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ABSTRACT: We benefit from the lattice QCD determination by the HPQCD of the Standard
Model (SM) form factors for the By — Dy [Phys. Rev. D 101 (2020) 074513] and the
SM and tensor ones for the By — D¥ (arXiv:2304.03137 [hep-lat]) semileptonic decays,
and the heavy quark effective theory (HQET) relations for the analogous B — D™ decays
obtained by F.U. Bernlochner et al. in Phys. Rev. D 95 (2017) 115008, to extract the
leading and sub-leading Isgur-Wise functions for the By — Dg*) decays. Further use of the
HQET relations allows us to evaluate the corresponding scalar, pseudoscalar and tensor form
factors needed for a phenomenological study of new physics (NP) effects on the B, — Dg*)
semileptonic decay. At present, the experimental values for the ratios Rpye) = I'B —
DW= ]/T[B — D(*)e_(,u_)ﬂe(“)] are the best signal in favor of lepton flavor universality
violation (LFUV) seen in charged current (CC) b — ¢ decays. In this work we conduct a study
of NP effects on the B, — Dé*)f—m semileptonic decays by comparing tau spin, angular
and spin-angular asymmetry distributions obtained within the SM and three different NP
scenarios. As expected from SU(3) light-flavor symmetry, we get results close to the ones
found in a similar analysis of the B — D®) case. The measurement of the B, — Dg*)ﬁﬂg
semileptonic decays, which is within reach of present experiments, could then be of relevance

in helping to establish or rule out LFUV in CC b — c transitions.
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1 Introduction

Present experimental data on B — D™ semileptonic decays points to the possibility of
lepton flavor universality violation (LFUV) that will affect charged-current (CC) b — ¢7~ v,
semileptonic transitions. The ratios Rp = I'(B — D7 1,)/I'(B — Du ,) and Rp~ =
I'(B — D*r~1,)/T(B — D*u~1,) have been measured by the BaBar [1, 2], Belle [3-6] and
LHCb [7-10] experiments and their combined analysis by the HFLAV collaboration indicates
a 3o tension with SM predictions [11, 12].

LFUV requires the existence of new physics (NP) beyond the Standard Model (SM) and,
if confirmed, would have a tremendous impact in particle physics. This makes the study of as
many analogous CC decays as possible timely and necessary in order to confirm or rule out
LFUV. The Ry = (B, — J/¥1~ ;) /T(Be — J/1u~,) ratio has been measured by the
LHCb collaboration [13] finding a 1.8 ¢ discrepancy with SM results [14-26]. Another reaction
where a similar behavior was to be expected is the baryon A, — A fv,; decay. However, in this
case, the recent measurement of the Ry, = I'(Ay = Ae7v7)/T'(Ap = Acp™ 1) ratio by the



LHCb collaboration [27] is in agreement, within errors, with the SM prediction [28]. In this
experiment, the 7~ lepton was reconstructed using the 7= — 7~ 77~ (7%)v, hadronic decay.
It is then of great interest to see whether the current R, experimental value is confirmed or
not using the muonic reconstruction channel. Such an analysis is under way [29].

LHCD has very recently [10] presented the first simultaneous measurement in hadron
collisions of Rp+ and R po, identifying the tau lepton from its the decay mode 7= — pu~v;1,.
The measured values are Rp« = 0.281 4 0.018 4 0.024 and Rpo = 0.441 4+ 0.060 % 0.066,
where the correlation between these measurements is —0.43. The result for the former ratio
supersedes the higher value previously reported in [7] and it is now in better agreement with
the SM. LHCb earlier measured Rp- = 0.291 4+ 0.019 £ 0.026 + 0.013 [8, 9] using hadronic
tau decays, but a new result was reported in [30], Rp- = 0.257 + 0.012 &+ 0.014 + 0.012,
obtained after combining the previous results from refs. [8, 9] and a new one from a partial
Run 2 data sample [30]. The final LHCb result for R p« from hadronic tau decays is in closer
agreement with the SM expectation. Nevertheless combined global results for Rp~ and Rp
from different experiments and detection techniques remain around 30 away from the SM
expectation (HFLAV Winter 2023 update [31] presented in [12]).

One would also expect to see LFUV effects in By — Dg*) semileptonic decays which
are SU(3) analogues of the B — D) ones. A measurement of Rp, by LHCb [12] is also
underway, making the study of these reactions timely. The theoretical analysis of NP effects
in those decays requires however knowledge of beyond-the-SM (BSM) form factors that have
not yet been determined. The HPQCD lattice QCD (LQCD) collaboration has evaluated the
SM form factors for the B, — Dy and Bs — D? semileptonic transitions in refs. [32] and [33],
respectively. More recently, HPQCD has given updated By — D* SM form-factors [34]. This
latter work also provides the form factors that expand the matrix elements of the NP ¢co*”b
operator for initial B and final D} states.

On the other hand, the approximate heavy quark spin symmetry (HQSS) of QCD allows
one to construct an effective field theory (HQET) to compute these form-factors. Indeed, the
HQET expressions for them can be obtained up to next-to-leading (NLO) O(as, Agep/mep)
and next-to-next-to-leading (NNLO) O(asAqcn/Me,ps AéCD / mib) orders from refs. [35]
and [36], respectively.! One can use this information to fit the leading and sub-leading HQSS
Isgur-Wise (IW) functions, which describe the B — DY form factors, to the lattice data
of refs. [32] and [34]. First, from the comparison of results to those available for B — D)
decays, one could in principle estimate the size of the SU(3) light-flavor breaking corrections.
Second, and more interesting, once the IW functions are known, the scalar, pseudoscalar and
tensor? form factors that are needed, in addition to the SM ones, for an analysis of possible
NP effects on the By — Dg*)TDT decays can be obtained from their HQET expressions. Thus,
we will show results for tau spin, angular and spin-angular asymmetry distributions for these
decays obtained within the SM and three different NP scenarios, and analyze the role that
different tau asymmetries in the By — Dg*)T*ﬂT decay could play, not only in establishing
the existence of NP, but also in distinguishing between different NP extensions of the SM. We

'The partial NNLO O(Agcp/m?) corrections were previously studied in refs. [37, 38].
2As already mentioned, LQCD tensor form factors were computed in [34] for the Bs — D} transition.
However, there is no LQCD input on the tensor matrix element in the case of the Bs — Ds decay mode.



will also study partially integrated angular and energy distributions of the charged particle
produced in the subsequent 7= — 7" v, p Vs, e*(/f)ﬁe(u)l/T decays. The latter differential
decay widths have a better statistics than the asymmetries themselves and they could also
help in establishing the presence of NP beyond the SM.

The B, — Dg*) form-factors have also been studied using HQET and sum rules in [38].
In that work, additional constraints are found which allow the authors to go beyond the
assumption of SU(3) flavor symmetry, and SM lepton-flavour universality ratios are reported.
NP effects on both By — D, and By — D decays have been discussed in [39, 40] using
the SM LQCD form-factors computed in refs. [41] and [33], respectively. The works of
refs. [39, 40] do not consider NP tensor operators and make use of the equations of motion to
estimate the NP scalar and pseudo-scalar form-factors. The distribution of the tau-decay
products is not studied in either of the two works and hence they do not have access to the
full set of tau angular, tau spin and tau angular-spin asymmetries that can be extracted
by measuring the 7 in a general polarization state. Moreover those papers do not address
the distribution of the tau-decay products. However, different angular distributions from
the decay products of the outgoing D} are studied in [40].

