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decays, B(Bs — ut), B(B — Kut) and B(B — K*ut), can be as large as O(107°).
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1 Introduction

The experimental searches of New Physics (NP) at the LHC are of great importance in our
quest for solving the hierarchy and flavor problems. Rare decays and low-energy precision
measurements play a crucial role in searching for the effects of physics beyond the Standard
Model (BSM) because they are complementary to direct searches and even allow us to probe



energy scales well above those that can be probed through them. Among the various types
of rare decays, the lepton flavor violating (LFV) ones are particularly appealing because
they are absent in the Standard Model (SM), and their detection would represent a clean
signal of NP.

Theoretically, the LF'V decays are predicted in various NP scenarios, such as in models
with heavy sterile fermions [1-6], in models with a peculiar breaking of supersymmetry [7—
10], in models involving an extra Z’-boson [11, 12], and in multiple scenarios founded on
the paradigm of existence of one or more leptoquark (LQ) states [13]. Most of the current
experimental efforts in searching for the effects of LFV are focused onto lepton decays,
Uy — Loy, U1 — 3ly (with £y € {e,p1,7}), and on the 1 — e conversion in nuclei [14]. The
experimental sensitivity to probe these decays is expected to be improved in the years to
come by several orders of magnitude. The LFV decays of hadrons are complementary to
the purely leptonic decays because they represent a convenient ground to test LQ models,
and they also represent a different environment to test the result of the above-mentioned
leptonic modes. For example, in the LQ models, which will be discussed in this paper,
the rates of the LF'V decays of hadrons are much larger than in radiative and three-body
lepton decays.

In this paper we will focus on the exclusive LF'V modes, Bs; — {15 and B — K®¢105.
At present, the most constraining experimental bound is B(B, — e*pF)™P < 1.1 x 1078,
which has been recently improved by an order of magnitude [15]. The only dedicated
experimental searches with a 7-lepton in the final state have been made by the BaBar
Collaboration which reported the upper limits B(BT — Kte®*rT)*P < 3.0 x 107° and
B(Bt — K*tput7r7)™P < 4.8 x 107° [16]. The modes with one 7-lepton in the final state
are phenomenologically more appealing because the relevant couplings are less constrained
by direct experimental limits and for that reason, in the following, we will focus on By — ur
and B — K™ pr.

One of the main motivations to study transitions based on b — sf1£5 comes from the

recent observation of lepton flavor universality (LFU) violation in'

Ry - BBY = Ktpp) _ B(BT — K*pup) (1.1)
K = B/(B—l— — K+ee) o B<B+ — K+€€) q2€[1,6] GeVQ’ '

where the squared dilepton mass is integrated in the bin ¢ € [1,6] GeV2. LHCb found [17]
RGP = 0.74570 0% (stat) & 0.036(syst), (1.2)

which is 2.40 lower than the SM prediction R3M = 1.00(1) [18, 19]. Since the hadronic
uncertainties largely cancel in the ratio, if confirmed, this result would be an unambiguous
manifestation of NP. Another experimental observation of LFU violation has been made
in the processes mediated by the charged-current interaction, namely,

B(B — D%7v)
B(B — D®w)’

Rpe = te{e pu}, (1.3)

!Notice that, for shortness, we use B'(B — K£¢) for the partial branching fraction corresponding to
¢ € [1,6] GeVZ.



which turned out to be 20 (for Rp) and 3.40 (for Rp~) larger than predicted by the SM [20—
24]. The possibility of connecting the observed LFU violation in neutral- and charged-
current processes triggered many interesting theoretical works, mostly based on introducing
various LQ states or new gauge bosons (Z' and W') [25-40, 43-46]. Remarkably, in most
of the proposed scenarios, LF'V in meson decays is induced at observable rates [41, 42]. In
a previous work, we computed the general expressions for the full angular distribution of
By — (105 and B — K™ {105 decay modes, and explored a generic Z’' model, as well as
the possibility of a Higgs induced LFV [48]. In this paper we make a phenomenological
analysis of the exclusive b — sf1¢5 decays in the LQ models which are compatible with the
observed Ry .

The remainder of this paper is organized as follows. In section 2 we remind the reader
of the effective approach to b — sf1¢9 decays and briefly summarize the findings of ref. [48].
In section 3 we catalogue the plausible LQ models which are then scrutinized in section 4
where we select the models compatible with the available b — sup data. The models
selected in that way, are then subjected to a phenomenological analysis in order to obtain
upper bounds on the LFV b — sf1f5 exclusive decay modes presented in section 5. We
summarize and conclude in section 6. Most of the auxiliary formulas used in this paper
are collected in the appendices.

2 Effective approach

The most general dimension-six effective Hamiltonian describing the LFV transitions b —
sty 03, with f1 9 € {e, 1, 7}) is defined by [49]

6
Hos = —‘“j;v;bv;{ S GO + 3 [Ciln)Ox() + (Cx()) (Or(1w)'|
i=1 i=7,8

+ oy [Cfl@(u)Ofl@(uH(Cfl“(u))'(oflb(u))']}+h.c.,
i=9,10,5,P
(2.1)

where C; () and C*2(11) are the Wilson coefficients, while the effective operators relevant
to our study are defined by

62 _ — 62 B _
05" = (g WP (B 82) 04" = (1 PO (Bt2),
(2.2)
62 _ — 62 B _
Of%)b = (47T)2 (SW#PLb)(£17M75€2)7 0%62 = (47()2 (SPRb) (617562)7

in addition to the electromagnetic penguin operator, O7 = e/(4m)*my(50,, Prb)F*. The
chirality flipped operators O) are obtained from O; by the replacement Py, <> Pr. Using
the above Hamiltonian, one can easily compute the amplitudes for B; — El_@L and B —
K (*)KIE; decays, and derive the expressions for the corresponding decay rates [48, 50], also
summarized in appendix A.3 of the present paper. In the SM, the LFV Wilson coefficients,



C’f 1Z2, are zero due to lepton flavor conservation. The inclusion of neutrino masses can
induce LFV at the loop-level, but with negligible rates due to the smallness of the neutrino
masses. In the following we shall assume that the only source of LFV is NP and hence in
order to compute the Wilson coefficients for b — sf10y (¢1 # f2) we need to specify the
NP model.

To simplify our notation, in what follows, we will denote C; = C'f 2 (¢, £ fy) when
confusion can be avoided. Notice, however, that:

(i) in general, for ¢1 # {3, Cflez =+ C’fﬂl, which is particularly the case in the LQ models
in which LFV occurs through tree-level diagrams;

(ii) in some situations, even if CZMQ = C’fﬂl, Vi, one can still generate an asymmetry
between LFV modes with different lepton charges, e.g. B(Bs — u~71) # B(Bs —
ut77), cf. expressions in appendix A.3.

Before discussing the issue of lepton charge asymmetry one must first observe LFV, that
is why we will here combine the two charged modes, namely, B(Bs — (1{2) = B(Bs —
0705) 4+ B(Bs — £ £y), and B(B — K®{10y) = B(B — KW 05) + B(B — KW 0y).

We should also emphasize that the LF'V channels we consider respect a hierarchy which
depends on the adopted NP scenario. If the LFV is generated only by the (pseudo-)scalar
operators, the lifted helicity suppression implies

CYp #0,05=0: B(B, — (103) > B(B — Kl16y) > B(B — K*(1£,), (2.3)

whereas the inverted hiearchy is obtained if the nonzero Wilson coefficients are those cor-
responding to the (axial-)vector operators (C’g)P =0, ngt)lo # 0) [48].

