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A Lesson from RfT and Rfv at Belle Il

Arturo de Giorgi* and Gioacchino Piazza

Within the assumption of Left-Handed (LH) New Physics (NP), the relations
between B(B — K*)z+7~) and B(B — K*)vV) for several Beyond the
Standard Model (BSM) scenarios are reviewed, commonly considered to
explain the Lepton flavor Universality (LFU) violation observed in charged and
neutral-current semileptonic B decays. The latest R., world averages that
include the recent LHCb measurement and assess the possibility of
simultaneously explaining B-anomalies without spoiling current bounds on
di-neutrino and di-tau modes are employed. This is particularly relevant in
light of the upcoming results by Belle Il on neutrinos and the continuing
improvement in accuracy and sensitivity achieved in tau modes.

1. Introduction

Flavor Physics has been in the last decades a forerunner in the
search for New Physics (NP). As flavor-changing neutral currents
(FCNC) are loop and GIM suppressed in the Standard Model
(SM), the related observables are supposed to be very sensitive
to contributions from NP.

In recent years, a number of B-meson-related anomalies have
appeared (see ref. [1] for a recent review). Among these, two
are probably the best known and most transparent in their
interpretation. The first one concerns deviations in the ratios
Ryw = B'(B - K¥u*tu~)/B'(B - KMete™) with respect to the
SM value, where B’ stands for binned branching ratio. The latest
measurements of LHCb have found
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The SM predictions read 1.00 +0.01
for Ryw in the bin ¢* €[1.1,6.0] GeV?,
and 0.92+0.02 in the bin [0.045,1.1]
GeV2,[*71 showing several discrepancies
between ~ 26 and ~ 3.

The second anomalies are related to
charged currents and show deviations
in the ratios Rpw = B(B— D¥z7v,)/
B(B - DW¢=v,), with £ = e, u. Recently,
an updated measurement of R, and
Rp. has been announced by LHCb,?
which shows agreement with the pre-
vious measurement.l”] The preliminary
HFLAV 2022 averages read

R, =0.358 +0.025 + 0.012, (1.4)
R, = 0.285 + 0.010 + 0.008, (1.5)
which have to be compared to the SM predictions!®!

R3M =0.298 +0.004, (1.6)
RO =0.254 +0.005, (1.7)

showing an overall tension at the 3.2 ¢ level! (seel'®! for a recent
phenomenological analysis).

Several beyond the standard model (BSM) scenarios have been
discussed in the literature,l"**1 and it is quite challenging to for-
mulate a scenario that would be consistent with both Ry, and
Ry and with a wealth of low energy flavor physics observables.

The global fits of the neutral B-anomalies seem to favor NP sce-
narios coupling predominantly to the left-handed (LH) muons,
and not affecting the electrons.[*5% Motivated by this hint, it is
then a reasonable assumption to consider that NP may only cou-
ple to LH fermions. This would somewhat be a replica of what
happens with the SU(2); gauge-symmetry of the SM, making it
an interesting possibility from the theoretical point of view.

The anomalies in Ry, seem to suggest modifications also in
the 7 sector. Since b — crv, is a tree-level process in the SM, the
NP contribution must be sizeable and much bigger than what
is required to explain Ry, . In fact, processes involving taus have
already been investigated in depth in the literature.[?2519] Ag the

1 In this letter we adopt the HFLAV SM prediction. Nonetheless, using a
unitarity-based approach to extract the B — D*) form factors, refs. [10-
12] find Rp« = 0.275(8) and R = 0.296(8), compatible with the exper-
imental values within 1.3¢.
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experimental sensitivity to 7 is considerably smaller than the one
for electrons and muons, the possibility of large contributions to

RKY = B(B - KMzrr) 18
T 7 B(B— K¥zr)gy (1.8)

remains viable. The values expected for such observable in differ-
ent models are typically very large, even of ~ (9(700),5% as they
are dominated by the large NP contribution required by R..

