-

View metadata, citation and similar papers at core.ac.uk brought to you byff CORE

provided by Springer - Publisher Connector

PUBLISHED FOR SISSA BY @ SPRINGER

I

RECEIVED: August 30, 201/
REVISED: November 20, 201}
ACCEPTED: December 2, 2014

PUBLISHED: December 18, 201/

Hint of lepton flavour non-universality in B meson
decays

Diptimoy Ghosh,* Marco Nardecchia’ and S.A. Renner’
@INFN — Sezione di Roma,
Piazzale A. Moro 2, I-00185 Roma, Italy
YDAMTP, University of Cambridge, Wilberforce Road,
Cambridge CB3 0WA, U.K.
E-mail: diptimoy.ghosh@romal.infn.it, m.nardecchia@damtp.cam.ac.uk,
sar67@cam.ac.uk

ABSTRACT: The LHCDb collaboration has recently presented their result on Ryx =
B(BT — KTuTu™) /B(BT — Ktete™) for the dilepton invariant mass bin m?, = 1 — 6
GeV? (¢ = p,e). The measurement shows an intriguing 2.6 o deviation from the Standard
Model (SM) prediction. In view of this, we study model independent New Physics (NP)
explanations of Ry consistent with other measurements involving b — s/£7 ¢~ transition,
relaxing the assumption of lepton universality. We perform a Bayesian statistical fit to the
NP Wilson Coeflicients and compare the Bayes Factors of the different hypotheses in order
to quantify their goodness-of-fit. We show that the data slightly favours NP in the muon
sector over NP in the electron sector.
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1 Introduction

While we all hope to see direct evidence of new particles in the upcoming 14 TeV run
of the LHC, indirect searches for New Physics (NP) through precision measurements are
also extremely important, in particular because of their high sensitivity to Ultra Violet
(UV) physics. In fact, the 8 TeV run of the LHC has already seen interesting indirect hints
of NP in some of the B meson decay modes. The quoted 3.7 o deviation observed by
the LHCD collaboration last summer [1, 2] in one of the angular observables (P%) in the
decay B — K*utu~ for one of the dilepton invariant mass bins (4.30 < ¢ = mi“ < 8.68
GeV?) inspired many theorists to come up with NP explanations [3-10]. Interestingly
enough, very recently the LHCDb collaboration has observed a 2.60 deviation in another
b — s{T ¢~ mode; in the quantity called Rx which is the ratio of the two branching
fractions B (BT — Ktu*p~) and B(B*T — Ktete™) in the dileptonic invariant mass bin
m3,=1—6GeV? (¢ = p,e) [11]. Note that the branching ratios B (BT — K ptu™)
and B (BT — Ktete™) are individually predicted with very large hadronic uncertainties
(~ 30%) in the SM [12]. However, their ratio is a theoretically very clean observable and
predicted to be R%M = 1 if lepton masses are ignored [13]. Inclusion of the lepton mass
effects changes the prediction only by a tiny amount making it R$M = 1.000340.0001 [12].



This is in contrast to the (Pf) anomaly where considerable debate exists surrounding the
issue of theoretical uncertainty due to (unknown) power corrections to the factorization
framework [14-16]. Hence, there is a possibility that the observed deviation might be
(partly) resolved once these corrections are better understood. On the other hand, the
observable Ry is a ratio of two branching fractions which differ only in the flavour of the
final state leptons. This makes Ry well protected from hadronic uncertainties in the SM
because the strength of the gauge interactions contributing to the short distance physics
in the b — s¢* ¢~ transition are independent of the final state lepton flavour. In fact,
this feature remains true even in NP models if the model respects lepton universality.
Therefore, the Rx measurement is perhaps pointing towards new short distance physics
which is not lepton universal. This motivated us to study possible NP explanations of the
Rk measurement (and their consistency with other observables involving the b — s /¢ ¢~
transition) in a model independent way, relaxing the assumption of lepton universality.
To this end, we perform a statistical fit to the NP Wilson Coefficients (WC) employing
Bayesian inference. In order to quantify and compare the goodness-of-fit of the different
hypotheses we also compute their relative Bayes Factors (BF's).