3 Cfl£2 (@) in leptoquark models

Leptoquarks are colored states that can mediate interactions between quarks and leptons.
Such particles can appear in Grand Unified Theories [51] and in models with compos-
ite Higgs states [52], as recently reviewed in [13]. In general, a LQ can be a scalar or
a vector field which in turn can come as an SU(2)-singlet, -doublet or -triplet [53]. In
the following we assume that the SM is extended by only one of the LQ states and list
the models which can be used to describe the b — sf1fs processes. We adopt the no-
tation of ref. [54] and specify the LQ states by their quantum numbers with respect to
the SM gauge group, (SU(3).,SU(2)r)y, where the electric charge, Q@ = Y + T3, is the
sum of hypercharge (Y) and the third weak isospin component (73). Throughout this
paper the flavor indices of LQ couplings will refer to the mass eigenstates of down-type
quarks and charged leptons, unless stated otherwise. In other words, the left-handed dou-
blets are defined as Q; = [(VTur); drg]T and L; = [(Uvr); £1;]7, where V and U are the
Cabibbo-Kobayashi-Maskawa (CKM) and the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
matrices, respectively, uy, dr, £1 are the fermion mass eigenstates, whereas vy stand for
the massless neutrino flavor eigenstates. Since the tiny neutrino masses play no role for the
purpose of this paper, we may choose the PMNS matrix to be the unity matrix, U = .
Right-handed field indices will always refer to the mass eigenbasis.



3.1 Scalar leptoquarks

We first consider three scalar LQ scenarios. Two of them can modify the b — syt decay at
tree-level without spoiling the proton stability. A third scenario, which might destabilise
the proton and will also be discussed below, generates a contribution to b — syt only at
the loop-level.

3.1.1 AW/ = (3,2),

This model has already been used to provide a viable explanation of R%" in ref. [43]. The
Yukawa Lagrangian reads,

Laase = (gL)ijJRiB(l/&TLj +h.c.,

= (gL)ij CZiPLVj A(71/3) — (gL)ijCZiPng A(2/3) + h.C., (31)
where A = imsA* is the conjugated SU(2), doublet, g7, is a generic matrix of couplings. In
the second line we explicitly write the terms with A(-1/3) and A(2/3) where the superscripts
refer to the electric charge of the Y = 1/6 LQ states. The masses of these two states can
in principle be different, but for simplicity we will assume them to be equal, ma /3 =
MA(-1/3) = ma.? After integrating out the heavy fields, this model gives rise to the chirality
flipped operators in the b — 861_83“ effective Hamiltonian (2.1), and the corresponding
Wilson coefficients are given by

' ' o2 (9r)se, (9L)50

o) =~ (cly) = : 32

( 9 10 QthV;;;Oéem mQA ) ( )
where v = 246GeV is the well known electroweak vacuum expectation value, v? =
1/(V2GF).
3.1.2 A/6) = (3,2)q/
The relevant Lagrangian for this model reads,

Lacse) = (9r)ijQiAT O, + hec., (3.3)

= (Vgr)ijui Prt; A/ + (gg)idi Prt; AP + hc.,

where gr denotes the Yukawa coupling matrix, while again the superscript in AG/3) and
AR/3) refers to the electric charge of the two mass degenerate LQ) states. After integrating
out the heavy fields, the only non-zero Wilson coeflicients relevant to b — sﬂfﬂj are,

B T2 (9R)sey (QR)Z%
2V Vistem m2A ’

Cy'™* = 1" = (3.4)

corresponding to the chirality non-flipped operators in eq. (2.1).

2Note that the electroweak oblique corrections do not allow for large splittings between the two states
of the doublet [13, 55, 56].



3.1.3 A1/ =(3,1)_y3

Being an electroweak singlet, this scalar LQ model is the simplest one. Its Lagrangian is
given by,

Laym = (gL)ija?iT2LjA(l/3)* + (gR)ijng‘ERjA(l/?’)* " 5)
= AU/~ [(V*gL)z’jEPLEj — (91)ijdS Prvj + (gr)ijul Pri; |,

where the superscript C stands for the charge conjugation.? In addition to terms shown
in (3.5) one could also write terms involving diquarks. To avoid conflict with the proton
decay bounds those couplings must be negligible, so we set them here to zero.

The Wilson coefficients contributing to b — sﬁf@r are generated at loop level and, to
one-loop order, they are given by [45, 57]:

1 v (gL g )bs
chte _olte = (g _ L)bs + . (36
9 10 SWaemeA (92)7e, (9L )2t 32 m2A ViV (97 - 9L)eres (3.6)
2 2
014 10y my " ma
Cy'? +C° = m(glz)tgl (9R)te, [log m—? — f(xt)]

1 UQ gL‘gT bs
(o2 -91) (9% - 9R)0rtss (3.7)

32T vem mQA Van Vs

where f(z;) =1+ ;25 (I;,’tg—_xf — 1), and x; = m3/m;,.

3.2 Vector leptoquarks

Vector LQs naturally appear in Grand Unified Theories as gauge bosons of the unified
gauge group or in composite Higgs scenarios. Here we shall focus on relatively light vector
LQs that can contribute to LFV b — sf1f5 transitions. There are three vector LQ) states
that could participate in d; — d;f1{2 processes via dimension-4 tree-level couplings to the
SM fermions. These states, Us, Vo, and Uj, are respectively a weak triplet, doublet, and
singlet under the SU(2).. Here we do not consider the weak doublet vector Va, because
its nonzero couplings might jeopardize the proton stability [54].

3.2.1 U1 = (3, 1)2/3
Being a SU(2); singlet U; can couple to both the left-handed and right-handed
fermions, namely,

Ly, = x%LQiV#Uij + xf}RJRiV#Ufij + h.c.

i (3.8)
= Ulﬂ (V.%'LL)ijﬂi’yMPLVj + .%'Z-Ldei’y“Png + xf}Rdw”PRﬁj] + h.c.,

3Tt should be clear that gr, g in eq. (3.5) are entirely different couplings from those appearing in eq. (3.1)
or in eq. (3.3).



LL
ij
couplings to fermions induces both vector and scalar Wilson coefficients:

where z;7~ and xf}R are the matrices of Yukawa couplings. The non-chiral nature of Uj

2
bty _ 00 v LL,_ LLx
09 C - 2 xsészfl ’
‘/tbv;tsaemm(]
2
0142 b1l _ v RR, ,RRx
<09 ) = (C ) = —V V xsfgxbh s (39)
th VisXem My
2
cltr — _ itz 2mv LZL xﬁR*
s =—Lp" = Zg )
V;‘/bv;;aemm[] ? !
2
(CMQ)’ _ <CM2> _ 2m LRR_LLx
s P V;fb‘/tsaemm(] stz Tty

where my; is the LQ mass. Obviously this model provides a rich ground for phenomenology
because it gives rise to both the chirality flipped and non-flipped operators.