In ref. [36], the NNLO corrections were computed introducing (postulating) a supple-
mental power counting within HQET. The authors of that work claimed that the postulated
truncation leads to small, highly constrained set of second-order power corrections, compared
to the standard approach. Nevertheless, there appears a plethora of free parameters, a number
considerably larger than in the NLO case of ref. [35]. Though, it seems the scheme followed in
ref. [36] provides excellent fits to the available B — D™ LQCD predictions and experimental
data, we have found that the NNLO parameters cannot be determined reliably from the
available B, — D4 and By — D7 LQCD form-factor data, given the statistical and systematic
precision with which they are currently obtained. For that reason, we will limit this work
to NLO HQET corrections, except in the case of the form factors that are protected from
O(Aqcp/me) corrections at zero recoil [42], for which we will include NNLO O[AQQCD Jm?]
terms. These form factors do not vanish in the heavy quark limit and turn out to be the best
determined in the LQCD simulations, in particular near zero recoil, making it necessary to
consider some sub-leading corrections in addition to those induced by short-distance physics.

This work is organized as follows. In section 2 we describe the fitting procedure to obtain
the IW functions, with some auxiliary details collected in the appendix. A thorough analysis
of NP effects, based on observables that can be measured by the analysis of the visible
kinematics of the subsequent hadronic 7= — 7~ v, 7~ — p~v; and leptonic 7~ — £~ v,
decays, is conducted in section 3. Finally in section 4 we summarize the main findings.

2 HQET fit of the B, — Dg*) semileptonic-decay LQCD form factors
and SM distributions

In this section we will describe how we fit the LQCD form-factor data from refs. [32, 34] to
their expressions deduced from NLO HQET and derived in ref. [35]. A comparison of both
sets of form factors will be shown below in figure 3. We will also show the SM predictions
from both sets for differential decay widths and tau spin, angular and spin-angular asymmetry
distributions. Further use of HQSS will allow us to predict BSM form factors not evaluated



in the lattice, and that are needed to test possible NP effects in By — Dg*) T~ Iy semileptonic
decays, something we will do in the next section.

2.1 LQCD form factors

We will use the LQCD results from HPQCD for the SM form factors of the By — Dy decay [32]
and the SM and tensor form factors of the By — D decay [34].

2.1.1 By — Dy
For the By — D, semileptonic decay, the form-factor decomposition in ref. [32] is

o _ M2 — M? M2 — M?
(Dsi ' [e0"b(O)|Bis B) = f+(4*) [P +9" = =252 ¢ |+ folq) =22 ¢, (21)

with the constraint

fo(0) = £+(0). (2.2)

The form factors are parametrized as [32]

fO(QQ) — ~0 ~n
2/‘1\4%«:0 7;)
1 2 ~ ~n (_1)n—3n~
f+(@®) = =@/, zjoaz Z" = f«zg ; (2.3)

where ¢ is the four-momentum transfer to the leptons and
5((]2) = z(q2; tin, 0), tin = (Mp, + MDS)Q. (2.4)

where

Vi — ¢* — Vit — to

Vim — ¢+ Vi —to’

The constraint in eq. (2.2) imposes aj = ag .

Z(q2; ttha tO) =

To improve the quality of our HQSS form-factor fit, we change the parametrization above
and symmetrize the range of z corresponding to 0 < ¢®> < t_ where t_ = (Mp, — Mp,)>.
Thus, we use

2
fo(q? , 3= a,, 2.6
o(q) = 1—q2/ Bconz q°) = 2/M2*ZO (2.6)
with
2(¢%) = 2(® tn, to),  ten = (Mp + Mp)?, to =t — \/ten(ben — ). (2.7)

The central values and errors of the new expansion coefficients, together with the corresponding
correlation matrix, are collected in table 6 of the appendix. Note that we use eq. (2.2) to fix
a%‘ for By — D,. The quality of this new expansion can be seen in figure 1 where we compare
the new parameterization with the original one in ref. [32]. The agreement is excellent.
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Figure 1. Comparison of the original SM-LQCD form factors for By — D, [32] and their description
in this work using the parametrization of eq. (2.6). Both central values and 68% confidence level (CL)
bands show excellent agreement.

2.1.2 B, — D*

In this case, in ref. [34] they use the HQET basis to expand the matrix elements of the
vector, axial and tensor quark-current operators

(D357, r|e(0)"b(0)| Bs; ) =i\/ Mp, Mps hy (¢°)e" P75 (5", r) vy,
(D39, 712(0)7"45b(0)| Bs; ) = /M. MD*{hA1 w1 (@) —ha, (¢) [ (57, r) -] 0"
—hay (¢°) [ (P /“}
(D% 9", 7|¢(0)0"b(0)| Bs; p) = 1/MBSMD*{hT1 (p',r)(v+0")s

+hy (¢ en (P ﬂ")(U*U )ﬁ+hT3(q2)[€*(}7’,r)-v]vav}}}e“”aﬂ,
(2.8)

where €*(p”,r) is the polarization vector of the final D} meson, v(v') is the four-velocity of
the B.(D:

*) meson and w = v - v’. The convention €yjo3 = +1 is used.

In ref. [34], the above form factors include a third-degree polynomial in w — 1, logarithms
determined from staggered chiral perturbation theory and some extra analytical dependence
on M 73( K)" The continuum-limit values can be extracted from the supplemental material
available in the source file provided in ref. [34]. Since the logarithms have a very mild
dependence on w — 1, and in order to facilitate the further HQSS form-factor fit that we are
going to conduct, we have made a description of the lattice form factors just as a third-degree
polynomial in w — 1. Thus, we use

3
hp(w) = Z al(w—1)" (2.9)
n=0
In the appendix, we give the central values and errors of the new expansion coefficients
in tables 7 and 8 while the correlation matrix is compiled in tables 9 to 13. Again, the
quality of these new expansions can be seen in figure 2, where we compare the results of the
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Figure 2. Comparison of the original LQCD form factors for By — D} [34] and their description in
this work using the parametrization of eq. (2.9). Both central values and 68% confidence level (CL)
bands show excellent agreement.

simpler parametrization in eq. 2.9 with the original lattice values in ref. [32]. The agreement

is once again excellent.

2.2 HQSS form factors

In HQET, for B, — Dy, one normally uses the following form-factor decomposition of the

transition-current matrix elements [35]

(Ds; 9" [c(0)9"6(0)|Bs; ) = \/ Mp,Mp, [h (w)(v! + v™) + h_(w)(v" —v™)], (2.10)

with hy related to fy and fy above through
1

= ———|(M M he — (M. — M h_
fr SNAIENT] S[( B. + Mp,) hy — (Mp, p.)h-]
w+1 w—1
= /Mg M _  h, — ——h_|. 2.11
fo =/ Mp,Mp, My, £ Mp. "~ My, = My, (2.11)

For B, — D7, the corresponding expressions for the vector-, axial- and tensor-current matrix
elements have already been given in eq. (2.8).