The paper is organized as follows. In the next section we set up our notation and
discuss all the experimental data used in our analysis. We present our results in section 3
and conclude with some final remarks in section 4.

2 Effective field theory approach

We base our analysis on the following |AB| = |AS| =1 effective Hamiltonian,
4GF . A
Het = _W (V;fs‘/tb) Z Cf(ﬂ) Of(ﬂ) ) (21)

where Of are the SU(3)c x U(1)q invariant dimension-six operators responsible for the
flavour changing b — s/ ¢~ transition. The superscript ¢ denotes the lepton flavour in
the final state (¢ = e, ). In our notation the short-distance contribution to the WCs is
divided into the SM and the NP ones in the following way C’f = CiSM + Cf. In our analysis
we consider the subset of operators which are directly responsible for the b — sfT ¢~
decay, namely

(&

Or = 1o—5 ™ (50apPrb) FoB (2.2)
Qem ,_ > o

05 = 1 (57aPLb) ((y*0) (2.3)
Qem ,_ > o

Ofy =~ (F7aPLb) ((*750) (2.4)

and the set of chirality flipped operators (’); obtained by interchanging the chiral projectors
(Pp, <> Pg) in the quark current of O;. The full list of dimension six operators also includes
scalar, pseudo-scalar and tensor structures. However, it has been shown that scalar, pseudo-
scalar and tensor operators cannot easily give sufficiently large deviations from the SM in
the observable Ry once constraints from the other b — s/¢% £~ processes are taken into



Observable SM prediction Measurement
B(BT — Ktutu )[1 ol (1L7559%9) x 1077 [19] | (1.21£0.09£0.07) x 1077 [20]
B(BY = Xap™p7) y g | (159£0.11) x 107°  [21] | (0.6670:3370:51 +0.07) x 107 [22]
B(Bs = ptu”) (3.65+£0.23) x 107°  [23] (2.940.7) x 10~° [24]
B(BY = XeeteT) g | (164£0.11) x107°  [21] | (19370577005 £0.18) x 107°  [22]
B(Bs —ete) (8.5440.55) x 10714 [23] <2.8x1077 [25]
Ric1,6) 1.0003 = 0.0001 [12] 0.74570 099 £ 0.036 [11]

Table 1. The observables used in our analysis along with their SM predictions and experimental
measurements.

account [17, 18]. Therefore, we will neglect these operators in our analysis. Furthermore,
we do not consider NP contributions to the photonic dipole operator O as it is lepton
flavour blind by construction. In what follows we assume that all the WCs are evaluated
at the scale p = my with the corresponding SM contributions given in table 5.

Apart from Rg we also consider data for other processes which proceed via a b —
s ¢~ transition e.g., the branching ratios of the fully leptonic decays Bs, — putpu~ and
By — eTe™, the inclusive decays B — X u™p~ and B — XgeTe™ as well as the branching
ratio for the semileptonic decay BT — K+t ™. The SM predictions for these branching
fractions and their current experimental values are summarized in table 1. Note that the
experimental upper bound on B(Bs; — eTe™) is larger than the SM prediction by many
orders of magnitude. We include this decay mode for completeness but it has no impact
on our final results.

We have not used the branching fraction for the decay BT — KTeTe™ from [11]
because of its correlation with the Rx measurement. Instead, we have used the value
of B(BT — K*utu™) from a LHCb measurement in [20]. Moreover, we have used the
data for B(BT — K*pu*u~) only in the low-¢? bin 1 — 6 GeV?, the main reason being
that a resonance structure in the dilepton invariant mass distribution was observed around
mi =173 GeV? by the LHCb collaboration last year [26]. This means that even though
form factors in the high-¢? region were recently computed from lattice QCD [27-30], the
theoretical prediction for this observable is affected by non-factorisable hadronic uncertain-
ties. Information coming from high-¢?> measurements of this and other observables (such
as B(Bs — outu™), B(EO — FOM,LF), etc.) can still be used taking into account con-
servative estimates of the hadronic uncertanties. We do not expect that the inclusion of
such data would change our results drastically, however we expect that the allowed ranges
of the WCs would shrink due to the extra observables. We also expect a shift of the best
fit points in the direction of the SM values, since these extra measurements are generally
in good agreement with the SM predictions.

