — Ku*tF) <3.1x 1077, (35)

currently, however, 2 orders of magnitude lower than the
experimental limit [37]. This prediction can be translated
into similar modes via relations B(B — K*ur)x
1.9 x B(B - Kur), B(B; — ur)~0.9 x B(B - Kur),
and B(A, — Aut) = 1.7 x B(B — Kut) [52]. It is inter-
esting to note that B(B — Kur) is linearly correlated with
R,(; , as show in Fig. 3.

Another interesting LFV mode is 7 — uy, because
in order to accommodate both types of B-anomalies we
needed to switch on the NP couplings to both 7 and pu.
Indeed, in this model, we obtain a lower bound which
to 1o is

B(t = py) 2 1.2 x 1078, (36)

and its correlation with B(B — Kuz), also shown in Fig. 3,
is less )pronounced than the one between B(B — Kur)
and RW .

E. Angular observables in B — D*(— Dx)tv and in
Ap > A (— Am)rv

The angular analysis of the exclusive b — ¢z modes can
help identify several new observables, the measurement of
which could help disentangle the situation and select among
the currently viable scenarios. As an example, we write the
full angular distribution of the baryon decay as [53]

d‘B B
dq*d cos 0,d cos Odg
+ (B + B cos0) cos 0, + (C; + C, cos 0)cos?0,
+ (D5 sinfcos ¢p + Dy sinGsin ) sin 6,
+ (E5sinfcosp + E4sinfsinp) sinO, cos0,],  (37)

8z[A; + A cosd

where the angles € and @, are defined with respect to the
direction of flight of A,.:  being the angle of A in the Ax rest
frame, and 6, is the angle of 7 in the zi-rest frame. ¢ is the
angle between the 7o and the Az planes. In the above
expression, the g>-dependent coefficient functions, Ao,
B2, Ci2, D34, 34, are given in terms of kinematical
quantities and hadronic form factors [53]. Notice that all of
the form factors relevant to any BSM discussion are already
available, as they have all been computed in lattice QCD
away from the zero-recoil point [54]. Forward-backward
asymmetry is defined as
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mp, = 1.3TeV, mg, = 2.0 TeV

1.5 20 2.5 30
R™
12%

mpg, = 1.3TeV, mg, = 2.0 TeV

\

02 0.4 0.6 038
Br(r — py) x 107

FIG. 3. B(B — Kur) is plotted against R = B(B = K"uvp)/B(B — K")up)™ for the 16 (red) and 26 (orange) regions of Fig. 2.
The black line denotes the current experimental limit, R}, < 2.7 [38]. We also show the similar correlation between B(B — Kpuz) and

B(z — py) obtained in this model.

2
An(q?) = %%, (38)

where the full decay width is given by

(mA,, —MA, bs

rn-ne)= [ ar|A@ )] o)
m?

We find that for all of the available gg, values discussed in
the previous section, the shape of Ag,(¢?) becomes different
with respect to that found in the SM. In particular, the point
g3, at which this asymmetry is zero, Ag,(¢3) = 0, is larger
than the one found in the SM. Another quantity that one can
use to monitor the viability of this model is

D) = p ) (40)

Ab d ACTD) ’

which is strictly zero in the SM and becomes nonzero only if
the NP coupling can take a complex value, such as the case
with our model, Im[gs ] # 0. In Fig. 4, we illustrate the
change in shape of Ag(g*) and of D,(¢?) once g5, =
8.1 x gr is switched to a plausible g5, = 0.5i.

We repeated the same exercise with B — D*zv [55] and
found that the corresponding Ay (g?) changes only slightly.
In order to support our observations by numerical values,
we compute

(M, —Mp.)?

(0) = Odg?, (41)

mz

for O € {Ap, D4}, and collect the results in Table I, where
we also give the values for g3 at which Ag,(¢3) = 0 and the
results for the LFUV ratio,

B(Ab - ACTD)
Ry = 2 7 BeTH) 42
A B(Ab i AC”D) ( )

From Table I, we see that R, follows the pattern and
Ry, > RM. This can be tested with a more precise
measurement of R A, Furthermore, in this model, we clearly
observe that

(Ap) > (Ap)™. [Dg)| > (DM, (43)

which is in stark contrast with the models based on
accommodating the B-anomalies by couplings to a Uj
vector LQ in which (Ap) = (Ag)M, and (D4) = 0. It is
important to emphasize that these quantities can be used to
discriminate among various scenarios proposed to explain
B-anomalies.
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0.031 Ay— A1,
B SM+ R, + S5
0.02 = SV
—
"> 0.011
~—
2
= 000
~0.01-
-0.021 :
3 4 5 6 7 8 9 10 11
q* [GeV?]
0.020
0.015
-
[}
(s}
S—"
N
S 0.0101
0.005 | ANy—A 10,
0.000

3 4 5 6 7 8 9 10 11

q* [GeV?]