In ref. [35], all the above form factors have been computed in the effective field theory,
up to O(a,, Aqep/me,p) corrections, for the analogous B — D™ semileptonic decays. We
take advantage of this study and use the findings of ref. [35] to describe the By — Dg*)



form-factors. In the infinite heavy quark mass limit the form factors are given by the leading
IW function {(w) or they are zero. It is thus convenient to factor out the IW function and
define h;(w) = hi(w)/E(w), which, up to O(as, Aqop/mep) corrections, read [35]

- R A ~ w—1 A ~w—1
hAl = 1+asCA1+€c(L2_L5w+1> +€b<L1_L4w+1)7

ha, = asCa, + €.(L3 + Lg),
ha, = 14 Gas(Ca, + Ca,) + €c (Lo — Ly + L — Ls) + €, (L1 — Ly),
hy =1+ a,Cv; + e (Lo — Ls) + e (L1 — Ly),

~ R w—1 ~ ~

hT1 =14 &g CT1 + T(CTQ — CT?,)] + e.Lo + L4

~ L w+ 1 ~ ~

hr, = asT(CTQ + Cr,) + €cLs — e, Ly

hry, = 65Cr, + ¢ (Ls — L) (2.12)
N R w1 ~

hy =1+ a, CVl + T(CVQ + CVg) + (EC + Eb)Lb

~ L w+ 1 ~

h_ = aST(CVQ — CV3) + (66 — Eb)L4. (2.13)

The terms proportional to &s = as/m are perturbative corrections computed by matching
QCD to the HQET and, although dependent on w, they are independent of the light degrees
of freedom. The different C4 v, functions can be found in appendix A of ref. [35]. In addition,
€. are given by €., = A/(2m.), with A a low energy constant (LEC) of order O(Aqcp)
for which we take the value quoted in ref. [35]. The six w-dependent ﬁj functions can be
written in terms of just three sub-leading IW functions X2 3 and 7 (see eq. (8) in ref. [35])
for which the following near zero-recoil (w = 1) expansions are used?

Xo(w) = R2(1) + Xo(D(w = 1), R3(w) = x3(D)(w —1), nw) =n(1) +7'(1)(w - 1)(2.14)

Strictly speaking, A depends on the light-quark degrees of freedom. Thus, one expects some
SU(3) breaking that will modify its value compared to that used in ref. [35] for B — D)
decays. By keeping it the same, we reabsorb this change into the sub-leading IW functions
which, together with the leading one, also suffer from SU(3) breaking effects.

For the leading IW function £ we shall take the parametrization in ref. [43], where
one has that

E(w) =1 —8p°2 + (64c — 16p%)5? + (256¢ — 24p° + 512d)2° (2.15)

and
By = Yo t1-V2
Vot 1+V2

In addition, following ref. [43], we include the O[(Aqcp/me)?] corrections introduced in

(2.16)

ref. [44], which affect the form factors that are protected from O(Aqcp/me) corrections at
zero recoil. In our case, not only hy and h A, but also hy,. We shall use

hy = hy +E21(1), ha, — ha, +€12(1), hp, — by, + €2 13(1) (2.17)
3In the case of X3 one has that x3(1) = 0 from Luke’s theorem [42].
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Figure 3. Comparison of the original LQCD form factors for B, — D, [32] and B, — D* [33]
semileptonic decays and the HQET predictions after the fitting procedure described in the main text.

2.3 Fit of the SM-LQCD form factors to their HQSS/HQET expressions.

Treating the eleven HQET LECs p?, ¢, d, X2(1), X5(1), %5(1),n(1), 7' (1),11(1),12(1) and I3(1)
introduced above as free parameters, we can fit the LQCD form factors to their HQSS
expressions. We fit the thirty-three independent coefficients af , with F'= 4,0, A123,V,T12.3,
that expand the LQCD form factors. The fit minimizes a x? function, that in a simplified
notation we can write as

X* = (a;— 1;)Cy (ar — fr)- (2.18)
7k

Here, the sum is over all the expansion coefficients, for which the a’s represent their central
values, and the f’s stand for the expressions of the corresponding expansion coefficients in
terms of the p?, ¢, d, Xa2(1), X5(1), X5(1), n(1), (1), I1(1),l2(1) and I3(1) best fit LECs.
The f; terms are obtained in the following way: for the Dy case we first multiply the HQSS
form factors by the corresponding pole factors in eq. (2.6), and then we expand the result
in powers of the z variable defined in eq. (2.7). For the D} case, we directly expand the
HQSS form factors in powers of w — 1. The covariance matrix C is block diagonal, built
from the separate D, and D} covariance matrices compiled in tables 6 for B, — D, and
tables 9 to 13 for B, — D} transitions respectively.

Since the LQCD results come from simulations on the same ensembles, with the same lat-
tice actions and the same treatment of the chiral and continuum limits, we expect correlations



B, —» D | B, — D (unc) | e[B, — D] | B — D™ [43]
p2 1.29 + 0.06 1.26 £0.07 0.07 1.32 +0.06
c 0.63 +£0.24 0.53 +0.20 0.26 1.20+£0.12
d 0.15 £ 0.42 0.20 £0.37 0.42 —0.84 £ 0.17
%2(1) | —0.154£0.13 |  —0.16 +0.11 0.13 —0.058 + 0.020
(1) | —0.154£0.29 | —0.50 +0.39 0.45 0.001 = 0.020
(1) | —0.034£0.05 | —0.04+0.05 0.05 0.036 == 0.020
n(1) 0.07£0.12 0.13 +£0.17 0.13 0.355 £+ 0.040
77’(1) —0.81 £0.28 0.28 £+ 0.80 1.13 —0.03£0.11
11 (1) 0.04 +£0.53 0.16 + 0.53 0.54 0.14 +0.23
Ip(1) | —1.77+030 | —1.7540.30 0.30 ~2.00 + 0.30
I3(1) | —2.86 £0.44 —2.914+0.44 0.44

Table 1. Second column: mean values and uncertainties of the p2, ¢, d, X2(1), X5(1), X5(1),n(1)
and 7/(1) LECs obtained by fitting the B, — D LQCD form factors from refs. [32, 34] to their
O(as, Agep/mep) HQET expressions given in [35]. The first three parameters determine the leading
IW function, while the last five enter in the 1/m. ; sub-leading corrections. In addition, /;(1),73(1) and
I3(1) account for O[(Aqcp/m.)?] contributions [44], which affect the hy,ha, and hy, form factors,
respectively, which are protected from O(Aqcp/m.) corrections at zero recoil. Third column: results
from the totally uncorrelated fit, where we consider only the diagonal elements of the matrix C' in the
definition of the merit function of eq. (2.18). Fourth column: final total errors considered on the fitted
LECs and used in the evaluation of the uncertainty bands for derived observables. They are computed
by combining in quadrature the errors from the central fit (second column) with the magnitudes of the
differences between the mean values of the central and uncorrelated fits. Fifth column: results for the
analogous SU(3) fit carried out in ref. [43] to B — D) form-factor LQCD and experimental inputs.
Note a typo (global sign) in the numerical value of l2(1) given in the original table 1 of ref. [43].

p’ c d X2(1)  xe(1)  X3(1)  p(1) ') L) @A) (1)
P> 1.000 0.595 —0.288 —0.241 0231 0286  0.074 —0.063 —0.015 —0.015 —0.017
c 1.000 —0.839 —0.221  0.440 —0.057 —0.022 0.051  0.102 0.021  0.015
d 1.000  0.082 0.042 0330 0037 —0.050 —0.287 —0.018 —0.015
¢2(1) 1.000 —0.200  0.641 —0.222 —0.179  0.034 —0.009 —0.009
(1) 1.000 0284 —0.054 —0.053 —0.263 0.029 0.021
(1) 1.000  0.007  0.001 —0.263 —0.033 —0.030
n(1) 1.000 0211  0.125 —0.112 —0.085
' (1) 1.000 —0.103 —0.026 —0.019
1 (1) 1.000 —0.014 —0.010
Io(1) 1.000  0.293
I3(1) 1.000