3 Results

In this section we present our results for the various NP scenarios considered in this paper.
As mentioned earlier, we follow a Bayesian statistical approach to quantify our results.
The details of our procedure is explained in the appendix B.



3.1 Single Wilson coefficient

To start with, we consider only one real NP WC at a time. We will show our results for the
WCs both in the standard basis (vector and axial-vector operators for the lepton current)
as well as in the chiral basis for the lepton currents. The inclusion of the second set is
motivated by the possibility of having the NP WCs generated in an SU(2)y, invariant way.
This possibility was also highlighted in [18].

Our results are summarized in table 2. The 68% confidence level (C.L.) regions of the
WCs are shown in the second column, the best fit values are shown in the third column
while the last column shows the BF for each hypothesis taking the same for the C§-only
hypothesis as the reference value. More precisely, the BF for the hypothesis with NP in
the WC C’f is defined as

R (data|Cf) x Py(CY)dCY
~ [ £ (data|Cl) x Py(CE)dCl”’

BF(CY)

1

(3.1)

where L is the likelihood function and Py is our choice of prior for the WC Cf , which we
assume to be a flat distribution in the range [-10, 10].

In figure 1 we show the posterior probabilities for the C} only and C§ only hypotheses
as examples.

We now discuss some general features of our results shown in table 2. Clearly, the
hypothesis with non-zero C} is the most favoured by the data as it offers the largest BF. The
C1, NP scenario also does quite well. As C¥ " does not contribute to the decay By — ptp~
(whose experimental central value is now slightly lower than the SM prediction), its BF
is reduced to some extent. The extremely low BF for the C’ﬁ; case is due to a tension
between Ry and and B(Bs — u™p~). It can be seen from the expressions of these two
observables (see appendices A.1 and A.4 ) that the experimental value for Rg prefers
C’ﬁ; > 0 while the measured branching ratio for By — u™u~ prefers the opposite. The
hypotheses CY O — C’{LO(/) (which correspond to the operator directions (5v,Prb)(¢y*Pgf)
and (57, Pgb)(fy*Pgl)) are also strongly disfavoured because they generate R > 1 which
is in tension with experiment. The other chiral operator (5v,Prb)(£y*Pr¢) (our hypothesis
CH = —C1,) turns out to be the best among the four chiral operators. This case was also
considered in ref. [18] in the context of their model independent analysis as well as a specific
leptoquark model. In their analysis they quote C§ = —C1, ~ —0.5 as a benchmark point
which is in fact consistent with our 68% CL range in table 2.

As far as NP in the electron sector is concerned, all the hypotheses give similar BFs (at
most a factor 4 between the best and the worst). This can be understood by the fact that
the measurements with electrons in final states have a larger experimental error than those
with muons in the final state. Note also that there are a few cases with multiple solutions
(because the rates are quadratically dependent on the WCs), some of them with very large
NP contributions (see for example Cf;). Including other observables (for example those in
the decay B — K*¢*(~) will certainly modify this picture.

The scenario C§y = —C§ = 0.5 was also considered in the ref. [18]. Although their
estimate C’f{) ~ 0.5 is compatible with the 68% CL region from our fit, its BF is the worst
among the hypotheses with NP in the electron sector.