FIG. 4. Two observables that can be extracted from the angular
distribution of A, = A.(— Az)rv and that have different g°
shapes in the model presented here (depicted in red) from those in
the SM (blue curves). Their values, after integrating in g° are in
this model larger than in the SM.

V. MASS RANGE FOR THIS SCENARIO TO
REMAIN VALID

So far, in this paper, we chose as a benchmark point the
leptoquark masses mg, = 1.3 TeV and mg, = 2 TeV, con-
sistent with the lower bounds deduced from the direct
searches at the LHC, as discussed in Ref. [1]. From the low
energy flavor physics observables, we then obtained the
constraints on the couplings of the model, and we pointed

TABLE 1. Values of the observables relevant to
Ay = A (= Arx)v, discussed in the text and computed in the
SM (g5, =0) and for g5, #0, as obtained from our scan,
cf. Eq. (25). Second and third uncertainties correspond to the
variation of the central value with respect to the variation of the
real and of the imaginary part of gg, , respectively.

gs, (my) 0 —0.07(7915) + 0.44(1913)i
Ry, 0.333(14) 0.366(15)(75:505) (*0013)
(Ap) 0.049(8) 0.085(7)({5.004) ((oors)
43]GeV?] 7.97(7) 8.49(8)(1619) (034
(D) 0 0.102(1) (*9005) Cope)

30 PPTT (140 fb’l)

2.5’|

Yeft
o
S

15,

1.0°

P R

15 20 25 30 35 40 45

P SR

mg,(TeV)

FIG.5. We plot the dependence of the effective coupling y ¢ =

|y*y2*| on the variation of the leptoquark mass mg,. The
orange regions are allowed by the low energy flavor physics
constraints to 1o and 2¢. The gray area is excluded by the 2o
limits arising from the study of the high-p7 tails of pp — 77, as
obtained from the currently available LHC data. We also plot the
limit from the case of monotau in the final state.

out that the very stringent constraints on the couplings can
also be obtained from the analysis of the high-p ditau tails
at the LHC. In order to monitor the range of masses
preferred by this scenario, we varied mg, and mg, and
applied the same constraints on the couplings as before. We
find that the model is highly sensitive to mpg,, while it is
only slightly sensitive to the variation of mg,. The result is
shown in Fig. 5, where we see that the current setup of
Yukawa matrices, cf. Egs. (3) and (4), remain consistent
with the constraints to 26 if mg, < 4.3 TeV. In other words,
if the flavor constraints remain unchanged, this scenario
can be tested at the LHC. It is also interesting to note from

Fig. 5 that the effective coupling y; = /|y5"y5*| always
remains well below the perturbativity limit, y. < V4.

VI. CONCLUSION

We update the parameter space of the model in which the
SM is extended by O(1 TeV) two scalar LQ’s, R, and S3,
and show that this model is still a plausible framework to
accommodate the B anomalies while remaining consistent
both with a number of experimental constraints arising
from the low energy observables, as well as with those
deduced from the LHC measurements relevant to the high-
pr tails of pp - 7 and pp — tv. A peculiarity of this
R,-S; scenario is that there is a complex coupling. We find
that the size of the corresponding imaginary part of the
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model parameter %" o gs, results in: (i) a value of the
electric dipole moment of the neutron consistent with the
experimental bound, (ii) too small a contribution to Aacp,
difference of the CP asymmetries between D° — KK~
and D° — #* 7™, (iii) a significant change in the observ-
ables that can be deduced from the angular distribution of
B - D*(— Dnr)tv and A, - A.(— Arx)rv and which are
zero in the SM and in scenarios in which the NP couplings
are real. We also find that the forward-backward asymme-
try in the case of A, — A.7v becomes significantly differ-
ent from its SM value. Like in the other models built to
accommodate B anomalies and involving LQ’s, we estab-
lish the upper and lower bounds to the exclusive LFV decay
modes based on b — sutzT. We also checked that the
model gives a negligible contribution to B(K — zwv), but it
significantly enhances B(B — K*)wv), cf. (34), which will
soon be experimentally scrutinized at Belle-1I. We also find
a clear correlation between B(B — K*)uv) and the LFV

decays such as B(B — Kut). Importantly, the model
remains consistent with the current experimental upper
bound on B(z — puy).
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