Table 2. Correlation matrix of the p?, ¢, d, x2(1), ¥5(1), X5(1),n(1), 7'(1), I1(1), I2(1) and I3(1)
bestfit parameters after fitting the LQCD form factors from refs. [32, 33] to their O(as, Aqen/Me,b)
HQET expressions.



between as well as within them. Lacking information on the former, we also tried fits with
the D7 results taken as either fully correlated or fully anti-correlated with the Dy ones. That
is, we augmented the correlation matrix corresponding to C' with off-diagonal blocks for these
two extreme cases with all entries taken to be either 1 or —1. However, the new C matrices
constructed in this way had negative eigenvalues. We also explored partially correlated
scenarios (all matrix elements of the Dy — D} off-diagonal blocks set to r, with |r| < 1),
but we found positive definite covariance matrices only for very small correlations |r|, of the
percent order. Finally, we carried out a totally uncorrelated fit, where we considered only the
diagonal elements of the matrix C' in the definition of the merit function of eq. (2.18). That
is to say, in this fit we also switched off the separate D} and Dy correlations. The results for
the central fitted parameters and errors are given in the second column of table 1, while the
corresponding correlation matrix appears in table 2. The fit has x?/dof = 0.44. We see the c
and d coefficients are not determined with precision, which is probably a reflection of the large
uncertainties in the lattice By — D¥ form factors at high w values. Large uncertainties are
also seen in the parameters of the sub-leading IW functions and /;(1). The next column shows
the results from the totally uncorrelated fit (diagonal C' matrix) which has x?/dof = 0.32.
The two fits give compatible results. We take the magnitude of the differences between the
mean values of the central fit and those obtained in the uncorrelated (diagonal C' matrix)
fit as a further systematic error that we will combine in quadrature with the errors from
the central fit to get our final error estimate for each of the parameters. Their values are
presented in the next-to-last column of table 1. We retain the correlation matrix from the
central fit (table 2). Using these ingredients we construct Gaussian distributions which are
then used to compute 68% confidence level bands for derived observables.

In the final column of table 1, we include table 1 of [43], which contains the results for
the analogous fit carried out in that work to B — D®*) LQCD and experimental form-factor
inputs. For the two parameters that are better determined, p? and I»(1), we see small
variations, compatible with the expected SU(3) light-flavor breaking corrections (~ 25 —30%).
For the others, all of them evaluated here with sizeable uncertainties, the differences between
the central values in both fits are large. However, due to those sizable uncertainties, an
interpretation as genuine unexpectedly-large SU(3)-breaking effects is very much limited.

A comparison of the original LQCD form factors from refs. [32, 34] and the HQET
predictions after the fitting procedure just described is shown in figure 3. The LQCD
error bands are notably much wider in most cases and we see a good agreement, within
uncertainties, for all form-factors. The exception is hy for w values below 1.15 where the
error bands hardly overlap.

In the next subsection, we show the different ¢ —distributions that fully determine the
semileptonic B, — Dg*)T*DT transitions for polarized final tau-leptons [45, 46].
2.4 Visible kinematics of the sequential H, — H.7~ (7~ vy, p~vs, 0" yv;)U; decays

If the spins of the Hj . hadrons are not measured, the ideal experiment to obtain the maximum
information would be one in which both the momentum and spin (or helicity) state of the
7 lepton could be established. This is however not possible since the 7 is very short-lived.
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Thus, information about the Hy, — H.7~ 1, parent decay has to be accessed via the visible
kinematics of the 7 decay products.

We have considered the three 7 decay channels 7= — 77 v, p~ v, and £~ Dpv,, with
{ = p,e, that account for up to 70% of the total 7 decay width. Of the T-decay products,
only the charged particle d = 7—, p~ or £~ will be observed and, in the zero 7-width limit,
one can write the differential decay width [46-49]

d*T'y _ 5, Tse
dwdégdcosfy 4w

{Fod(w, £0) + Fii(w, &4) cos 03 + F(w, £4) Pa(cos Hd)}. (2.19)

As already mentioned, w is the product of the four-velocities of the H; and H. hadrons,
which is related to the four-momentum transfer squared ¢ through the relation ¢ = M? +
M"? — 2M M'w, with M(M') the mass of the Hy(H,) hadron. In addition, &y is the ratio
of the d charged particle and 7 energies measured in the 7 v, center of mass frame (CM),
while 04 is the angle made by the three-momenta of the d charged particle and the H, final
hadron, also measured in the CM frame (for the kinematics, see for instance figure 1 of
ref. [50]). By is the branching ratio for the corresponding 7 decay mode and P» stands for
the Legendre polynomial of order two. In addition, dI'sy,/dw accounts for the unpolarized
Hy, — H.m~ v, decay width that can be written as [50]

2

dlsy,  G%|Vep|? M3 M> m2\2
= s Ve =1(1- q—;) no(w), (2.20)

with G the Fermi decay constant and V,; the corresponding Cabibbo-Kobayashi-Maskawa
matrix element. The ng(w) function contains all the dynamical information, including possible
NP effects. Finally, the Fg 5(w,&4) functions read [46]

Fg(wa fd) = Cg(wv Sd) + C%L (w, fd) <PEM>(°‘))7
Fil(w, &) = C4,., (@, €a) Arp(w) + CF, (w,&a) ZL(w) + Cp,(w, &) (PFY) (@),
Fil(w,€1) = Ch, (w,€a) AQ(w) + CF, (w, &) Zo(w) + CF (w,&a) Z1 (w). (2.21)

with Cg(w, &q) kinematical coefficients that are decay-mode dependent and whose expressions
can be found in appendix G of ref. [46]. The rest of the observables in eq. (2.21) represent
spin ((PLCI\T/I)(W)), angular (Arp,(w)) and spin-angular (77, g | (w)) asymmetries of the
Hy, — H.1v, parent decay [46]. In the absence of CP-odd contributions, these asymmetries,
together with dI'sr,/dw, encode the maximal information obtainable if one could directly
analyze the polarized H, — H.Tv, transitions (see ref. [45] and especially eq. (3.46) of ref. [46]
and the related discussion). All the above observables (ng, <PEI\14>, Arpg and Zp g 1) are
determined by the matrix elements of the b — ¢ current between the initial (H}) and final
(H.) hadrons. After summing over hadron polarizations the hadron tensors can be expressed
in terms of Lorentz scalar structure functions, which depend on ¢ or equivalently on w, the
hadron masses and some Wilson coefficients if physics beyond the SM is considered. Lorentz,
parity and time-reversal transformations of the hadron currents and states limit their number,
as discussed in detail in ref. [51]. The discussion of subsection 2.2 of ref. [46] shows how
to get the unpolarized dI'gr,/dw distribution and the tau spin, angular and spin-angular
asymmetries in terms of general structure functions which can be obtained from the matrix
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Figure 4. dl's;,/dg? differential decay width, divided by I',, = I'(B; — D*u~1,), and the different
tau-asymmetries introduced in eq. (2.21) for the semileptonic B, — D7, decay. We compare the
results evaluated with the SM-LQCD form factors from refs. [32, 33] and with the SM-HQET form
factors obtained after the fitting procedure described in subsection 2.3.
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elements of the relevant hadron operators. The matrix elements are in turn parametrized
in terms of form-factors. The findings of refs. [46, 51] are quite general and can be applied
not only to the SM but also to any extension of the SM based on the low-energy effective
Hamiltonian comprising the full set of dimension-6 semileptonic b — ¢7v, operators with
left- and right-handed neutrino fields.

