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Abstract

The most recent measurements of the observables R are in tension with the Standard
Model offering hints of New Physics in b — c¢{ ¥, transitions. Motivated by these results,
in this work we present an analysis on their b — uf 7, counterparts (for { =e, u, 7). Our
study has three main objectives. Firstly, using ratios of branching fractions, we assess the
effects of beyond the Standard Model scalar and pseudoscalar particles in leptonic and
semileptonic B decays (B~ — {~ ¥, B — n{ v, and B — p{¥;). Here a key role is played by
the leptonic B processes, which are highly sensitive to new pseudoscalar interactions. In
particular, we take advantage of the most recent measurement of the branching fraction
of the channel B~ — u~ v, by the Belle collaboration. Secondly, we extract the CKM
matrix element |V,;| while accounting simultaneously for New Physics contributions.
Finally, we provide predictions for the branching fractions of yet unmeasured leptonic
and semileptonic B decays.
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1 Introduction

Recent measurements of the observables R, = B(B — DWW )/B(B — D™¢’y.), with
¢’ = e, u, have caused a lot of excitement in the high-energy physics community. As a mat-
ter of fact, the combined measurements of the BaBar, LHCb and Belle collaborations show a
3.9 o deviation with respect to the expected value from the Standard Model (SM) [1]. If this
effect is confirmed by forthcoming experimental determinations, it will indicate the presence
of New Physics (NP) in the exclusive decays B — D(*)Tizf, which are caused by the quark-
level transition b — ¢t v, [2]. Motivated by these results, we investigate the presence of NP
effects in b — ul v, processes, where { = e, u, 7. To derive the relevant constraints, our
study involves the interplay of the leptonic decay channels B~ — ¢~ %, with the semileptonic
transitions B — 7{ ¥, (analogous to B — D{¥,) and B — p{¥, (analogous to B — D*{¥,).

The different decays to be included in this study are sensitive to NP scalar, pseudoscalar, vec-
tor and tensor interactions [3,4]. The pseudoscalar components are special because, due to
the structure of the equations for the branching fractions B(B~ — £~ ¥,), they lift the helicity
suppression appearing in the corresponding SM expressions. This effect leads to interesting
phenomenological predictions. Therefore, we focus on the pseudoscalar contributions and
complement our NP analysis by including also scalar operators, which are their natural part-
ners in terms of the Lorenz structure.

We follow an effective theory approach, with the low-energy Hamiltonian

4G
Hegr = TZFVU,J [Cy, 0 +Clo+Clol | +he, (1)

where
Oy, = @r"PLb)Ey,PLve),  Og = @b)EPLv), Op = (qrsb)EPLv,) 2

are the corresponding vector, scalar and pseudoscalar operators, respectively. The short-
distance contributions are encoded in the Wilson coefficients Cy,, Cﬁ and Cf,. In the SM,
only Cy, is non-vanishing and takes the value C,, = 1. However, Cﬁ and Cﬁ may be non-zero
in NP scenarios. An important example is the Two Higgs Doublet Model (2HDM) [3], where
the scalar and pseudoscalar coefficients are related to each other as follows:

¢t = cf=—tan’p("5) 3)

Hj:
In general, the Wilson coefficients in Eq. (1) can be complex, with CP-violating NP phases. Un-
fortunately, direct CP asymmetries associated with leptonic and semileptonic processes cannot
be used in their determination, because they vanish due to the absence of sizeable CP conserv-
ing phase differences. Hence, as discussed in Ref. [5], in order to search for new sources of CP
violation, a different strategy based on correlations between magnitudes and phases of Wilson

coefficients should be followed. For simplicity, our discussion in this report will be limited to
real Cg and Cﬁ.

It is important to bear in mind that the exclusive determination of the CKM matrix element
|V,,] is done using semileptonic B decays originating from the quark level transition b — uf v,
assuming the SM. However, this value may be affected by NP effects. Therefore, in order to
take into account these contributions we propose the following strategy:
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1. Using combinations of ratios of branching fractions for leptonic and semileptonic B de-
cays, where |V,;,| cancels, we determine the allowed regions for Cﬁ and Cﬁ.

2. We then use these numerical ranges for Cé and Cf; and evaluate the branching fraction
for given leptonic or semileptonic B processes, allowing us to finally extract |V,;| from
data.

In the following sections, we will elaborate on this procedure and we will present our pre-
dictions for the branching fractions of leptonic and semileptonic B decays which have not yet
been measured. The full study can be found in Ref. [5].