3.2.2 U3 = (3,3)2/3

The only possible dimension-4 gauge invariant interaction between Uj, a weak triplet of
LQ states, and fermions reads

Ly, = x-L-LQi'yMT -UYL; +hec.
- :52/ Y [(Valh)y w Py — abE dit Pt
(5/3) (V2Va ) amyt Pri;

+ Uéu Y3 (V22" diy" Pryj + hec.,

(3.10)

where by xij we denote the couplings to the SM quarks and lepton doublets. The absence
of diquark couplings guarantees that this LQ state is both baryon and lepton number
conserving. The Wilson coefficients for the b — sf1fo Hamiltonian are in the case of Ug

obtained by keeping nonzero only the 2%

couplings in eq. (3.9). For completeness we write
them explicitly,

2
T
Chﬁz _ C€1€2 - _ LL:CLL*7 3.11
9 ‘/;fb‘/;saemm[] SKQ bgl ( )
where we assume the degeneracy among the charge eigenstates of the triplet, my =

Myr(-1/3) = Myy(2/3) = My(5/3) -

4 Confronting LQ models with data

4.1 Which leptoquark model?

In this section, from the list of models spelled out in section 3, we select those that are
consistent with the experimental data for the exclusive b — supu processes. To that end we
require the consistency with the measured B(Bs — ptp™)™® = (2.870%) x 1072 [58],

“The quoted result was obtained after combining the CMS and LHCb results in ref. [58]. Since then the
ATLAS Collaboration also measured this same decay mode and reported B(Bs — p )P = (0.9703) x
107° [59]. Combining this result with the previous two would probably exacerbate the discrepancy with the
SM but to do it properly one should combine the statistical samples of all three mentioned collaborations.



and B(B — Kp*p~)n o = (85 +03+04) x 10~® [60], since in that region of
q*> € [15,22] GeV? the hadronic uncertainties are well controlled by means of numerical
simulations of QCD on the lattice [61]. Furthermore, by choosing ¢* € [15,22] GeV? we
also avoid the narrow charmonium resonances so that we can rely on the quark-hadron dual-
ity [62]. This is also the reason why we use only B(Bs — ptpu~) and B(B — Kt 17 )high—g2
to derive the constraints on possible NP contributions: (a) They involve the decay con-
stant fp, and a few form factors at large ¢®’s, the quantities which have been accurately
computed by means of lattice QCD; (b) These quantities are not plagued by uncertainties
related to the cc-resonances. Theoretical description of B — K*u*u~ decay entails more
hadronic form factors and more assumptions are needed when confronting theory with
experiment. Similarly, a recently observed discrepancy between theory and experiment
regarding B(Bs — ¢u™ i) [63] relies on the assumption of validity of the light cone QCD
sum rule estimates of the hadronic form factors at low and intermediate ¢®’s for which the
systematic uncertainties are hard to assess. Furthermore, for the purpose of our study, two
measured quantities are sufficient to bound the NP couplings and we choose those which
require the least number of assumptions, i.e. B(Bs — pp~) and B(B — Kput p1™ )pigh—g2-
Notice, however, that our results are compatible, at a (2 + 3)o level, with the global fit
analyses made in ref. [64-66].

e The A1/6)_model was studied in ref. [43] where it has been shown that the required

consistency with the measured B(Bs — ptp~ )P and B(B — Kpu'tpu~)pn, 2 results
gh—q
in the Ry values fully compatible with experiment.® In this scenario (Cg)’ = —(C10)’,

and from the combined fit of B(Bs; — p*pu~) and B(B — Kut ji™ )pign—q2 We obtain
to 20 accuracy,

(C§")" € (—0.41,-0.08)upqcn, (—0.48,—0.17)mc, (41)

where the results in the first and second interval are obtained by using the hadronic
form factors computed in lattice QCD in ref. [68] and ref. [69], respectively. Notice
that the first interval coincides with what is obtained in ref. [43]. In what follows we
will choose

(C’é‘“)’ € (—0.48,-0.08), (4.2)
which covers both of the above intervals.

e For the A("/6)-model, the NP Wilson coefficients satisfy the relation Cy = C1o. To
scrutinize this scenario, we perform a fit of Cg 19 assuming them to be real and by
applying the strategy described above. The allowed regions at 1o and 2¢ are shown
in figure 1 where we also draw the lines corresponding to C9 = +Cy. Clearly,
the line Cy = Cjp does not touch the region allowed by B(Bs — ptu~)™P and
B(B — Kutu )b 5 to 20. For that reason we discard the scenario A/ from

. . uehTa
further discussion.

>This model has also been considered in ref. [67] to explain R%" but by enhancing B(B — Kee), instead
of decreasing B(B — Kupu).

6We should add, however, that the A(7/® model remains a good candidate to explain RO, [70] if the
NP couplings to muons are negligible.
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Figure 1. Regions in the plane (C§*, C4') that are in agreement with the experimental values of
B(Bs — pp) and B(BT — KT pjt)iarge g2 at 1o (dark green) and 20 (light green) accuracy. The
black point represents the SM prediction. The dashed lines correspond to the scenarios C§* = —C/{
and C{*" = Cl'.

e The A(/3)_model generates both Cy—C1p and Cy+ C1p. In other words, this model is
compatible with exclusive b — supu data only if the combination with the plus sign is
suppressed. One can achieve that by taking (gr)i; = 0 in eq. (3.7), or by fine-tuning
the terms in the same equation to get Cyg+ C1g = 0. We will discuss more extensively
this model in the next subsection.

e The Us-model was already studied in ref. [44] where it has been shown that it can pro-
vide a simultaneous explanation of R}*" and R;(&
is in agreement with the measured B(Bs — p"pu™ )P and B(B — Kpu'p™)

as shown in figure 1. To 20 accuracy we find

. In this scenario C9 = —C1q, which
exp
high—q?2’

CH' € (—0.71, —0.04)spqen, (—0.76,—0.11) 5. (4.3)
As before, we will use
CH" € (-0.76, —0.04) (4.4)
to cover the results obtained by using both sets of lattice QCD form factors.

e A similar discussion applies to the U; LQ in the limit of ]3: Rl « ]3: Ll in eq. (3.9).
We should emphasize, however, that this model is not phenomenologlcally sound
because the couplings to 7’s are very poorly constrained by data. Since one can-
not compute the loop corrections with vector LQs without specifying the ultraviolet
(UV) completion or providing an explicit UV cut-off, no constraints from B — Bj
and 7 — py can be used. While in the Us-model one can obtain a constraint by



requiring the consistency between the tree-level process B(B — Kvv) and the up-
per experimental bound, in the U;-model the latter process is induced only at the
loop-level and the experimental result is not constraining anymore. For this reason
we prefer to discard the U;-model and focus only on the scenario with Us, as far as
vector LQs are concerned.

In summary, of all the LQ models discussed in section 3, we were able to discard in
this section the scalar A("/6) and the vector U;. The remaining models can now be used
to explore what are the allowed b — sur LFV decay rates. Before passing into that part,
we revisit the A(/3)-model.

4.2 On (in)viability of A(/3) = (3,1)_, 3

The interest in the A(*/?)-model has been recently revived after the authors of ref. [45]
claimed that it can simultaneously accommodate the observed LFU violation in Rg and
Rp. In this section we revisit that claim and find that R actually cannot be made
significantly smaller than one, without running into serious difficulties with other mea-
sured quantities.