On the other hand, the same operators affecting R usually
generate a large impact on b — svv, unless some cancellations
between the Wilson coefficients happen. The most constraining
bounds on di-neutrino modes come from the Belle collaboration,
namely(®]

Rf<3.9 (90%C.L), (1.9)

RX'<27 (90% C.L), (1.10)

where Rﬁ(*’ indicates the ratio between the upper bounds on
B(B — KMvv) and the respective SM prediction, combining
charged and neutral modes.

In this letter, we focus on the relations between b — svv and
b — st7 generated in various models assuming that

® NP enters only through LH operators,
® NP couples diagonally to leptons,
® NP couples negligibly to electrons.

We re-examine the viability of many scenarios involving one
BSM field, leptoquarks or Vector-Boson (VB), in the light of the
most recent R, measurement,'® and the constraints from Rfv(”.
We furthermore identify possible two-field extensions that can
explain the B-anomalies, and at the same time generate Rf:'
and Rfv(*) of O(1). This is particularly interesting in light of the
prospects of Belle 11,6162l which within the current decade is ex-
pected to reach an integrated luminosity of 50 ab™". According to
the refs. [61, 62], Belle I should reach a sensitivity with respect to
the SM predictions 0f 0.55(0.11) on B* — K*vv and 1.08(0.34) on
B® — K%V, for an integrated luminosity of 1ab™" (50 ab™").> The
sensitivities for B — K(*)z7 are also expected to improve roughly
by a factor of three. In the most optimistic case, Belle II could start
probing RX" ~ (9(4000) with 50 ab™' of integrated luminosity, *?
which is however far from the SM value and leaves space for NP
models with large taus contributions.

The paper is structured as follows. In Section 2 we introduce
the necessary theoretical framework, with a particular focus on
the LH operators needed to explain the anomalies. In Section 3
we introduce the relevant single-field extensions and their con-
nection to the operators of interest. Finally in Section 4 we carry
out the analysis and draw conclusions in Section 5.

2. SMEFT and LEFT

If the scale of NP is above the Electroweak scale, the SM Effec-
tive Field Theory (SMEFT) is a powerful tool to examine in a

2 The current combined integrated luminosity of the data from Belle and
Belle II is about 1 ab™1.[62]

Fortschr. Phys. 2024, 72, 2300200 2300200 (2 of 7)

www.fp-journal.org

model-independent way NP contributions to low-energy observ-
ables. The SMEFT provides a framework in which the operators
invariant under SU(3), x SU(2); x U(1), are organized accord-
ing to their mass dimension.[63-%]

The Lagrangian containing the dimension 6 operators reads

C.
Lo=3 =0 (2.1)

where A stands for the NP scale. Consistently with the hypothesis
of LH NP only, the 4-fermions operators relevant to our study are?

1], = (15) (@),

(2.2)
() (7 0O

[Olq ]ijkl - (L"YMTILJ') (QkTIy”Ql) ’

where {Q, L} denote the SM quark and lepton SU(2), doublets.

The Pauli matrices 7’ act on the weak indices, while flavor indices

are denoted by {i,J, k, I}. We adopt the basis defined by the diago-

nal down-quark Yukawa matrix, and the quark doublet given by

Q = [(Vig Wi dil". (2.3)

After the Electroweak symmetry breaking, these operators con-
tribute to semileptonic B decays, which are well described by the
Low-Energy Effective Field Theory (LEFT). For each family, we
write the total LEFT coefficient as

C,=CM+6C, (2.4)

where C?™ is the value of the Wilson coefficient generated in the
SM, and 5 C; is the NP contribution. The transitions that we will
consider in this study are b — s£¢, b — svv, and b — crv,.