Hypothesis Fit Best fit BF
CY -3.1,-0.7] -1.6 1:1
cl -1.9,-0.8] 1.3 0.20: 1
chy 0.7,1.3], [7.5,8.1] 1.0 0.82:1
ct 0.2,0.7] 0.5 |48x1073:1
Cl = +C1 (0.1,0.8] 0.5 [27x1073:1
Cl = —Chy -0.8,-0.4] -0.6 0.42:1
cy = ol :0.4,0.3] 0.1 |93x107%:1
cl = —ct [:0.2,-0.6] 04 | 13x1072:1
cs -8.4,-8.4], [0.6,2.1] 1.3 0.13:1
cs’ (0.8,1.9] 1.3 0.10:1
C, [-1.6,-0.7], [9.5,10.0] | -1.1 0.14:1
o -1.7,-0.7] 11 [ 9.7x1072:1
CS = +0%, | [-24-1.4], [2.2,34] | -1.9 0.20: 1
Ccs = —C%, 0.3,1.1] 06 |67x1072:1
Cs =405, | [-2.6-1.5], [2.2,32] | -2.0 0.20:1
s = —C%, 0.4,0.9] 0.7 |52x1072:1
Ch=C¢ [-4.3,-1.1] 2.2 [29x1072:1
C1o=C% [0.3,1.2], [7.6,8.4] 0.8 1.7x1072:1
SM 24x1073:1

Table 2. The 68% C.L. ranges for the WCs when only one WC is considered at a time. The data
on B — K*utu~ have not been used at this stage.
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Figure 1. Posterior probabilities for the C} only (left) and C§ only (right) hypotheses. The red
and green vertical lines refer to boundaries of 68% and 95% regions respectively.

The highest BFs are obtained for hypotheses with NP in the muon sector. In our fit,
this finding is driven by the observables B(B — X (*¢~) and B(B* — K*tutu™), for
which the dimuon channel measurements are each lower (at more than 1o level) than the
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Figure 2. Two dimensional posterior probability distributions for the two hypotheses: 1. C§ and
Cty (left panel), 2. C¥ and C}’ (right panel). The red and green contours are 68% and 95% C.L.
regions respectively.

SM predictions, while the electron channel measurement is in good agreement with the SM.
Hence our fit finds a slight preference for NP in the muon sector. For example, a negative
value for C} will lower the predictions for both B(B — Xsu™pu™) and B(BY — KT ptpu™)
compared to the SM while keeping B(B — XseTe™) at its SM value.

Finally, we show our results for the two lepton universal cases C§=C§ and C},=C%,
(see the last but one row in table 2). It can be seen that the BF for both these two cases are
rather low compared to most of the non-universal NP scenarios in particular, the C}-only
and C{-only hypotheses.

3.2 Combination of two Wilson coefficients at a time

In this section we allow the possibility of having NP in two WCs simultaneously and study
the consequences. Here we do not consider all the possible combinations of the WCs, rather,
we take the few best cases from table 2 and consider their combinations. Our results are
summarized in table 3. The 68% range of a parameter is obtained after marginalizing over
the other parameter.

The results of our analysis show that, in general, there is no particular gain in con-
sidering NP effects in two WCs at the same time, this is more marked in the case of the
chiral operators.

Among the hypothesis of NP in two WCs, the largest BF is obtained for the pair
{C§,C¥'}. The 2-dimensional posterior distribution for this scenario is shown in the left
panel of figure 2. Similarly, the posterior probability distribution for the NP scenario with
both C§ and CY " is shown is the right panel of figure 2. It can be seen that the data is
consistent with no NP in Cf".

The posterior probability for the hypothesis with both C¥ and C§ turned on is shown
in figure 3. In the left panel we show both the allowed regions, while in the right panel