As we already mentioned above, the effective coefficients Cglzz :th(l)e2 are loop induced
and the results are given in eqs. (3.6)—(3.7). To suppress the combination with the plus
sign, which is disfavored by the current b — sup exclusive data, we set gg = 0 in eq. (3.5).”
The left-handed couplings are assumed to have the following flavor structure

0 0 0 0 Vus (gL)su + Vub(gL)b,u Vus(gL)ST + Vub(gL)bT
gL = [ 0 (g90)su (gr)sr | > VoL = | 0 Ves(gr)su + Veo(9r)vn Ves(9r)sr + Ven(9r)or |
0 (gL)b,u (gL)bT 0 ‘/ts(.gL)su + ‘/tb(gL)b,u ‘/ts(gL)ST + ‘/tb(gL)bT
(4.5)

where the first matrix connects down-type quarks to neutrinos, and the second up-type
quarks to charged leptons.® Notice that the couplings to the first generation of leptons
are assumed to be zero since they are tightly constrained by data. In our approach, the
couplings to the d quark are also set to zero, since their nonzero values can induce significant
contributions to processes such as K — mvv and the K — K mixing. Even though we fix
(91.)dap = (91.)ar = 0, from eq. (4.5), we see that the couplings to the u quark are generated
via the CKM matrix. Therefore, constraints from the kaon and the D-meson sectors should
be taken into account too. Besides those, one of the most important constraints comes from
the By — B, mixing amplitude. We obtain

Amip m(gr - 9})3, (4.6)
Am T 32GEmi Vi Vi P So(wmd

"Another possibility is to impose the cancellation between the terms in eq. (3.7) but since the right-
handed couplings lift the helicity suppression in leptonic decay rates one runs into problems with I'( K — uv)
and I'(D(,y — pv), and can also significantly enhance I'(7 — py), cf. eq. (A.5) in appendix A.1 of the present
paper. In other words, the gr couplings are tightly constrained by data to be small, which justifies the
approximation gr = 0.

8We reiterate that the PMNS matrix U is set to unity since the neutrino masses are neglected in
this study.

~10 -



where 77 = 0.82(1) accounts for the QCD running from u = ma ~ 1TeV down to u = my,
So(z¢) is the Inami-Lim function, and np encodes the short distance QCD corrections.
We combine the experimental value AmpP = 17.7(2) ps~! [73], with the SM prediction
Am3pt =17.3(17) ps~*, to get AmBY/AmEM! = 1.02(10) [48]. Furthermore, Ry, = B(B —
Kvv)y,/B(B — Kvv)gy, for which the expression will be given later on [cf. eq. (5.3)],
should satisfy R;,F < 4.3, as established by BaBar [71, 72]. A pecularity of this LQ model
is the modification of the (semi-)leptonic decays of pseudoscalar mesons. We define the
effective Lagrangian of the transitions d — ufv as

Lot = —2V2G Vi [(1 + gv)(@ryudr) €yt vr) + gs(p) (Urdr) (CryL) (4.7)
+ g7 (1) (Wrouwdr) (Cro™ vr) | + huc.,

where u and d stand for a generic up- and down-type quark flavor. Using this Lagrangian
one can compute the (semi-)leptonic decay rates for the specific channels, e.g. B — Dflvy
and B — fuvyp, as described in appendix A.1. After integrating out the LQ state, we obtain
the effective coefficients

1 (9L)70(9L ) dv,

_ : 48
gv d—>u£y£/ 4\/§GFVud m2A ( )
1 (9R)pe(9L)dv,
=m = — , 4.9
gs(,u A) d—ulyy 4\/§GFVud mQA ( )
1

p— = — pu— 4-10
gT(,U mA) d—ulvy 4gS(M mA) d%u(uz/’ ( )

which can be inserted into the expressions for decay rates, explicitly given in appendix A.1,
cf. eqs. (A.7)—(A.8). We should stress that LQs can induce new contributions in which the
neutrino has a different flavor from the charged lepton. One should therefore sum over the
unobserved neutrino flavors in order to compare with the experimentally measured rates,
e.g. B(B — Dlv) =5, B(B = Dlyy), with ¢’ € {u,7}.

Considering the ansatz given in eq. (4.5) for the Yukawa matrix, the relevant leptonic
modes for our study are K — pv, Dy — (u,7)v, and B — 7v. We consider the exper-
imental values given in ref. [73] and we use the values for the decay constants computed
in lattice QCD, summarized in appendix A.4. Other observables, such as B(7 — u7v) and
B(D® — pu), for which the formulas are given in appendix A.1, give important constraints
as well.

In addition to the above-mentioned constraints, compactly collected in table 1, we
impose the conditions of perturbativity, |(gz)i;| < 47, and look for the points which would
simultaneously satisfy the observed R}" and R". As it can be seen in figure 2 (left panel),
we were not able to find couplings (gr,)i; that would result in values for Rp consistent with
experiment, R = 0.41(5) [20, 21]. In fact, the couplings of A(1/3) to the muon, which
are necessary to get Rx < 1, are large enough and push Rp to values smaller than the SM
one.? Furthermore, even though we were able to find points that give acceptable values for

In obtaining Rp we used the B — D form factors recently computed in lattice QCD [74], which also
give R = 0.286(12).
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Figure 2. Rp = R}/ (left panel) and R%/® (right panel) are plotted against Rx. The allowed
points are compared with the experimental values (gray and green bands) at lo. The dashed
magenta line on the right panel corresponds to the SM prediction for Rg/ ¢~ 0.995. The theory
error bars for Rp are not shown on the left panel. They are estimated to be of the order of a few
percent.

Ry, we find that the selected points are in conflict with

B(B — Duv)

nle _
fp = B(B — Dev)’

(4.11)
as depicted in the right panel of figure 2. Although R%/ “ has not been experimentally
established, values of R%/ ¢ ~ 1.05 seem already implausible, since the B(B — Dev) and
B(B — Duv) data have been successfully combined in B-factory experiments to extract
G(1)|Vep|. Inref. [46] it was even argued that such a deviation from lepton flavor universality
cannot be larger than 2%. In figure 2, however, we see that the points selected to satisfy the
observed R;?p result in R%/ “ > 1.8, a large departure from one. We, therefore, conclude
that one cannot accommodate the experimental value R‘;?p without producing a huge
enhancement of B(B — Dpuv), which implies Rp < RP! and unacceptably large R%/ .10
We were insisting on the agreement with the experimental value R3". If, instead, one
wants to accommodate the experimental value R7)” with this model [70], the resulting
values of the couplings to muon are either zero or far too small to explain R".

There are several sources of disagreement between the present paper and ref. [45],
which we comment on in detail. First of all, their best fit values for R, were obtained
in a setup where NP only couples to 7’s. This assumption is not justified, since a putative
explanation of Ry through loops necessarily requires large couplings to muons, which then
modifies the denominator in Rp, and produces excessively large R / “ as discussed above.
Secondly, the conditions for the LQ parameters given by eqgs. (12) and (17) of ref. [45] are
necessary but not sufficient to reproduce results consistent with B(B — Kvv)®® and R},
respectively. Finally, the bounds from processes involving the up-quark, such as K — uv,
Ds — (u, 7)v and B — Tv, have been tacitly neglected in their work. As mentioned before,
one cannot completely avoid the first quark generation, see eq. (4.5).