2.1. Matching

b — s¢¢: The effective Lagrangian describing the b — s£¢
transition is

4G
phostt = 200y ‘Z: Yc,0, +he, (2.5)

eff \/E

where Gy is the Fermi constant, |4, = |V, V| = 0.040(1)[] is
the product of CKM matrix elements, and the relevant operators
are

OV = (3, Pypb) (£7,£), (2.6)

O = (31, Pub) (Zr,157), 2.7)

in addition to the dipole operators O, 4.1 The SM Wilson co-

efficients can be found in ref. [68]

3 The other 4-fermions operators include right-handed fermions and are
thus not considered here.
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The tree-level matching to the SMEFT gives(®]

2
6 _ ettt _ TV (1) (3)
8Cy" = =0C;, = Ao Ay AZ{ Clq ]ffzs + [Clq ]ffzs } ’

(2.8)
‘e ot
5CI = 6C1 =0,
The condition §C;” = —§C// can be violated only in presence of
the Right-Handed (RH) NP. Similarly, 6C) ) # 0 only if RH NP
is present.

b — svv: The b — svv transition can be described by the La-
grangian in Equation (2.5), where this time the relevant operators
are given by!”"]

v,

0" = Er,b)Tr" (1= rs)v), (2.9)

O, = (1, bp) (V" (1 = 75)v). (2.10)

The tree-level matching to the SMEFT gives

vy _ V[ o)
5CL = A Ay ﬁ{ [Clq ]ij23 - [Clq ]ijz3}’

ViV
R

(2.11)

6C," =0.
Again, 5C;’Vj # 0 only if RH physics is included.

b — crv,: The effective Lagrangian for the b — crv, process
is7T]

—CTV. 4G
el =-—Lv, ¥ C,0,+hc, (2.12)

eff \/E

and the relevant operators are

O = (er,P.b)(7y,v)., (2.13)
O = (er,P.b) (zr,rsv) . (2.14)

The tree-level matching to the SMEFT Lagrangian finally reads

V2
€]

6CY —8C} =—73

(2.15)

33237

where we neglected [Cl(;)]m3 and [Cl(;)]BB, which are constrained

by B~ — 7~ v, and the studies of the high p tails of pp scattering
with 77~ in the final states,[®®727%] as well as CKM suppressed.

3. Models and Benchmarks

From the matching of the SMEFT to the LEFT, some opera-
tors can impact simultaneously both charged and neutral b tran-
sitions. In particular, the operator (9;;) contributes to b — str,

b — svv, and b — crv, while, at tree-level, (9;;) only contributes

to b — str and b — svv. From Equation (2.15) it is evident that,

within the assumptions of LH NP only, in order to solve the Ry,

(3)]

anomalies [C, s # 0 is required. Typically, once a UV model
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Table 1. Benchmark models. The — indicates that no relation exists be-
tween the SMEFT Wilson coefficients. The models with a star, «*, gener-
ate also operators involving right-handed leptons: we do not consider their
impact here.

Model Ky
VB ~ (1,3,0) 0*
U, ~(3,1,2/3) 1
U; ~ (3,3,2/3) -3
S;~(3,3,1/3) 3

7' ~(1,1,0) -

S, ~(3,1,1/3) 1

is specified, the Wilson coefficients of the SMEFT are related in
such a way that for the LH operators we can write

[c)] ., =x[c)] (3.1)

£623 £¢23”

with k, depending on the UV model (see e.g., refs. [70, 76-78]).

We start by considering the simplest possibility, namely that
the NP scenario consists of a single new field. The candi-
dates compatible with the hypothesis of this work are listed in
Table 1.Nonetheless, some of them can be ruled out. The Z’
model is obviously not suitable to explain the Rp. anomalies,
since it predicts [C'l(;)]3323 = 0. Similarly, the S, predicts at tree
level k = —1, which implies 6C;* = 6C/{ = 0, if no right-handed
operator is involved.