For pseudoscalar meson decay into pseudoscalar or vector mesons, the relations between
structure functions and form factors can be found in appendix B of ref. [52].

In figures 4 and 5 we show, for the B, — D} and By — D, semileptonic decays respec-
tively, the results for the SM dI'/dq? differential decay width and the different asymmetries,
introduced above, that can be obtained from the measurement of the visible kinematics of the
charged 7-decay product. Only the differential dI'/dg? distribution was shown in the original
LQCD work of ref. [32] ([34]) for Bs — Ds (Bs — D?). The tau forward-backward angular
App and spin (PSM) asymmetries were also presented for By — D} in ref. [33] but with
lattice form factors that have now been superseded by the new ones evaluated in ref. [34].
The rest of the observables are shown here for the very first time for the SM in figures 4 and 5
and for some extensions of the SM in the next section. As for figures 4 and 5, they have been
evaluated both with the SM-LQCD form factors from refs. [32, 33] and with the SM-HQET
form factors obtained in subsection 2.3. The two results agree within uncertainties in all cases.

All this gives us confidence in the quality of the fitted HQET IW functions so that we
can go a step further and use the relations in ref. [35] to obtain in addition the HQSS scalar
and pseudoscalar form factors of the two By — Dg*) semileptonic transitions and the tensor
one for the By, — D decay . Such a scheme relies on eqs. (14) and (15) of ref. [35] and it
also properly includes short-distance and 1/m.p [O(os, AQep/meyp)] corrections for the NP
form-factors. Using the full set of HQSS form factors we can address, in the next section,
the possibility of NP effects in these two decays.

3 New physics effects in B, — Dg*)T_I/T semileptonic decays

Following ref. [53], to account for NP effects in a model independent way, we shall take
a phenomenological effective field theory approach in which we consider all dimension-six
b — ¢, semileptonic operators (see section 3.1 below). These effective low energy operators
are assumed to be generated by BSM physics that enters at a much higher energy scale.
Their strengths are governed by Wilson coefficients (WCs) that can be fitted to experimental
data. This data typically includes the R .y = I'(B — D®7~1,.)/T(B — D®)yu~p,) ratios,
the tau longitudinal polarization asymmetry and the longitudinal D* polarization (also
measured by Belle [5, 54]), the 7 forward-backward asymmetry and the upper bound for
the B. — 77, decay rate [55]. There have been a large number of calculations along these
lines, for the B — D™ [35, 43, 45, 52, 53, 56-71], B, — J/v,n. [22, 24, 52, 72, 73], Ay —
A [43, 45,51, 63, 74-87] and* Ay — A.(2595), A.(2625) [79, 88, 89, 92-95] semileptonic decays.

“The isoscalar A.(2595) and A.(2625), with J© = 1/27 and 3/27 respectively, are promising candidates
for the lightest heavy-quark-spin doublet of negative-parity charmed-baryon resonances [88-90], although
some reservations are given in [91]. Experimental distributions for the semileptonic decay of the ground-state
bottom baryon A into both excited states would definitely help shed light on this issue [90].
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Here, profiting from the lattice determination of the By — Dy SM form factors [32] and
the B, — D’ SM and tensor form factors [34], together with the HQET study of B — D)
form factors in ref. [35], we have obtained all the B, — DS form factors needed for a similar
study of the By — Dg*)TDT semileptonic decays. If NP is responsible for LEFUV, one would
expect to see its effects in these reactions at a level similar to that found in the analogous
B — D™ decays. In addition to the Ry = B — Dg*)TDT)/F(Bs — Dg*)fﬂg) ratios, we
will investigate the role that the different asymmetries presented in subsection 2.4 could
play in establishing the presence of LFUV and, if experimentally confirmed, to distinguish
between different extensions of the SM.

3.1 H, — H./{ v, Effective Hamiltonian

The effective low-energy Hamiltonian that we use follows ref. [68] and it includes all possible
dimension-six semileptonic b — ¢ operators with both left-handed (L) and right-handed
(R) neutrino fields,

_ AGRVy
V2

+ CLROLR + ChrOkp + CZROTR + CRRO%R + CgROER} + h.c.. (3.1)

Heg {(1 +CY)O) L+ ChOkp + C2LOf L + CRLO%, + CL 0L,

Here, the C’ffB (X =S,V,T and A, B = L, R) are, complex in general, Wilson coefficients
that parameterize the deviations from the SM. They can be lepton and flavor dependent
although they are generally assumed to be nonzero only for the third quark and lepton
generation. The dimension six operators read

Ote.myr = @ b r) (Cyver), O gy = (€brr)(Ever),  Ofp = (€™ br)(lowvir),

(3.2)
OtLryr = (EV"bL.r)(vuver), O pyr = (€br.r)(Lvir), Oy = (€™ br)(louvir),
(3.3)
with ¢r 1, = (1 £75)1/2. The effective Hamiltonian can be rewritten as [46]
4GrV, _ - _ -
Hyg = % Z [C(C’;{/’y“ + hXC)?'y“%)b Iyuviy + ¢ (Cf + hXC)I:%)b Iyuviy
x=L,R
—|—C’§ cot (1 + hyvs)b louviy] (3.4)
with h;, = —1,hg = +1 and
Cp =(1+Cpp +Chy), Cp = (1+Cfp, — Cly),
C7 = (CPL+ CRy), Cf = (Cp — CRr), Ci =Cir,
1% 14 1% A Vv v (35)
Cr =(CLr+ Cgp), Cr = —(CLr — Crr),
Cp = (CIr+ Cip), Ck = —(Cir—Cqr);  Ck=Ckp,

We shall compare results obtained in the SM and in three different NP extensions. The
latter correspond to the L Fit 7 of ref. [43], where only left-handed neutrino operators are
considered, the R S7a scenario of ref. [68] with only right-handed neutrino operators, and
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the left-handed neutrino L Ry leptoquark model of ref. [66], for which the two nonzero WCs
(C2; and CT;) are complex.® In this latter case the effective Hamiltonian violates CP.

None of the observables dI'sy, /dw, <PE¥>, Appgand Z, g | entering egs. (2.19) and (2.21)
are sensitive to CP-symmetry breaking terms [45, 46]. Hence, we will also show results for
the L Ry leptoquark model of ref. [66] for other distributions, related to the tau polarization
component (Ppr) along an axis perpendicular to the hadron-tau plane [45], which could be
accessed if one could further measure the azimuthal angle (¢4) of the charged d particle (see
figure 1 of ref. [50]). Note that in the differential distribution given in eq. (2.19) this angle
has been integrated out since measuring ¢4 would require a full reconstruction of the tau
three-momentum. The latter can be circumvented through the analysis of distributions that
also involve the decay products of the H. hadron. Thus, some CP-odd observables have been
presented for B — D* and A, — A decays in refs. [58, 59, 61, 71] and refs. [83, 85] respectively.

As already mentioned, we refer the reader to ref. [46], and references therein, for a
full account of our formalism.