9Tn obtaining R‘E,/e > 1.8 we used mP°'°. Had we used m}®(m;) we would have obtained R%/e > 1.5,

still much larger than R%/E < 1.05.
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Observable Egs. — AMO) | Egs. — A1/3) Egs. — Us Exp. value Ref.
b— spp (3.4) (3.6) (5.8) Eqgs. (4.2)-(4.4) -
Amp, /AmP! (5.2) (4.6) — 1.02(10) [73]
Ry, (5.3) (5.3) (A.13) <4.3 [71, 72]
B(t — wy) (A.3) (A.5) — <4.4x1078 [75]
B(T — uo) (A1) — (A.15) <84x1078 [73]
B(D° — ptu™) — (A.6) (A.14) <7.6x107Y [76]
B(K — uv) — (4.8)—(4.10), (A.7) | (5.9), (A.7) | 63.58(11) x 1072 | [77]
B(Ds — pv) — (4.8)-(4.10), (A.7) | (5.9), (A.7) | 5.56(25) x 1073 [73]
B(Ds — 1v) — (4.8)—(4.10), (A7) | (5.9), (A.7) | 5.54(24) x 1072 (73]
B(B — Tv) — (4.8)-(4.10), (A7) | (5.9), (A7) | 1.44(32) x 10~* | [78, 79]
Rp — (4.8)—(4.10), (A.8) | (5.9), (A.8) 0.41(5) [20, 21]

Table 1. Observables considered in our phenomenological analyses and their corresponding exper-
imental values (or bounds) as well as their theoretical expressions for the scenarios A(1/6) A(1/3)
and Us.

5 Results and discussion

In this section we present our predictions for the remaining viable scenarios, namely the
LQ models A6 and Us,.

51 AW1/6) = (3,2)6

In our analysis of the A/6)-model we assume the LQ couplings to the first generation of
fermions to be negligible because they are most tightly constrained by the experimental
limits on g — e conversion on nuclei, on atomic parity violation, on B(Kj — pe), and on
B(Bs — pe). Therefore, the matrix of couplings (gr)s in eq. (3.1) is assumed to have

the form
0 0 0

g.=10 (gL)s,u (gL)ST ) (51)
0 (90)ou (9L )br
where the entries are considered to be real. The product (gr,)su (gL)Zu 2 0 is then fixed by
egs. (3.2) and (4.2). To constrain the couplings to 7’s we use the information from Bs — Bj
mixing amplitude, and the experimental limits on B(B — Kvv) and on B(T — ug), see
also table 1. To that end we recall the expression for the mass difference of the B, — B,
system with respect to the SM one,

Am - mgr - gh)2, 52)
Amp! 16GZm3y [V Vi 20 So(z)mA

where (gr, - 92) denotes the product of matrices defined in eq. (5.1). The ratio R,, =
B(B — Kvv)yw/B(B — Kvv)gy, in this model, is modified as follows:

1 (91 - 9})st 1 (91 - 91 )ss(gz - 95 )
R, =1— R, , 5.3
v 6O | T Nma | T OV [N 2mA (5:3)
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Quantity ma =1TeV | ma =5TeV | ma = 10TeV
B(Bs —pur) | <1.0x107° | <3.0x107%| <1.8x 1077
B(B— Kur) | <1.1x107% | <34x107%| <2.0x1077

B(B— K*ur) | <20x107% | <6.1x107% | <3.7x 1077

Table 2. Predictions for exclusive B(y) meson decays at 90% CL for the A1/ _model.

where N = G Vi Viiem/(V27), and C3M = —6.38(6) as defined in ref. [47]. Finally, the
experimental bound B(1 — u¢)™P < 8.4 x 1078 [73] implies the relation

‘(QL(QQLW <0.036 TeV~2  (90% CL), (5.4)

A
which was derived using the expression given in appendix A.1.

Other observables, such as leptonic decays of ¢p(nS) and Y (nS) mesons, could in prin-
ciple provide useful bonds on the LQ couplings but the derived limits turn out to be much
less significant at this point. Flavor conserving leptonic decays, such as Y(nS) — 77,
are dominated by the very large tree-level electromagnetic contribution which undermines
their sensitivity to NP. LEV modes, such as T — u7, are in principle sensitive to the LQ
contribution but the current experimental limit B(T(1S) — u7)™P < 6 x 1076 [80] is still
too weak to be useful. We have also checked that in this model the upper experimental
limit on B(7 — wy) does not provide any additional constraint because of the cancellation
of terms oc 1/m3 in the loop function, see eq. (A.3) in appendix A.1.

Using the constraints discussed above, and summarized in table 1, in addition to the
perturbativity prerequisite, which we here decide to be |(gr)i;| < 1, we were able to scan
the parameter space and find points which are consistent with all the requirements. With
the points selected in that way, we then compute the Wilson coefficients (C§") = —(CYy )’
by using eq. (3.2), and then insert them into eqgs. (A.16), (A.17) and (A.22) to compute
the branching fractions. The resulting values (upper bounds) are listed in table 2. Notice
that the ratios of the exclusive LFV modes in this model are independent of the Wilson
coefficients and given by

B(B — K*ut) _ 18 and B(Bs — ut)

BB — Kur) ~ B(B — Kpur) ~ 09, (5:5)

where in evaluating the above ratios we used the central values of the hadronic parameters.
Since most flavor observables are studied at tree-level, our predictions depend only on the
ratios (gr)ae/ma with d = d,s,b and ¢ = p,7. The only exception is Amp_, which
exhibits a mild dependence on ma. We see from the results presented in table 2 that the
bounds become tighter for larger ma which is a consequence of the condition |(gr);j| < 1.

We next check on the correlation between B(B — Kurt) and R,, for a benchmark
ma = 1TeV. We see from figure 3 that the compatibility of R,, with the SM value,
RSM = 1, would not exclude the possibility of rather large branching fractions for the LFV
decay modes. However, if the value of R, is found to be significantly below or above 1 then
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B(B—-Kur)

RVV

Figure 3. B(B — Kur) is plotted against R,, = B(B — Kvv)u,/B(B — Kvv)gy for the A(1/6)
model. The blue points are allowed by flavor observables, and the red dashed lines correspond to
the current experimental bounds RSP < 4.3 [72] and B(Bt — KTp*7F)™P < 4.8 x 107° [16].

this analysis provides both an upper and a lower bound for B(B — K7pu). For example, if
Ry, = 2, we get
2x1078 <B(B — Kur) <5x 1075, (5.6)

Furthermore, we see that the current experimental bound, R;," < 4.3, is an efficient
constraint but it ceases to be so if we consider ma 2 3TeV. Finally, it is interesting to
note that the BaBar bound, B(B — Kut)®P < 4.8 x 1075, is only an order of magnitude
larger than the upper bound we obtained in our analysis. We hope that the high statistics
LHCb data, and especially those of the future Belle II, will be used to improve this as well
as other bounds on similar decay modes. We reiterate that a bound on any of the modes
considered above would be equally useful, since they are all related to each other through
the ratios given in eq. (5.5). Before closing this part of our analysis, we should mention
that this LQ model has been extended to accommodate R in ref. [81], without changing
the upper bounds on the LFV rates discussed in this paper but providing the lower ones
which are O(10710).