Beyond the extensions involving a single BSM field, combin-
ing two-field allows in principle to generate any value of k. As
a proof of concept that such a statement is true, it is enough
to consider an extension that includes the Z’ and a VB, so that
the generation of [Cl(;’3)] is independent of one another and
any value of k can be obtained by choosing the appropriate cou-
plings. Models with combinations of multiple fields not dictated
by deeper theoretical reasons are less attractive, but nevertheless
possible. For instance, we include in Figure 1 three x bench-
marks, k = +1/2,3/2, which could be obtained in such two-field
extensions, hereafter denoted by X, ;,-

Since (9;1) and (9;3) affect the production of neutrinos and of
charged leptons, the LEFT Wilson coefficients will be likewise
correlated. Considering only the tree-level matching, the corre-
spondence reads

K, —

1 44
. 2
— 4G, (3.2)

5C =

We take the simplest assumption in the following, namely that
K, =k, = K, = k and that the operators are flavor diagonal in the
lepton sector. The first assumption does not impact significantly
the conclusions since, as we will see, the dominant contribution
to the processes stems from «,. On the other hand, the flavor
diagonality in the lepton sector is an additional relevant require-
ment that we have to impose in order not to lose predictivity.
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Figure 1. RVKV(*) as a function of Rff) for different models. The solid (dashed) lines show the region where Ry can be explained at 1(2)c, while the gray

bands is the 90% exclusion limit B — K 7.1 The baseline expectation of Belle 116" at 1ab™' (50 ab™") is shown as pink(orange) shaded area.

4. Analysis and Discussion

In the following we focus on the four processes B’ —
KO+ +e= B0+ — KO)+yy, Henceforth, we will drop the elec-
tric charges. We will study in detail whether or not it is pos-
sible to conciliate the charged and neutral currents anomalies
in light of the current experimental bounds on B — K"vv and
B - KM z+7~ [90] and the recent LHCb measurements of Ry..[®]
We employ Fraviol”®! to express the branching ratios, reported
in Appendix A, in terms of the relevant Wilson coefficients listed
in Equations (2.8)—(2.11). The branching ratios are computed in
the full kinematic range of ¢*. We stress that we will ignore run-
ning effects as we have checked that they are subdominant for
the operators relevant to the processes of interest.

The deviation from the standard model of R, can be param-
eterized by 6C7Y — §C7/13380-82]

R . =
8CH —6CY = [— —1= 0.096(43) - X D (4.1)
RM 0.059(26) X = D*

Such values give the average

(6Cy = 5CY),, = 0.069(22), (4.2)

av;

which we will use as a reference value. Equation (2.15) implies
that, ignoring the running effects,

€]

lq =
% = —0.045(15) TeV 2. (4.3)
Assuming a Wilson coefficient of ©O(1), this suggests a scale of
A= 47 TeV. Fixing [C)] = «[C}"] ,from Equation (2.8) we
get

6CIT = —6CTT = —(k +1)(28 +9), (4.4)

Fortschr. Phys. 2024, 72, 2300200 2300200 (4 of 7)

and, from Equation (3.2),
5C = (k= 1)(28 £9). (4.5)

The value of 6CZ" " can be extracted analogously from the global
fits on b — spu. Since §C;" generates a sizable Universal contri-
bution to b — s££ at one-loop,13*°*5¢83] we will consider the fit
results where this Universal contribution is allowed. The latest
fit provides 6C* = —0.36(7).[*! Moreover, at the scale u = my,
we obtain the Universal coefficient to be 6CJ’ ~ —0.20(6) X (k, +
1)[1 + 1/41n (A/4.7 TeV)], which is in good agreement with the
global fit on this scenario.[*>*%] From these values, using Equa-
tion (3.2), it is evident that the contribution from tau-neutrinos
to B —» KMvi is O(10?) times larger than the contributions of the
other two neutrino species.

In Figure 1 we show RX" versus RX"” for the different models
listed in Table 1. *

As it can be seen, the two plots involving K and K* are almost
identical, due to the fact that we are neglecting right-handed cou-
plings.

The fact that R, triggers a large contribution to Rff) is a
well known fact in the literature.>3%%] The same source of NP

affects also Rfv'*' unless there is a cancellation between [Cl(;)]”23
ij

and [Cl(;)]”23 in Equation (2.11). This is the case with the U, lep-
i

toquark, which predicts Rfv(*' =1 (for a recent analysis see ref.