Hypothesis Fit Best fit BF
cl [-1.9,0.3] -0.6 0.15:1
Cty [-0.1,0.9], [8.0,8.8] 0.4
cl [-4.2,-1.2] 2.8 0.20: 1
cl [1.7,1.2] 0.3
CY [-4.2,-1.4] -2.6 0.28:1
Cs [-7.4,-5.9], [[1.3,0.2] | -6.6
Cch = -Ct, [-1.0,0.4] 0.7 |45x1072:1
Cs = —Cfy | [-0.5,0.4], [8.2,-7.4] | -0.1
ch =01, [-0.7,-0.4] 0.5 |83x1072:1
Cs = C5, [-1.2,1.6] -0.2
ch =0l [0.1,0.9] 05 |80x1073:1
cs = —C%, [0.3,1.1] 0.6
ch=c1, [0.1,0.9] 05 |24x1072:1
Cs=Cf | [24,-1.5], [2.2,3.4] 2.8

Table 3. Same as table 2 but with two WCs turned on simultaneously.
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Figure 3. Two dimensional posterior probability distribution for the hypothesis with NP in C¥
and C§. In the left panel both the allowed regions are shown. In the right panel we show only the
region close to the origin. The red and green contours are 68% and 95% C.L. regions respectively.
The purple line represents the lepton flavour universal scenario C¥' = Cf.

we show a zoomed in version of the region close to the SM point C¥ = C§ = 0. Figure 3
clearly shows that the data prefers NP in the muon sector over NP in the electron sector.
Moreover, NP with lepton flavour universality (shown by the the dashed purple line) is
disfavoured by more than 95% C.L.



Hypothesis Fit Best Fit BF

cl [-1.9,-1.3] -1.6 1:1

cl [-1.9,-1.3] -1.6 0.14:1

Cs [-7.7,-6.6], [-0.7,0.6] -0.1

cl [1.8,-1.4] -1.6 0.13:1

s, [-0.4,0.5], [8.3,9.3] 8.7

cl [-1.8,-1.3] -1.5 0.16: 1
cs =%, -0.9,1.5] -0.1

cl [1.9,-1.3] -1.6 6.0x1072:1
Cs = —C%, | [-8.2,-7.8], [-0.3,0.3] 0.0

Table 4. Results when the data on B — K*utu~ are also included as discussed in section 3.3.
The same conventions as in table 2 and 3 are used.

3.3 Including the data on B — K*utpu~—

The latest LHCb measurement of the decay distribution in B — K*u "~ has seen inter-
esting deviations in several observables from their SM predictions [1, 2]. These deviations
were most pronounced in two of the so-called optimized observables (where the hadronic
uncertainties are expected to cancel to a good extent) P! and Pj in the low-¢? region [31].
Soon after the LHCD result was published, it was shown in [3] that a good fit to all the data
can be obtained by having a negative contribution in the range [—1.9, —1.3] to the WC C’é‘ .
A similar conclusion was also reached by two other groups [4, 32]. The fit done in [4] found
a need for a NP contribution (similar to C§' in magnitude but with opposite sign) also to
the chirally flipped operator C’g ', As discussed in section 3.2 this is now in tension with
the measurement of Rx (assuming the presence of NP only in the muon sector).

Note that the issue of hadronic uncertainties, in particular the role of long-distance
cc loops still remains unclear, see [16] and the references therein for a recent discussion.
Thus, the jury is still out on whether NP has already been seen in these measurements.
Despite this uncomfortable situation, several NP interpretations of the LHCb data have
been proposed [6-8] and it would be interesting to see whether the Rx measurement can be
reconciled with the B — K*utu~ data. With this motivation, in this section we combine
the result of [3] with our analysis.

We follow an approximate procedure (see appendix B for more details) which allows
us to use their result where NP only in C’g and C; was considered, see their eq. 4. Note
that, although the analysis in [3] was performed assuming lepton universality their results
can, to a very good approximation, be taken as valid only for the muonic WCs. This allows
us to safely use their result with NP in C’g and any operator in the electron sector. As we
do not consider NP in the dipole operator in this paper, Cy is set to its SM value (which
is consistent with the 68% C.L. region of [3]).