5.1.1 Comment on By — 77

Since the LHCDb Collaboration is actively searching for the By — 77 events, we also show
the correlation between B(B — Kut) and B(Bs — 77) in figure 4. We see again that even
if B(B; — 77) is found to be consistent with the SM value, B(B, — 7)™ = 7.7(5) x 1077,
one can still have a significant B(B — K pu7). This can be understood from eq. (3.2), since
By — 71 will be modified by NP only if the product (gr.)s-(gz);, is nonzero, and therefore
one should have both (g1)sr # 0 and (g7,)sr # 0 to produce a deviation from the SM. On
the other hand, the product (gr.) SN(gL)Zu is already fixed to a nonzero value by b — suu
exclusive data. Therefore, it is enough to have one of the couplings (g1,)sr or (g1, )sr different
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Figure 4. B(B — Kupur) is plotted against B(B, — 77) for the A(/6)_model. See figure 3
for details.

from zero in order to induce LFV in B, decays through the effective coefficients (C7)")’
or (Cfy)', respectively. For that reason, the LEV modes are more robust probes of the LQ
couplings. Notice, however, that if LHCb can establish an upper bound on B(Bs — 77),
this would certainly be more important than the other limits that we have used here to
constraint the third generation couplings.

If, instead, the measured B(Bs; — 77) turns out to be larger or smaller than B(Bs —
77)M this model offers also a lower bound on B(B — Kut), which is quite remarkable
because in this way one can check the validity of this scenario. Moreover, we see also that
if B(Bs — 77) 2 2 x 107° is measured then this model not only cannot generate LFV, but

it will be ruled out altogether.

5.2 Uz = (3, 3)2/3

In a UV-complete renormalizable model containing Us at the lower end of the spectrum
(and possibly accompanying light degrees of freedom), we expect the 3 x 3 matrix of
LQ couplings 2" in eq. (3.10) to be unitary. Indeed, if Us was a remnant of a larger
multiplet of gauge bosons, one could consider a theory in the unitary gauge in which the
UV divergences appearing in the flavour changing neutral processes are removed by the
sums over the couplings, i.e. by the GIM mechanism, and for this technique to work we
would require z”* to be unitary.!! However, in the unitary case the couplings to e and/or
first generation of quarks cannot be avoided and then the very strong null constraints from
LFV searches apply. In this particular case, we have found that the upper bounds on p—e
conversion on Au nucleus and the one on B(Kj — pe) already discard Us with unitary
xll as a viable scenario for explaining R3P.

Thus we continue along with our analysis using the non-unitary ansatz, and we com-
pletely avoid couplings to electrons by paying the price of being unable to unambiguously

HGee also the discussion in ref. [82].
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predict any loop-induced process. The ansatz below couples only the second and third gen-
eration charged leptons with the down-type quarks. However, as before, the CKM rotation
will induce the couplings of u, ¢, t to the charged leptons and neutrinos, viz.

0 0 O 0 Vus;r +V, bac VUSZU +V, bach
ot = ookl 2L, valt =10 Vcsx - Vcbasz VCSJJSLTL + Vcbbe . (5.7)
0 xf,f apl 0 Viszll + v;b:ch Vit Bl + Vyalh

Observables that constrain this LQ have already been discussed in ref. [44]. Left-
handed couplings of Uy, (2/3) lone allow for a single combination of the Wilson coefficients:

2
lily lila v LL, .LLx
09 C = —$S€2xbel . (58)
th‘/;saemmU

As discussed in section 4.1, by using the measured B(Bs — p*p™)®P and B(B —

Ku u‘)ffi{é)hiq% we select the values of C§" = —ClJ', to 20 accuracy and obtain
CH" € (=0.76,—0.04), cf. eq. (4.4). It is interesting to note that B(Bs — p*p™ )P and R3°
impose almost degenerate constraints on C4*. For example, the result for C§* = —C{{' to

1o, results in R € (0.74,0.88), which fully agrees with R7"

The three charge components of Us, with the same underlying couplings, allow for
flavor effects both in the down/up-quarks and the charged lepton/neutrino sectors. Inter-
estingly, the 2/3-charge component plays an important role in the charged current semilep-
tonic processes and thus can be used to address the hint of LFU violation in Rj). Using
the effective Lagrangian parametrization of the charged current (4.7) the left-handed cur-
rent modification reads

g ‘ _ 1 l‘g’éL*(Va?LL)cg/
\%4 b—clyy 2\/§GF‘/cb m2U

(5.9)

Through gy the Uj vector LQ state modifies the overall normalization of the SM spectrum
of B — D/v without modifying its shape, cf. eq. (A.8) in appendix A.

Thus in the Us-model we vary the couplings within |x{3L\ < 47 and apply the above-
mentioned constraints, namely the one on C§*, and the one arising from R7", both at 20.12
We fix the mass at my = 1TeV. Further constraints are coming from the purely third-
generation charged current and the up-type neutral current processes which are mediated
by the U:,EZ/ 3 eigencharge component. Among the charged current processes, the most
efficient constraint comes from the measured B(t — brv)**P = 0.096(28) [90]. The effect of
Us here is an overall rescaling of ¢ — brv via coupling gv\bﬁtﬂ,z,, cf. eq. (5.9). We apply this
constraint by eliminating any point in the parameter space that results in B(t — brv) out
of the 1o region of B(t — brv)**P. Once the above constraints are applied it appears that
the constraints coming from the up-quark rare process, B(D? — pup)™P < 6.2 x 1079 [73]
(cf. eq. (A.14)), and from B(t — p¢) are redundant. Furthermore, we have checked that
the LFU ratios, I'(t — Kv)/T(K — pv) and I'(K — pv)/T(K — ev), are consistent
with experiment.

?To explain RZP in this model, |z3,| should be > 1, which is why we opted for |z{;"| < 47, as often
used in the literature as a perturbativity requirement for the couplings.
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Figure 5. Correlation between R, and B(B; — 77) in the Us-model (my = 1TeV). The shaded
grey region is excluded at 90% CL by the upper experimental bound on R, .

Like in the previous subsection, with the couplings selected to verify the above con-
straints, we can compute various quantities. In particular, in figure 5 we show the correla-
tion between R, and B(Bs; — 77), and again observe that the current experimental limit
on R,, provides a stringent constraint on the parameter space. Note that B — Kvv is
governed by the @) = —1/3 component which connects the down-type quarks to neutrinos.

Finally, on the right panel of figure 5 we show B(Bs; — u7) with respect to R,,, and
we see that this model allows for large LFV decay branching fractions even if R,, and
B(Bs — 77) are close to their SM values. We obtain

B(Bs — pr) <2.7x 1075, (5.10)

for my ~ 1TeV. The bounds on the other two LFV modes can be obtained by simply
using eq. (5.5), i.e.

B(B— Kur) <3x107°%  B(B — K*ur) <54 x 1075 (5.11)

The strong correlation between LFV and bi-neutrino modes is a signature of this model,
should positive LF'V signal or R,, > 1 emerge. On the other hand, for the B; — 77 mode
the left-hand panel in figure 5 demonstrates that it can be larger by about an order of
magnitude than its SM prediction. For R,, > 1 there is a possibility of strong suppression of
B(Bs — 77). Finally, the observation of R,, significantly smaller than 1 is not compatible
with the presence of Us as an explanation for R%S” and R7”. We should emphasise that
all the observables considered in this section have identical scaling with Us couplings and
mass, thus the correlations presented in figure 5 are kept intact for different choices of my,
with the exception of perturbativity constraints which are becoming more stringent for

increasing mgs.