2 Constraints from leptonic B decays

In the SM, the branching fraction of the process B~ — £~ ¥, is given by

2 2 \2
BB — 3l = <1V My 2 (1= —L ) 52 4
Vedlsm = gy ub By M;ﬁ B-TB—

We observe that the branching ratio is proportional to the square of the mass of the lepton

in the final state m?. For electrons and muons, this factor very strongly suppresses the decay

probabilities, which is referred as helicity suppression. Interestingly, it is also present in the

rare decays By — £*{~ [6]. Since m,,m, < m., the helicity suppression is less effective for
tau leptons.

Leptonic B decays are very clean channels, where all the non-perturbative hadronic informa-
tion is encoded in the decay constant given by [7, 8]

fp- =0.186+0.004. (5)
Assuming the SM, we use the CKMFitter value [9]
[V,p] = (3.601 £ 0.098) x 1073, (6)
together with Eq. (6) to obtain

BB~ =1t v.) = (7.92+0.55)x107°,
BB~ — u ) (3.56+0.25) x 1077,
BB~ —e %) = (833+0.58)x10 12 7

where due the tiny value of the mass of the electron, the helicity suppression leads to a ex-
tremely small branching fraction for the channel B~ — ™ ¥,.

The experimental results reported by BaBar, Belle and LHCb lead to
BB —= 1 v.) = (1.09+0.24) x 107*, [10]
BB~ —u ) = (646+2.74)x1077, [11]
BB~ —e ) < 9.8x1077(90% C.L.) [12]. (8)

Here the measurement corresponding to the channel B~ — u~ ¥, was reported recently by
the Belle collaboration with a 2.4 o excess over background and will be key during our phe-
nomenological study.
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Figure 1: Allowed regions in the C I‘f —C, plane following from the leptonic ratio R;.

For leptonic B decays, the hadronic matrix element of the Og operator in Eq. (1) vanishes.
Consequently, is does not receive scalar NP contributions. Once pseudoscalar NP effects are
taken into account, Eq. (4) gets modified as

M2
B ctl . 9)

BB~ =L v)=BB —{» 1+ ————

In the case of electrons and muons, the helicity suppression is lifted by the mass ratio

M;,/[mg(mb+mu):|~ Mpg-/my, (10)
thereby amplifying the effects of Cf;.

To constrain the pseudoscalar Wilson coefficients C‘Pf and Cj, we consider the observable

RS o —Zg_ : V), 11
wv,)

where the normalization factor is chosen in such a way that we get R* = 1 in the SM. The
main features of R” are the cancellation of the hadronic decay constant fz- and of the CKM
matrix element |V,;|. By comparing the corresponding theoretical determination for this ratio
with the experimental result, we obtain the regions shown in Fig. 1. Here we can see that,
even though R; is already imposing strong constraints on the values that C;f and Cj can take,
the arms of the resulting cross-shaped area extend to infinity. To improve our bounds on these
pseudoscalar Wilson coefficients, we have to include more observables sensitive to Cl‘f and C7.
This topic will be discussed in the next section.

13.4


https://scipost.org
https://scipost.org/SciPostPhysProc.1.013

Scil SciPost Phys. Proc. 1, 013 (2019)

3 Semileptonic B decays

To derive stronger constraints on C ff and Cj, we consider the branching ratio B(B — plwy),
which in analogy with the leptonic decays, does not depend on scalar NP contributions [13].
Due to the presence of the p meson in the final state, the hadronic contributions are more
complicated than those encountered in the leptonic B decays. In the helicity basis, these ef-
fects are encoded in the form factors denoted as H"Z o H";’_, H"ZO, H"Z . and Hg . The non-
perturbative technique employed for their calculation depends on the value of the square of
the four-momentum transferred ¢ to £ and ¥,. In the literature, two main approaches are

usually considered for their determination:

e QCD sum rules for the low energy regime 0 < ¢2 < qrznax, where typically
g2, €[12,16] GeV2.

e Lattice QCD calculations [14, 15] are applied when g2 is close to the maximal leptonic
momentum transfer: qrzmlX <q*< (Mg —-M, )2.

As experimental input we consider the measurements of B(B® — p*¢™%) and
B(B~ — p%~¥,) reported by Belle in 2013, which include an admixture of electrons and
muons in the final state [13]. Using the isospin symmetry, we combine these two measure-
ments to obtain <B(B — pK‘W)) =(1.98 £0.12) x 10~*. We introduce the
ratio

[{= e,ul, 2<12 GeV?