3.2 Partially integrated sequential H, — H.7~ (7~ vy, p~vr, 0 vy )U; decay
distributions

The feasibility of NP studies can be severely limited, however, by the statistical precision
in the measurement of the triple differential decay width of eq. (2.19). One can increase
statistics, at the expense of losing information in some of the observables, by integrating over
one or more of the w, &y and 04 variables, although in this case not all observables entering in
eq. (2.21) can be extracted. In this way one can obtain the distributions [50]

d’T dlgy,
— 28
dwdy 4w

{Cl(w, &) + CF, (@, €0) (PEM)() }, (3.6)
from which only dI'gr,/dw and the CM 7 longitudinal polarization can be extracted, or

dwdcosfy 4w

T Psprl = ~
¢Ta B, LSt [§+Ff1(w) cos 04 + F3 (w) Pa(cos ), (3.7)

with

lild(w) = O, (W) App(w) + CF, () Zr(w) + Cp, (W) (PFM) (w), (3.8)
Fi(w) = C4, (@) Ag(w) + CF, (w) Zo(w) + CF, () Z1(w),

which retains information on dl'sy,/dq? and six out of the seven original asymmetries. The
latter cannot, however, be extracted from the knowledge of F{! and Fy alone.
One can further integrate over w to obtain [50]

dl'y
dcos by

1 ~ ~ -~ ]_ Wmax dr ~
= Bal'sr, [5 + Flcos Oy + F3 Py(cos Hd)} , FﬁQ =_ /1 df}L Ff{Q(w) dw.
(3.10)

5The numerical values that we use for these two WCs can be found at the beginning of subsection 4.2.1 of
ref. [45].
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and

dl'y /WS‘JP(Ed)d 1 dlgg,

Sod _ o d ) pPM 11
ag, =20 e Ol ) + O &) (PR @) 31

where v = (¢2 + m2)/(2m,+/q?) and, in the latter case, the appropriate w limits can be
found in ref. [50].

Although the information on the individual asymmetries is now completely lost, the
above two distributions could still be useful observables in the search for NP beyond the SM.

3.3 NP results and discussion

3.3.1 LFUYV ratios, unpolarized differential decay widths and tau angular,
spin and spin-angular asymmetries

We start by showing, in table 3, the values for the semileptonic decay widths I'; = F(Bs —
Dg*)TDT) and I'y = T'(B, — Dg*)@g), with £ = e, u, and the corresponding R ratios,
evaluated within the SM and the three NP extensions, L Fit 7 of ref. [43], R S7a scenario
of ref. [68] and the L Ry leptoquark model of ref. [66], considered in this study. Our results
for the SM ratios are compatible with those obtained using a dispersive matrix approach
in [96]. Both use HPQCD lattice data, but our values make use of the updated values
from [34]; we find that the agreement is closer if we base our analysis on the same HPQCD
inputs [32, 33] as used in [96].° For the first two NP models, we clearly see the ratios deviate
from the SM prediction.” Their central values are higher than SM ones, with the highest one
corresponding always to L Fit 7, which leads to ratios around 50 above the SM predictions.
The results are similar to those obtained in ref. [50] for the analogous B — D®) decays
(see table 3 of that reference). In the L Ry case, Rp: is larger than the SM value while
Rp

., is lower and compatible within errors.

In figures 6 and 7 we show now the values for the ng(w) function introduced in eq. (2.20),
which contains all the dynamical information of the dl'sy,/dw differential decay width, and
the set of tau spin, angular and spin-angular asymmetries introduced in eq. (2.21). Most of
the observables allow for a clear distinction between SM and L Fit 7 results, the exception
being the CM longitudinal spin asymmetry (PM) for the Bs — D? decay. In fact, these
observables also differentiate between L Fit 7 and the other two NP scenarios. With few
exceptions, notably the Zg and Z| asymmetries for the B, — D, decays, the R S7a and
L Rs NP scenarios tend to agree within errors and they are closer to the SM, especially
in the case of the L Ry model.

As already mentioned, none of the observables shown so far is sensitive to CP breaking
terms. To measure those one needs to analyze the CP violating triple product asymmetries
that involve the decay of the H. hadron [58, 59, 61, 71, 83, 85], or otherwise to be able to
fully establish the tau three-momentum. In the latter case, one has access to the (PaM)(w)

5The updated HPQCD results in [34] have been used in the dispersive matrix method for B — D*
semileptonic decays in [97], but not yet used for By — Dj.
"The LQCD results in refs. [32] and [34] are RD" = 0.2993(46) and R%I:f = 0.265(9), which are in excellent

agreement with the prediction quoted in table 3 obtained with the HQET parameterization of the B, — D¢
form-factors.
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Figure 6. Distribution ng from eq. (2.20) and the tau asymmetries introduced in eq. (2.21) for the
B, — Ditv, decay. We compare the results for these observables obtained in the SM and the NP
models L Fit 7, R S7a and L Ry of refs. [43], [68] and [66], respectively. We use the HQET form-factors
derived from the LQCD form factors obtained in refs. [32, 34].
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SM L Fit 7 [43] R S7a[68] L Ry [66]
0.93700%

B,— D, | I'n | 0274001 0364002 0.3067392 0.25979:022

Distribution Rp, | 029570010 038710075 0.329700°T  0.27915:078
1914010

B, — D | T, |0507t5:018  0.60579925 0.58110:93L  0.55470:920

Rp- | 0.2657000  0.31670:012  0.30470015  0.290 £ 0.019

Table 3. Semileptonic decay widths I', = I'(B, — Dg*)TDT) and I'(,) = I'[Bs — D e(p)Ve(y] (in
units of 10 x |Vep|?*ps~!) and ratios Rpwm = I'(Bs — Dg*)TDT)/F[BS — D e(ft)Ve(y)] obtained using
the SM-HQSS form factors, the NP model L Fit 7 (R S7a) of ref. [43] ([68]), which only includes left-
(right-)handed neutrino NP operators and the L Rs leptoquark model of ref. [66]. Errors induced by
the uncertainties in the form-factors and Wilson coefficients are added in quadrature.

observable, which gives the component of the CM tau-polarization vector along an axis
perpendicular to the hadron-tau plane (see egs. (3.14), (3.24) and (3.25) of ref. [45]). Among
the different NP extensions considered in this work, only the L. Ry leptoquark model of ref. [66],
with complex Wilson coefficients, can generate a nonzero value for the (PSM)(w) distribution.
In this NP model, the two nonzero WCs C’f 5, and C’rfL are given, at the bottom-mass scale
appropriate for the present calculation, in terms of just the value of C’TLFL at the 1TeV scale,
where C?; (1 TeV) = 407, (1 TeV), and the corresponding evolution matrix (see ref. [66]). The
best fit of the WCs to the B-meson LEUV signatures does not fix the sign of the imaginary
part of C7,(1TeV). Contrary to the other observables considered so far, (PSM)(w) is linear
in this imaginary part and thus its measurement would break this degeneracy. The results
for (PEM)(w), using both possible signs for Im[CT; (1 TeV)], are shown in the upper panels
of figure 8 for the B; — D7 (left) and Bs — D; (right) decays respectively. We see that the
absolute value of this distribution is around one order of magnitude larger for the pseudoscalar
than for the vector decay modes. An observation of a nonzero (PSM)(w) value will be a clear
indication of the existence of NP beyond the SM and CP violation.