6 Summary

In this paper we discuss exclusive b — sf1/2 LFV decay modes in various models in which
the existence of an O(1 TeV) leptoquark state is assumed. In doing so we use the effective
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field theory approach and derive the expressions for the Wilson coefficients in each of the
considered scenarios, which then allows us to test them against the available experimental
data for B(Bs — utp™ )P and B(B — KuTpu~)®P at large ¢, and select those which lead
to predictions of other processes that are consistent with current experimental data. These
two quantities are used mostly because the theoretical uncertainties are under better control
since the hadronic matrix elements have been estimated by means of numerical simulations
of QCD on the lattice, and also because the high-¢? region is above the very narrow cé-
resonances, so that the contribution of ¢¢ can be treated by using the quark-hadron duality.

We find that two models (scenarios), compatible with the above-mentioned experi-
mental constraints, can accommodate the experimental hint on LFU violation, namely
REP = B(BY — KTpp)/B (BT — Ktee) < R3M, and that they lead to the results in
other processes that are compatible with experiment (and with the measured Am?sp, in
particular). Moreover, we find that the current experimental bound Ry;” is particularly
useful in cutting a significant fraction of the parameter space. The two scenarios that we
select as plausible are:

e Scenario with A(1/%) a doublet of (mass degenerate) scalar leptoquarks of hyper-
charge Y = 1/6, for which the NP contribution to B(Bs — ptp~) and B(B —
Kuptp™) comes from the left-handed couplings, and for which the bound B(r —
op)*P appears to be useful. Interestingly, we find that the LF'V mode B(B — Kur)
can go up to O(107%) even if R,, = 1 and B(Bs — 77)*P = B(B, — 77)°M, but that
it is strictly different from zero for R,, # 1 and B(Bs — 77)%P # B(B, — 77)%M.
For example, for R,, = 2, in this model we get B(B — Kut) € (0.2,50) x 107".
Notice that this model is experimentally verifiable: (i) it leads to Ry~ > 1 [43], and
(ii) it does not allow R, < 0.6, nor B(Bs — 77) = 2 x 1075,

e Scenario with Us, a triplet of (mass degenerate) vector leptoquarks of hypercharge
Y = 2/3, for which the NP contribution to B(Bs — pu*u~) and B(B — Ku*u™)
comes from the left handed couplings, and for which the bound on R;,° as well as
B(t — brv)**P provide the crucial constraints on its Yukawa couplings. Like in the
previous case, the branching ratio B(B — Kput) can be between zero and O(1079)
even if R, = 1 and B(B, — 77)%® = B(Bs; — 7)™, but it is stricly non-zero for
R,, > 1. This model too is experimentally verifiable: (i) it leads to Rx~ = 0.86(12),
thus R~ < 1 [67], and (ii) it can be ruled out if R,, < 1 and/or B(Bs — 77) 2 1075.

As for the branching fractions of the similar LFV decay modes, they are related to
B(B — Kurt) via eq. (5.5), as discussed in ref. [48]. Notice that we also examined the
model with a singlet scalar leptoquark of hypercharge Y = —1/3 and found that it is not
phenomenologically viable, i.e. that it cannot accommodate Rx < 1 without running into
serious phenomenological difficulties with other measured processes.
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A Formulas and hadronic quantities

In this appendix we collect the expressions and numerical values used in our analyses.

A.1 Scalar leptoquarks

e T — u¢: we use the experimental upper bound B(T — u¢) < 8.4 x 1078 [73], and the

expression we derived,

2

f2ms | gsr9%,
B(r = pe) = 256mmil, | m%
(m2 +m2)  (m2 —m2)?
x |—1+ M?mi “2mé A2 (m3,m2,m2), (A1)

where the couplings gs; can be either (gr,)s¢ for the model AL/6) = (3,2)1/6, o1 (9R)se
if the model A(7/6) = (3, 2)7/6 is considered.

e 7 — uy: we use the upper bound B(T — py) < 4.4 x 1078 [75], and the expression

Qem (M2 — mi)g’

Am3T (locl® +lorl?) (A.2)

B(r = pv) =

where the coefficients o, g) for the models AW/0) A6 and A1/3) | to leading order
in 1/ma, read [13, 83]

1/6 1/6 , . Nemjme [5 mp
U(L/ ) = 0, 01(12/ ) = _Z(gL)b#(gL)bTW [2 + log <m£ ’ (A.3)
(7/6) _ 6 _ . Nom, dmy i
o =0, Y= Z(QR)bM(gR)brm {1 T3m [1 +log <m2A ’
(A.4)
a3 _ _; Noms ;
OL(R) = —ZM{(QR(L))W(QR(L))W

" gy holanc i 14+ 108 () [ ], 45)

A

T

with No = 3 and (g91,(r))ut = 2_g Viy(9r(r))de in the last equation, where u(d) stand
for generic up(down)-type quark flavors.
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e DY — utp~: we use the experimental limit B(D° — utp~) < 7.6 x 1072 (95%
CL) [76] and the expression [45]

mp

2
"2 5,52 on)enlomi, — (am)en(o0)i

B(DO - ptu) = 127D <

256mmA T p c
+ (QL)CM(9R>W + (QR)CM(QL)W + # KgL)cu(gL)uu + (gR)CH(gR)uu] ]7
D

(A.6)
where m. = m¢(ma) is the running charm quark mass.

e B — tv and B — Drv: using the effective Lagrangian defined in eq. (4.7) one can

compute the leptonic and semileptonic decay rates for the specific channels, e.g. for
B — Dfug/ and B — ng/. We obtain

G2mp|Vy|? m2\ 2 m>2 2
(B fuy) = —E2B1Tubl _ Som _ "B
(B — tyy) oy fEm -} w + gv gS(M)mg(mc—i—mb) ,
(A.7)
and
dr Fch|2 2402 20 /2 fT(q2) ?
42 (B — Dlvy) = 192m5, F+(a)P 1000 +gv ¢ (@) + lgr(w) Per () )
0 2 * fT(q27:u‘)
+ vy (g7) Re [(dpp + _
v (@) Re (60 + gv)g7(11)] 7 ()
¢ 2| fold?)

+ c5(q%) [0err + gv + g5 (1)

f+(?)

2
me(mg —my) }’
where we emphasize that the NP contribution can allow for a different neutrino flavor

¢ # ¢ in the final state. The B — D form factors and the fp decay constant are
defined in the appendix A.3, and the phase-space functions cf(q?) are given by [24]

(A.8)

3m?2 1 (m2\°
() = N2(\/q2, mp, mp) [ - §J + - 5 <2€> ] , (A.9)
q* q
2 2
ch(g?) = mi A2 (Vg2 mp mD)3mB _m 1-— i (A.10)
0 ’ 9 q q2 mQB )
02 3/2 2¢° m?\” m2\*
¢ = \32(\/@@, mp,mp)——2L 1—3<> +2<> (A1
(07 (Va*,mp D>(mB+mD)2 2 " (A.11)
2
CeTv(qz):LAS/Q /¢ mB,mD)< _m%> : (A.12)
mp +mp q2

with A(a, b, c) = [a® — (b+ ¢)?][a® — (b— ¢)?].
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A.2 Vector leptoquark Ug

e B — Kvwv: the relative modification of the SM decay rate of B — Kvv in the presence
of the Ué;l/?)) reads [13]

2

R, =1-
3CM

Re [(xLL . xLLT)sb] N 1 (mLL . wLLT)SS(xLL . xLLT)bb

Nuf | TEOPRE e
(A.13)

where CPM = —6.38 + 0.06 [47].

e DY — ,Tp~: the branching ratio of the rare decay D — puu is sensitive to the
CKM-rotated matrix =%

)
_ Spmom? [ ml |(Vath), (Vathy, ‘i
—pp 87 ’ (A.14)

PDO
2 4
mD mU

e 7 — u¢: the expression relevant to this LF'V decay mode in the Us-model reads,

2

fd%m;ﬁ allgLlx
B(r — = T x
(7= 19) 64rmil, | mi
(2 +m2) | (2 — m2)?
X |—1+ #Qm?s + ”2m;§ N2(m2 m?,m?).  (A.15)

A.3 Exclusive b — s decay rates
We recall in this section the full decay rate expressions for the modes By — ¢1f5 and

B — K®¢14, [48).