The result of our fit is reported in table 4. In the first row we show the result when only
C¥ is turned on while in the following rows we allow NP in the electron sector in addition
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Figure 4. Two dimensional posterior probability distributions for the hypothesis C§'~C§ including
the data on B — K*utu~ (see text for more details). The same conventions as in figure 3 are used.

to Cl. We notice that the range for C} preferred by the analysis of [3] is confirmed even
with the inclusion of our observables. Allowing the possibility of NP in the electron sector
makes things slightly better (increases the BF by roughly a factor of 3), except for the
scenario of the last row of the table where the BF remains almost the same. The posterior
probability distribution for the Cf - C§ hypothesis is shown in figure 4. Similar to figure 3,
in the left panel both the allowed regions are shown while in the right panel only the region
close to the SM point is shown. Again, the preference for lepton flavour non-universal NP
is very clear. The data is consistent with no NP in the electron sector but demands a
rather large NP in the muon sector. A comparison of the figure in the right panel with
that in figure 3 will also show the constraining power of the B — K*u™pu~ data. We warn
the readers that the BF's in the table 4 should not be compared with those in the previous
section but should only be compared within table 4. This is because the analysis in this
section uses different set of information than those in the previous section. Also, we are
combining our analysis with that in [3] in a very simplified way. We report the BFs just
to show that the data does not show a strong preference for any particular kind of NP in
the electron sector; many of them do equally well.

4 Summary and conclusions

The flavour changing process b — s £1 £~ is responsible for many rare decays such as By —
("0, B — X0, BT - K*/"{~ and B — K*/T¢~. These decays, being extremely
rare in the SM, are very powerful probes of NP. The LHCb collaboration already made
significant progress last year by measuring most of the observables in the full three angle
distribution of the decay B — K*utu~. Interesting deviations from the SM predictions
were seen in a few of the so-called “form-factor independent” or optimized observables.



Although several NP explanations of these deviations were put forward, firm confirmation
of NP in these observables is not yet possible due to the hadronic uncertainties which
are not completely understood. The 2.60 deviation in Ry, although not yet statistically
significant, is worthy of attention because the ratio Ry is essentially free of hadronic
uncertainties in the SM. Moreover, any lepton flavour blind new short distance physics
would predict Ry =~ R%M and hence, the confirmation of this deviation would clearly
point towards lepton flavour non-universal NP. This has motivated us to study model
independent NP explanations of the measurement of Rg considering various observables
involving a b — s¢T ¢~ transition. To this end, we have performed a Bayesian statistical
analysis of the various NP scenarios. We have also quantified the goodness-of-fit of these
NP hypotheses by computing and comparing their Bayes Factors.

We first performed a fit without including the data on B — K*u*pu~. Our results for
the hypothesis of NP in one (two) WC(s) at a time are summarized in table 2 (3). In the
muon sector, among the fits to a single WC in the standard basis, only Cl§ and CY|, have
large BFs while among the chiral operators, the hypothesis of NP in C§ = —CY, gives the
highest BF. In the electron sector all the NP hypotheses give comparable BF's, although
worse than the scenarios with Cf or CYj,. Even without the inclusion of the B — K*ptp~
data, our fit shows a slight preference towards the hypothesis of NP in the di-muon sector.
However it should be noted that large NP effects in the electron sector are not excluded
and in the future, with more precise measurements, the situation could change. We further
show that the lepton flavour universal NP scenarios for example, C§' = C§ or C}, = C%,
have rather low BFs and hence they are disfavoured.

When two NP WCs are turned on simultaneously, the situation does not particularly
improve. We have shown a few posterior distributions in figures 2 and 3 and we notice that
for the C§—C§ hypothesis the lepton flavour universal case Cfj = C§ is disfavoured at more
than 95% C.L. We continued in section 3.3 by including also the data on B — K*u™pu~.
We employed a simplified procedure (explained in appendix B) to combine part of the
results from [3] with our observables. We observed that the allowed range of C§ obtained
in [3] remains consistent with the Rx data. Our analysis also showed that the data is
consistent with no NP in the electron sector.