RH = BB —u /(BB - pl™w))

(e,u);p [q2<12] GeV? (12)

[{= e,ul, ¢2<12 GeV?’

where the CKM element |V, | cancels.

Since the experimental determinations do not yet provide independent information for elec-
trons and muons, we can only obtain the allowed values for C; and C g if we correlate these
Wilson coefficients through different assumptions. We start by testing the hypothesis of having
universal NP interactions in electrons and muons, i.e. C; = Cl’,f , and explore the behaviour of
the semileptonic decay in the range g% < 12 GeV?, where an analytical parameterization from
QCD sum rules is available [16]. Then, we proceed to determine the allowed regions in the
Cl‘f — C; plane by using the observables RL and R‘(Z hip [2<12] Gev2 S constraints . Moreover,
we include the leptonic ratio RZ, which is analogous to R; in Eq. (11), calculated from the
experimental bound available for B(B~ — e~ ¥,) presented in Eq. (8). The resulting plot is
shown in Fig. 2, where only the elliptical areas labelled as “1” and “2” are allowed. Even
though solution “1” is compatible with the SM, the solution inside region “2”, corresponding
to NB is not excluded.

So far, our treatment has been focused on constraining the pseudoscalar Wilson coeffi-
cient Cf;. In order to have sensitivity on the scalar Wilson coefficient C¢, we include the
branching ratios of the processes B — m{v,. Unfortunately, the current experimental in-
formation does not provide independent measurements for electrons and muons. To incor-
porate these processes in our analysis, we make an average using the isospin symmetry to
combine the independent contributions of B® and B~ provided in Ref. [10], yielding
(BB — it W)>[e= oy = (1.53£0.04) x 107*.

Two more observables, which are sensitive to both Cg and Cﬁ, are now at our disposal:
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Figure 2: Allowed regions in the C]‘f—C; plane utilizing the ratios RZ, RL and
w

: e __ M
(e)ip [2<12] Gev? under the assumption C; = C},.

w
(e,u);m

BB~ — u~ %)/ (BB — nt~ %)),

2
max

(e.u)ip [2n<q?<a?] - .
R(C,M);ﬂ = <B(B —>p€ W»[l:e,,u,]

J(B(B — L™ 7)), (13)

e f=e,u]

u
(e.u);p [¢2<12] Gev?’
tions Cp = Cg , Cg = Cg , we obtain the regions in the Cg —Cf,f plane shown in Fig. 3. We

o T0<a2< 2
observe that R{&#:P [05a°<12] GeV
(eu);m

the SM at (1-2) o.

Including furthermore R introduced in Eq. (12), and making the assump-

results in two horizontal bands, which are in tension with

We have restricted our studies to the low g2 regime. Let us now investigate whether the
tension found with the SM persists for large g2 values. To the best of our knowledge, the only
available hadronic inputs for B — p transitions in the 12 GeV? < g2 range come from lattice
determinations [15] and were obtained in 2004. Due to the unstable nature of the p meson,
these calculations are rather challenging. To keep the non-perturbative uncertainties under
control when evaluating the branching ratios, we use differential distributions in q? rather
than fully integrated expressions. Therefore, for 12 GeV? < g2 we introduce the following
observable:

- 0p—= 2
dRlene 2<dB(B — P v)/dg >[

_ {=e,u]
(e,u);m <B(B N TL'E_T)()> :

(14)
[£=e,u]

Interestingly, as can be seen in Fig. 4, we find a mild tension with the SM for g% = 17 GeV?2.
To shed light on the origin of this feature, an updated determination of the form factors for
the transition B — p in the high g2 regime is needed.
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Figure 3: The allowed regions in the C ;f —Cg plane following from the observables
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Figure 4: Regions in the C f,f —Cg plane following from the observable ngZZ ;’; in the

large g2 regime for g% = 17 GeV2.