A.3.1 BS — flfz

The branching fraction for the mode By — £1/5 reads

2 2
TBs ®em C:F

B(Bs —ty 43)™" = FE Vi Vi PAY2 (mp,, ma, mo)

6473 m,
2 2
x $[m% — (my +mg)?] - |(Cy — Ch)(m _m)+(05_0/)%
Bs 1 2 9 9 1 2 S mp + Mg
2 2
9 9 ’ / mBs
+ [mp, — (m1 —mg)?] - ‘(Clo — Cyp)(m1 +m2) + (Cp — Cp)m }’

(A.16)

where the Bs-meson decay constant fg, is defined by (0[by,v5s|Bs(p)) = ip.fB, -
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A3.2 B—+ K £1f2
The differential branching ratio of B — K/{] {5 is given by

dB - _
d—qz(B — Ki70)
= [Ni(@)]" x {9r(a®)ICr + C1I? + 9o(a®)|Co + ChI? + p10(a*)]Cro + Cio
+ ¢5(a*)|Cs + Cs* + op(¢*)|Cp + Cp|* + ©19(¢*)Re[(Cr + C3)(Cy + C)*]
+ ©05(¢*)Re[(Co + Cg)(Cs + C5)*] + p10p(¢*)Re[(Cro + Cl)(Cp + C})*]},
(A17)

where (mq +m2)? < ¢® < (mp — mk)?, and the explicit expressions for the phase-space
functions ;(¢?) write

2y _ 2milfr(¢®)? (i —mg)® N
pr(q”) = —(mB+mK)2A [1 — ] 7

ooto) = 1ol 7 ma? B

1 2112 (m1$m2)2 ﬁ
+5lf+ (@) As [1 B i b (A.18)
2my f4(¢%) fr(q?) (m1—mg)* X
2 bJ+ q
— Ap |1 T2 A
©79(q°) peEp— B 7z 34|
2 2\12 2
2 q°|fo(q?)| 2 2\2 (m1 & mo)
= LI (2 1-
@S(P)(q ) 2(mb _ms)g(mB mK) q2 )
2\12 my T ma)?
<P10P(9S)(q2) = M(ml im2>(m2B - m%{)Q [1 - Gl e 2 } ’
with Ay = A(\/¢?, m1,m2), Ap = A\(y/¢?, mp, mk), and
2 2 %12 y1/2,1/2
2 oG Ga Vs Visl? A " A
(N (¢*)|” = 73, p|VasVis|” A B (A.19)

512m°m3, q
These expressions are computed by using the (standard) parametrization of the hadronic
matrix elements in terms of form factors f or(g?), namely,

2 2 2 _ 2

(K (k)|57,b| B(p)) = <p+k>u—%qu fMH%qufo(q?), (A.20)

2
(K050 B)) = —ilpuh, = py) L, (A21)

A33 B — K*Elgz
Finally, the differential branching ratio of B — K *Efﬂ; is given by

352(3 — K* = (Km), () = i [3I(¢°) + 613 (¢%) — I5(¢%) — 2I5(¢°)] , (A.22)
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where the relevant angular coefficients I;(¢?) read'?

Ag +2[q" — (mi — m3)?]
4q4

L) = [ AL P +14)2 + (L > R)]

dmimae

+ = Re (A”A” +A§Af*>,

() = (|45 + |af?) S I ST (4 afe — apafe)
_ Q(W% m3)? ;4(1 *(m3 +m3) (JAL2 + |AR2) (A.23)
I5(¢%) = [lA >+ 14+ (L = R)],
I5(q%) = *Z(\Ao >+ [AFP),
and the helicity amplitudes are
AT = Nievarg? [[(09 +Cy) F (Cro + Co) Vg) 2mb(C7 +C7)Ti(q )} ’
mp + mg+ q

(A.24)
AP = N33, — mke)
Ai(q?) 2mb

X |:[(Cg — Cé) -+ (C10 - Cio)] (C7 - C?)T2( )] ’

mp — mK* q*
N~ A5T3(q%)
AL(R) _ _ 9 C _ Cl 2 3 2 . — 2 T 2\
0 QmK*\/(F mb( 7 7) (mB + omi q ) 2(q ) mQB — m%(*

ABAs(q?
n [(C’g—C{;) == (Clo—Cio)] ) [(m%_m%*_q2)(mB+mK*)A1(q2)— mi—l—QrszK)*] } ;
\1/2 ¢ Cs—Cy _Cp—Cp
ALB _ _ye 2B [ e P et |
¢ NK \/qu (09 09) + (CIO Clo) + mp +ms \ M1 — M2 + mi + ms 0( )

with

2 G 1/9 1/2
NK* (q2> = thvts |:TBd3X2107T53)\B/ /\é/2i| . (A.25)

In this case there are seven independent form-factors V(¢?), T12(¢?), and Ag12(g?) de-
fined by

(K*(k)|sv"(1 = ~5)b| B(p))
2V (¢°) .

=cupee PPk ———L— —§ A1 (g? A.26
Euvpot P me + M- i, (mp +mx+)A1(q°) ( )
. Ag(qQ) . 2m g+ 9 9
k ) ————1— *og)——[A — A
Filp+ R )P g (e )T Aa() — Aol

13The complete angular distribution can be found in [48, 50].
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Quantity | Value [MeV]
e 155.6(4)
o 212(2)
in. 249(1)
/B 186(4)
/s, 224(5)
fs 241(18)

Table 3. Decay constants used in the analyses. All values are taken from ref. [61], except for f,
which was recently computed in ref. [89].

(K*(k)|50,q" (1 — 75)b| B(p))

= 2icpoe ™ PP T(q%) + [EZ(sz —mi) — (" q)(2p — q),.] Ta(q?)
2
* q 2
+ (") |qu — m(? + k)| Ts(q%), (A.27)
where ¢, is the K* meson polarization vector, and ¢ = p — k. The form factor Az(q?) is
related to the others as 2mp+A3(q?) = (mp +mp+)A1(¢%) — (mp — my.)Aa(¢?).

A.4 Hadronic quantities

In this section we summarized the hadronic parameters considered in our analysis. The
decay constants obtained by simulations of QCD on the Lattice are summarized in ta-
ble 3 [61]. In order to perform the fit of B(B — K" 1t )pigh—q2, We combine the B — K
form factors which were precisely determined in the low-recoil region by ref. [68], and more
recently by ref. [69]. Similarly, to compute Rp we have used the B — D form factors
recently computed in ref. [74]. Finally, the LE'V semileptonic decays B — K®*)¢,0y were
analysed by employing the form factors of ref. [87, 88].
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