A global analysis including the final states with tau leptons would be very interesting
once more data are available. In fact, the possibility of large enhancements in many of the
b — s7t7~ modes were already discussed in the context of like-sign dimuon asymmetry
seen at the Tevatron, see for example [33, 34].
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A Detalils of the analysis

Al BT — Ktete~
The branching ratio for the decay B* — K1¢*/~ in the low-¢? region can be written
as [12, 35-37],
75 Ghod Vi Vil 1
2975m3, 3

12
x(‘CIS(I)\/[+CfO+CfO

B (B+ — K+£+€_)[1,6] —

(f)? (I + 2L b + I3(b1)?)

;12
|8+ + Of | () (I +2R6f + 107)?)

2my, 2
CSM | (fh0)2 (I + 2L b7 + L(])2) [ — 72—
+ |COM) (fBx)? (I + 212 b + I3(bT)?) e ———

+Re [CM(CEM + Cf + Cf )]

4mb

(A.1)
where the numerical values for I;, I and I3 are given by,
I = 89729.8,
I, = —2703.44,
I3 = 97.3014.

In order to obtain these numbers we have used the form factor parametrization given
in [37]. The values of the form factor parameters ng, ng, bf and b7 are given in table 5.
As far as the uncertainties in these parameters are concerned, for bf and blT we have taken
asymmetric gaussian priors in the fit. For the other two parameters fEK and ng, we have
fixed them to their respective central values and the associated uncertainties are taken into
account by rescaling the experimental error o5 in B(BT — K +/ﬁ,u*)[176] by

2
O
o5 — (/0% + 4f2—f82 —0.37x 1077 (A.2)
BK

(taking conservatively the values fpx = 0.34, o5 = 0.05 and B =121 x10"7) . We
made this (conservative) approximation in order to reduce the computational time in the
evaluation of the posterior distributions for the WCs and avoid some numerical instabilities.
We have followed the same prescription also for the branching ratio of BT — KTete™.
The theoretical uncertainties coming from ng and ng in the two observables B(BT —
Ktutp™) and B(BT — KTeTe™) have been assumed to be independent for simplicity.
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A2 Rg

The expression for Rx can be derived using the result given in the previous subsection.
Here we give a simplified formula Wthh can be useful for analytic understandlng of our
results. Observing the fact that ‘ o ’ 0.07 and also that the NP in C7 is severely

constrained by the measured branchlng ratio of B — X, the expression of Ry can be
approximated by,

/12
‘C ‘ ) +C§‘+C§f’
T|osM o +Cw oMt s+ o

(A.3)

This simplified expression clearly shows that the theoretical error in Ry is very small
even in the presence of NP. Note that in our numerical fit we have used the full expression
of Rx with all the form factor dependent terms.

A3 B — X ¢te

The branching ratio for the inclusive decay B — X ¢ ¢~ in the low-¢? region can be
written as [38]

B(B — X007 ) = 1077 x |(15.86 £ 1.51) + 2.663 C§ — 0.049 C§ — 4.679 CY,

5'2

10.061 C% + 0.534 (CL7 + CE%) 4+ 0.543 (O, + )

—0.014 C4CE —0.014 €4, CY | - (A.4)

We took the theoretical error into account by taking a gaussian prior for a parameter called
bo and marginalizing over it, with its central value and standard deviation given by 15.86
and 1.51 respectively.

A4 B, — ¢te

The branching ratio for the leptonic decays B, — pu*u~ and By — eTe™ can be written as

SM o ol )2
B(Bs — p*p~) = B(Bs — N+N)SM'Cm 2%& o (A.5)
10
SM el |2
B(Bs —ete”) =234 x107° x B(Bs — N)SM‘ C1o 2%2 Cio (A.6)
10

Here we have used the SM value of B(Bs — p* ™) as our input parameter instead of the
B meson decay constant fp, and the CKM matrix elements. We took the theoretical error
on this into account by taking a gaussian prior for B(Bs — u™p~)sy and marginalizing
over it, using values from [23]:

B(Bs — pp )sm = (3.65 4+ 0.23) x 1077
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B Statistical procedure

In this appendix we briefly describe the statistical procedure that has been followed in this
work. Our aim is to construct the posterior probability distributions (p.d.f.) for a set of
WCs that we denote collectively by C, for example C = {C¥,C§, ... .}.