In the bottom panel of figure 8 we show the degree of polarization of the tau
(P?)(w) = (P} + P} + Ppr)(w) (3.12)

which is a Lorentz invariant quantity. As shown in ref. [45], this is exactly —1 for 0~ — 0~
transitions, reflecting the fact that for such decays the outgoing taus are fully polarized. Thus
we only present the results for the B, — D} decay. As seen from the figure this observable,
which is sensitive to CP-odd terms in the effective Hamiltonian, discriminates very efficiently
between different NP models and the SM.

3.3.2 Distributions of charged tau decay products

In figures 9 and 10, we give the products no(w)ﬁl‘{Q(w) (egs. (3.8) and (3.9)) that can be
obtained from the measurement of the double differential decay width dI'y/(dw d cos6y)
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Figure 8. Upper panels: (P&M)(w) for the B, — D? (left) and B, — D, (right) decays evaluated
with the L Ry leptoquark model of ref. [66]. Bottom panel: comparison of the (P?)(w) distribution
obtained in the SM and the NP extensions L Fit 7 [43], R S7a [68] and L Ry [66].

corresponding to the By — Dg*)T_(Tr_VT, P Vr, WUy ) Uy sequential decays.® In most cases,

with the main exception being the 7 — pv; decay mode for the By — D? decay, the
predictions from the L Fit 7 model are clearly distinguishable from the ones obtained in the
SM and the other two NP scenarios. The SM and the latter two NP models give results
that agree within errors.

A similar situation is seen in figure 11, where we display the normalized [By['sp]™1dl'4/d
cos 4 angular distribution for the B, — Dg*)T* (7~ v, p v, ;fD#VT)ﬂT sequential decays.
Again, with the exception of the p channel for the B, — D! decay, we see that the L Fit 7
NP scenario of ref. [43] can be distinguished from the SM and the other two NP scenarios.
This is most clearly seen for forward and backward angles of the pion and rho mesons from
the hadronic 7-decay modes in the parent B, — D, semileptonic decay. As for the R S7a
scenario of ref. [68] and L Ry Fit of ref. [66], their corresponding distributions are compatible
with the SM and among themselves within errors. In fact, for the L Ry model, the central
values are very close to the SM ones. These behaviors derive from the ones seen for Fib(w) in
figures 9 and 10 and they are also seen in the corresponding ﬁ'f{Q coefficients that we give
in tables 4 and 5 for the leptonic and two hadronic 7-decay channels, respectively. These
latter coefficients are obtained after integrating over w the ﬁldg(w) functions, as indicated
in eq. (3.10), and depend on the tau-decay mode. For L Fit 7, we generally find that one
coefficient, or both, is always very different from SM and other NP model values. For the

8The spin analyzing power makes the pion tau-decay mode a better candidate than the leptonic or rho
modes for the extraction of information on the spin and spin-angular asymmetries (see discussion of eq. (2.11)
of ref. [50]).
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Figure 10. Same as figure 9 for the B, — Dyt (T~ vy, p~ Vs, 0~ V17 )V sequential decays.

R S7a scenario, they are compatible with SM, within errors, and they are very close to
the SM ones in the L Ry case.
Finally, in figure 12, we present the results for the dimensionless distribution

mr dl’ d

FUEy) = it 2

(3.13)

which contains all the relevant information on the dI'g/dEy energy differential decay width.
For all three tau-decay channels considered. It is normalized as

1oEr 1
— / AEaF(E) = 5, (3.14)

My Jprin
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Table 4. Predictions for the angular moments ﬁf 5 for the B, — Dg*)T(MD#V.,-)ZZ,- sequential decay

B 23
SM —0.060879:909%  —0.0360 + 0.0006
Bs— D, | Lfit7 | —0.030735%  —0.0777759521
R fit S7a | —0.037052 —0.028 £ 0.003
LRy | —0.05797000%  —0.03687000%2
SM —0.128T0503  —0.0042 £ 0.0010
B, —Df | LFit7 | —0.175705%  —0.0001 £ 0.0011
RS7a | —0.100%50%  —0.0036100019
L R, —0.11115:007  —0.0038 £ 0.0010

evaluated in the SM and the same NP scenarios considered in table 3.

Table 5. Predictions for the angular moments ﬁlﬂ ’5 for the BS — Dy

Fr FJ a FY
SM 0.5443T05072  0.0794 4 0.0014 | 0.3247150507  0.0428 + 0.0008
By — D, | Lfit7 0.1670-2 0.171+5-002 0.0919-08 0.09187J 5016
R fit S7a | 0.45%9:95 0.05315:002 0.28575:012 0.0267505%
L Ry 0.519+9-09 0.0807 9502 0.3107050%  0.043175:95%%
SM 0.258 £0.006  0.01070H03 0.078 +0.007  0.0055 + 0.0014
By — D | Lfit7 | 030275002  0.0014£0.003 | 0.071735%  0.0006 + 0.0016
R fit S7a | 0.17175:057 0.00815-052 0.04015:935  0.004219-0927
L Ry | 0.246+0.007  0.00979:95 0.08370:995  0.0047 + 0.0014

()

evaluated in the SM and the same NP scenarios considered in table 3.
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but its energy dependence is still affected by the CM 7 longitudinal polarization (PEM)(w).
However, as seen in figure 12, for the B, — D} parent decay, all NP scenarios considered
are compatible with SM predictions, and among themselves, within uncertainties, while
for the By — D, the distribution obtained from the L Fit 7 NP model of ref. [43] can be
distinguished from all other predictions.

4 Summary

We have used the results of the lattice evaluation of the SM form factors for the By — Dy [32]
and the SM and tensor form factors for the By — D7 [34] semileptonic decays, together with
their NLO HQET expansions in ref. [35], to obtain in addition the scalar and pseudoscalar
form factors of both transitions and the By — D tensor matrix element, all of them also
needed for an analysis of NP effects on both semileptonic decays. We have compared results
evaluated within the SM and three different NP extensions that have been previously used in
the study of other CC b — ¢ transitions. We find effects similar to those obtained for the
SU(3)-analogue B — D™ decays. We have evaluated the corresponding Rp, and Rp: ratios
which, as in the B — D™ case, should be the easiest LFUV observa(bl)e to measure. We have
S

not only in establishing the existence of NP, but also in distinguishing between different NP

also analyzed the role that different tau asymmetries in the By — Ds” 7~ decay could play,
extensions of the SM. We have studied partially integrated angular and energy distributions
of the charged particle produced in the subsequent 7= — 7~ v7, p~vr, €™ (17 ) Ve vr decays.
The latter differential decay widths have a better statistics than the asymmetries themselves
and they could also help in establishing the presence of NP beyond the SM.