4 Determination of |V,;| and predictions of the branching fractions
for B~ — e v,and B — p1 v,

Having the regions for Cf) and Cg available, we can proceed with the extraction of |V,;|. The
strategy introduced at the end of Sec. 1 describes the basic ingredients required for the deter-
mination of this CKM matrix element. A more refined procedure, which accounts for possible
correlations between our observables, is discussed in [5]. By applying this method, we obtain

IV, = (3.31£0.32) x 1073, (15)

Although in agreement with the value reported by the CKMFitter collaboration [9], presented
in Eq. (6), the uncertainty in Eq. (15) is three times bigger. However, our target here is only to
illustrate the application of our method which does not assume the SM during the extraction
of |V,;|. Future improvements in the precision of our observables will allow us to reduce the
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Figure 5: Tllustration of the possible enhancement of B(B~ — e~ %,) for the scenarios
discussed in the text. The blue line gives the current experimental upper bound
on B(B~ — e ,), whereas the red horizontal line on the bottom represents the
SM value. The red regions indicate the values of the branching ratio that may be
obtained.

uncertainty in the CKM matrix element |V, |.

Besides universal pseudoscalar NP interactions between electrons and muons, other possible
scenarios can be considered. We have also explored the cases: C; = (1/ 10)Cf,f and Cj = 10Cﬁ .
In addition, we included the 2HDM, where the pseudocalar Wilson coefficients for electrons
and tau leptons are correlated with Cg as

c;:%xcg, c;:%xc“. (16)
iz u

In these scenarios, our method leads to the value for |V,;| in Eq. (15). Finally, we have con-

sidered the situation where NP affects only the 3rd generation of leptons, i.e. C5 # 0, while

Cp= C;f = 0. Here we obtain |V, ;| = (4.85%1.03) x 10~2, which is closer to the value of |V, |

following from inclusive determinations [9, 17-24].

Finally, we use the ranges for the different Wilson coefficients to make predictions for the yet
unmeasured branching ratios B(B~ — ¢~ %,) and B(B — ptv.). In Fig. 5, the predictions
for B(B~ — e™ ¥,) are illustrated. We would like to highlight that, for C; = 10Cﬁ , our anal-
ysis leads to a potential enhancement of B(B~ — e~ ¥,) that may even saturate the current
experimental bound. An interesting phenomenological prediction in the case Cj; = Cf,f is an
enhancement by up to four orders of magnitude with respect to the SM value, thereby lying
just a factor of 10 below the current experimental upper bound. An analogous effect in the
case of B; — ee™ has been discussed in Ref. [6].

The values for B(B — pt~ ¥.) following from our analysis are consistent with the SM picture
at the 1 o level. As discussed in [5], future measurements of this observable are a powerful
tool to distinguish between solutions “1” and “2” in Fig. 2. Our full strategy is summarized in
the flow chart in Fig. 6.
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Figure 6: Flowchart illustrating our strategy.

5 Outlook

Leptonic and semileptonic decays originating from b — uf, transitions are very interesting
and powerful channels to unveil potential NP contributions. They are the counterparts of the
b — €, processes, where recent experimental results for the associated observables Ry
show effects which may originate from physics beyond the SM.

We have presented a study which analyses the effects of scalar and pseudoscalar particles in
leptonic and semileptonic decays arising from the transition b — ufv,. Central to our analysis
is the high sensitivity of the leptonic B decays to the presence of NP pseudoscalar contribu-
tions. To take advantage of this feature, we have used the most recent Belle measurement of
the branching fraction of the channel B~ — u™v,.
We have developed a strategy with three main goals. Firstly, we have obtained the corre-
sponding short-distance NP contributions, utilizing ratios of leptonic and semileptonic pro-
cesses where the CKM element |V,; | cancels. Secondly, we have determined the value of |V,;],
considering simultaneously the presence of NP effects. Finally, we have made predictions for
branching fractions of non-yet measured B decays. In particular, we have addressed the decay
channels B~ — e~ ¥, and B — p1 7., and found NP effects that may be within the reach of the
Belle II collaboration and future updates of the LHCb experiment.

Our analysis includes the semileptonic processes B — m{v, and B — p{v, with { = e, u, 7,
where the current experimental data does not provide information on electrons and muons
separately. In order to test universality in light leptons of different flavours, it would be de-
sirable that experimental collaborations provide independent measurements for { = e and
¢ = p. In addition, a better understanding of the behaviour of the branching fraction of the
process B — p{ ¥, requires an update of the corresponding non-perturbative contributions in
the high g2 regime. Following these lines we will be able to take further advantage of these
semileptonic B decays to search for NP This will complement the ongoing searches in their
counterparts B — D®)¢%,, which enter the observables Rp).
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by the National Organisation for Scientific Research (NWO).
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