The theoretical prediction for a given observable will be denoted by O and it will
depend on C as well as a set of input parameters x, for example CKM matrix elements,
form factors, masses of the particles etc. The inputs are either experimentally measured
quantities or theoretically calculated parameters with some uncertainties. In order to take
into account these uncertainties we have to attach a probability distribution f;,(x;) to each
input z;.

The measured observables will be assumed to be distributed according to a Normal
distribution with mean value O and standard deviation op. The generalization to distri-
butions other than the Normal distribution is straightforward.

If one has a set of N observables O; (i = 1,...N), following the Bayesian approach,’
the p.d.f. of the WCs can be written as

N . X)) — 7A 2
p(C) x /I_Ilexp (_ (Oz (C;x) 01) ) fo] (x)dx; . (B.1)
1= J

2
2 70,

Let us now split the observables into two sets, Ot and O* where the second (first) set
refers to the observables (without) involving the decay B — K*u™p~. In a similar way, we
split the set of inputs into three sets x = {x™,x* x®} where x* (x*) are input parameters
entering the set of observables O™ (O*) exclusively and x€ are the inputs which are common
to both the sets of observables. The expression for the p.d.f. now reduces to

p(C) [T exp <(Oi+ (Cixt )07 )>xnjexp (”5(0;22’5‘”092) (B.2)

2
200+
1

X Hkl f$k+1 (ﬁl)dwﬁl X HkQ fm’,;z (1‘}22)‘11‘;22 X de fw;S (xig)dxig .

Now we would like to find the conditions such that the two sets of observables “factorize”.
In that case, we will be able to use the results of [3] instead of redoing the full analysis. The
factorization is possible if the common set of inputs x° has small uncertainty compared
to the other sources of uncertainties. If that is true then one can write to a very good
approximation fe (2f) = d(z} — (z,)) and the p.d.f. reduces to

—\2
07 (C; x*,(x%)) = Of
p(C) x /Hexp —< 2‘7%+ ) X po (C) x Hf:r:-* (xj)darj (B.3)

- J
J

'n particular, in the same spirit of section 3 of [39].
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where pg (C) is the result of a Bayesian analysis considering only the global analysis of the
decay B — K*u™p~. Using the result of [3] in their section 3.2, we assume that

—\ 2
—\ 2 I /7
C; —Cy (09 - 09)
po (C7,CE) o< exp —(22) exXp | — =5 (B.4)
9¢, Tew
with
Cr =—0.018, o¢, =0.018, C§=-16, oep = 0.3. (B.5)

These values are inferred from eq. (4) of [3]. We finally remark that although ref. [3] consid-
ered the observable B (B — X /' ¢~) under the assumption of lepton universality, we in-
terpret that as B (B — X, pu™ u~) and remove the experimental data on B(B — X put ™)
(our table 1) from our fit for consistency. We have also not used the data on B(Bs — putu™)
since that was also already included in the fit of ref. [3].

C Input parameters

Parameters Value

Gr 1.166 x 107> GeV~2 [25]
Qe (M) 1/133 [25]
me 0.511 MeV [25]
m, 105.6 MeV [25]
my(mp) 4.164 GeV [37]
mp+ 5.279 GeV [25]
Mg+ 0.494 GeV [25]
TR+ 1.641 x 10712 sec. [25]
VAV 40.58 x 1073 [40]
mp:(17) 5.366 GeV [25]

Wilson coefficients
CM(my) | -0.319 [37]
CSM(my) | 4.228 [37]
CM(my) | -4.410 [37]
Form factors

fhx 0.34003 [37]
fEx 0.397003 [37]
bf —2.1709 37]
bl -2.2130 [37]

Table 5. Input parameters.
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