[84]). Nevertheless, the U, model gives a sizeable contribution to

the production of taus such that at 95% C.L.
15 5 R¥" < 540. (4.6)

The other leptoquarks considered in this work, S; and U, are
already excluded by the bounds on dineutrino productions.**! In-

4 Tt is important to mention that in principle for each model there are
two branches of solutions deriving from inverting Equations A.1 and

A.2 to write 5C;T(Rff) ). In the figure, we show only the branches with
the sign that can in principle explain the Ry anomalies.
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terestingly, U, is not the only model that can evade the bounds
on RX"” while explaining Ryy.. In fact, the VB can also achieve
RY ~ O(10) with Rfv'*) ~ O(1). However, this scenario is almost
ruled out by other constraints involving B’ — B’ mixing and 7 —
34.185)

If we also consider two-field scenarios, we see that viable mod-
els generically have —1/2 < k < 3/2. In such a range, not only
the contribution to the production of neutrinos can be kept rea-
sonably small, but also the value of Rf:' can become as low as
0(0.1). If a signal was found to be compatible with the SM pre-
diction, within the assumptions of this work the allowed range
for k would be greatly reduced, either pointing to the U,-model
or to the requirement of having more than a single new field.

The relation between RX and RX is also interesting. As can be
seen from the expressions in the Appendix A, considering only
LH operators, i.e., §C;” = —§C;7, causes the variation in the two
processes to deviate by the same order of magnitude and in the
same direction. This is no longer true if the right-handed opera-
tors are included.””! Indeed, if Belle II were to measure a large
deviation in a process concerning K but not in K*, or vice versa,
the simplest conclusion would be the presence of right-handed
operators. Such analysis is, however, beyond the scope of this let-
ter.

5. Conclusions

In this letter we have reviewed the possibility of a simultaneous
explanation of Ry, and Ry, and the implication of such a sce-
nario on the production of neutrinos and taus in B — K decays.
In doing so, we have considered the most recent R, determina-
tion of LHCDI®! and the projected sensitivities of Belle II.

In particular, we have considered different single-field BSM
extensions under the hypothesis of NP coupling only to LH
fermions (see Section 1 for more details), and we have shown
quantitatively their impact on Rfv(*) and Rf:). The results can
be found in Figure 1. If Belle II found a SM-like result for di-
neutrinos production, then the preferred single-field extension
would be the well-known Uj-leptoquark, with a consequent en-
hancement of B(B - K®z*z7) of 9(10?*%) with respect to the
SM value. On the contrary, the space for models with at least
two fields is far richer. In this regard, we have identified a range
of possible models for which it is possible to obtain values in
the (RfTM , Rfv'*') plane inaccessible by single field extensions, e.g.,
even down to ((0.1) and 9(0.6), respectively.

Exciting experimental times are ahead of us, and the mea-
surements of di-neutrinos and di-taus modes could be the game
changer for the discovery of NP.

Appendix A: Branching Ratios

In this section we list the relevant branching ratios normalized
to the SM value as a function of the Wilson coefficients defined
in Section 2. The full ¢ range is considered. Furthermore, we
omit sub-leading contributions which are found to be ©O(5%) or
smaller. The Wilson coefficients of the following expressions are
evaluated at the scale y = my,.

a. RX"The expressions of RX and RX defined in Section 1 are
—T T 7T

Fortschr. Phys. 2024, 72, 2300200 2300200 (5 of 7)
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RS ~ 14148 x107(5C5" - 5C77)° (A1)
+2.42%x1071(6C57 - 5C”)
—1.15x107%(6C5" — 6CJ ) (8C57 +6C5)
+1.48x1072(6C" +5C%7)°
( 0)

—9.93x107*(6C5" +6C57

RE ~ 14173 x1072(6C — 6C5 )’ (A.2)
+2.61x107'(6C5" - 5C”)
(5Ci* +5CT)

(
+1.86 X 107 (6C;" —
+1.73%107%(

)
5T +6Ci)’
+1.26x 1071 (6C;" +5Cy7) .
b. RX” For RX"”, neglecting 6C;** we find
RK ~1-1071(8C" +6C)")

+ (s Y.

(A.3)
+8.1x107°[(6C,™)?
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