If NP is responsible for LFUV it should show up in By — Dg*) semileptonic decays at
the same level as for the B — D®) ones. The analysis of this transition, as well of other CC
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0

0

0

+

+

) ai as ) ay
0.674 £0.009 —0.238£0.218 —0.13+1.61 0.764+0.018 —3.044+0.43
a 1.00 0.117 —0.074 0.567 —0.011
al 1.00 —0.062 0.421 —0.030
a$ 1.00 —0.145 0.229
ag 1.00 —0.726
ay 1.00

Table 6. Central values and errors (first row) of the a?”L coefficients of the new f, o parametrization
introduced in eq. (2.6) and their corresponding correlation matrix. Note that a; is fixed through the

condition fo(0) = f+(0).

ha, ha, ha, hy
ap  0.907£0.010 —0.333£0.120  1.14+0.13  1.25+0.04
a; —1.01£0.09 —0.066+0.639 —0.649 %0539 —1.51+0.26
ay 037940435 0.065+0.948 —0.200%0.853 0.507 = 0.752
as  0.2754+0.817 0.007+0.989 —0.101+0.961 0.373 + 0.938

Table 7. Central values and errors of the al” coefficients of the new parametrization ((w—1) expansion)
introduced in eq. (2.9) for the ha,,ha,,ha, and hy form factors.

b — ¢ mediated decays, could then help in establishing or ruling out LFUV.
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A Mean values and covariance matrices of the a; coefficients in egs.
(2.6), (2.7) and (2.9)

As discussed in the main text, we have changed the parametrizations in refs. [32, 34] and
adopted new ones in order to facilitate the fitting of the form factors to their HQSS expressions.
Statistical details of the new coefficients are collected here in tables 6-13. For each entry in
the tables below, we provide three significant digits but neglect order 10~° or smaller.
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hr, h, h,

ap  0.933£0.015 —0.152 £ 0.045 —0.027 +0.149
a; —1.09+£0.10 0.231£0.286 0.106 = 0.661
az 0.512£0.473 0.449+0.892 0.019£0.939
az 0.138£0.858 0.244+0.979 0.005 £ 0.988

Table 8. Central values and errors of the af” coefficients of the new parametrization ((w— 1)-expansion)
introduced in eq. (2.9) for the hp,, hy, and hp, form factors.

I T T T R R T T
ad’ 1.00 —0.160 0.0523 —0.0128  0.0144 —0.0177 —0.0037 —0.0008  0.0469 —0.0055  0.0039  0.0041
aft 100 —0.6252 0.2511 —0.2650 0.1381 0.0124  0.0011  0.3039 —0.1410 —0.0879 —0.0342
ag? 100  —0.7071  0.0971 —0.1797 —0.0207 —0.0108 —0.1326  0.2761  0.0374 —0.0025
ag? 100 0.0646 —0.0750  0.0113  0.0141 —0.0550  0.0006  0.1622  0.0921
ag? 100 —0.3542 —0.0309 —0.0108 —0.8365  0.4847 —0.0390 —0.0365
af? 100 —0.2141 —0.0479  0.1783 —0.5943  0.0635  0.0510
ag? 100 —0.0478  0.0824 —0.0981 —0.1070 —0.0465
ag? 100 0.0310 —0.0212 —0.0592 —0.0289
ag’® 1.00  —0.5695 0.1206  0.0622
aj'® 100  —0.4675 —0.1211
ag? 100 —0.1682
ay? 1.00

Table 9. Correlation matrix for the (w — 1)-expansion coefficients of the hy,, ha, and ha, form
factors.

P A oy
ay 1.00 —0.526  0.251 0.0672
ay 1.00  —0.720 —0.0557
ay 1.00 —0.307
ay 1.00

Table 10. Correlation matrix for the (w — 1)-expansion coefficients of the hy form factor.

Aq Aq Aq Aq Ag Ao Ao Az Az As
ag aj ay ay ag aj ay a; ay aj

ay  0.0695 —0.0034 —0.0023 —0.0029 0.0187 —0.0044 —0.0054 —0.0024 —0.0022 0.0072 —0.0024 —0.0011
Y 0.0151 0.0181 0.0034 —0.0045 0.0149 0.0137 0.0015 0.0003 —0.0120 0.0054 0.0023  0.0013
a¥ —0.0094 —0.0045 0.0107 0.0057 —0.0018 0.0137 0.0093 0.0041 —0.0043 —0.0021 0.0060  0.0031
1%
3

As

As
g

az

—0.0032 —0.0022 0.0040  0.0028 —0.0017 0.0051  0.0038 0.0017 —0.0009 —0.0009 0.0023  0.0011

Table 11. Correlation matrix for the (w — 1)-expansion coefficients of hy and ha,, ha, and ha,
form factors.
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a,gl (LTI a,ZTl a,3T1 (ng oLlT2 a,;2 a? a,g" a? (/IZTz (1,?;3
al' 1.00 —0.230 0.0740 —0.0056  0.0593 —0.0300 0.0044 0.0025 0.0252 —0.0101  0.0030  0.0027
alt 1.00  —0.633  0.208 0.0328 0.0912 —0.0629 —0.0285 0.304 —0.154 —0.0689 —0.0272
al’ 1.00  —0.645 —0.0483 0.0569 0.112  0.0456 —0.136  0.293  0.0586 0.0134
alt 1.00  0.0025 —0.0379 0.0511 0.0306 —0.0511 0.0546 0.0738  0.0389
al? 1.00  —0471 0130  0.0347  0.0446 —0.0400 —0.0140 —0.0051
ol 1.00  —0.589 —0.0819 0.0828 0.0552 0.0017 —0.0022
al® 1.00  —0.0957 —0.0427  0.135  0.0491  0.0192
al? 1.00  —0.0212 0.0615 0.0239  0.0097
als 100 —0.573  0.0128  0.0227
aj® 1.00 —0.336 —0.111
ol 1.00  —0.0548
al® 1.00

Table 12. Correlation matrix for the (w — 1)-expansion coefficients of the hrp,, hp, and hp, form
factors.

Ty Ty Ty Ty T T> T T T3 T3 T3 T3
ag ay a; as ag ay a; as ay ay as ag

a{;“ 0.289 —0.0368 0.0078 —0.0004 —0.0098 —0.0112 —0.0003 —0.0004 0.0005 —0.0001 0.0018  0.0010
afh —0.0123 0.210 —0.0882 —0.0290 0.0170 0.0175 0.0028 0.0022 0.0534 —0.0048 —0.0028 —0.0015
a’241 —0.0018 —0.0940 0.185 —0.0099 —0.0121 0.0043 0.0040 0.0016 —0.0047 0.0373 0.0256  0.0126
a?l —0.0016 —0.0243 —-0.0214 0.0842  0.0008 0.0083 —0.0120 —0.0075 —0.0006 0.0219 -0.0178 —0.0116
agh 0.0095 —0.0794 0.0079 0.0066 0.0053 —0.0095 —0.0054 —-0.0034 —0.189  0.0284 0.0124  0.0052
(1,‘142 0.0000  0.0200 —0.0534 —0.0228 —0.0012 —0.0048 0.0113  0.0059 —0.0112 -0.110 —0.0261 —0.0079
a?z —0.0019 —0.0079  0.0034  0.0051 —0.0027 —0.0012 0.0042 0.0020 0.0102 —0.0312 —0.0100 —0.0037
a?z —0.0009 —0.0050  0.0040  0.0040 —0.0013 —0.0003 0.0016  0.0007 0.0052 —0.0111 -0.0041 —0.0016
a{;‘3 0.0179  0.0881 —-0.0170 —0.0105 0.0023 0.0100 0.0052 0.0034 0.205 —0.0254 —0.0119 —0.0050
a‘f“* 0.0004 —0.0160 0.0690 0.0316 0.0011 0.0125 -0.0105 —0.0061 —0.0541 0.119 0.0260  0.0074
a2A3 —0.0051 —0.0287 0.0593  0.0050 —0.0047 0.0051 -0.0023 -0.0018 -0.0031 0.0178 0.0131  0.0063
agh —0.0020 —0.0138 0.0270  0.0007 —0.0026  0.0020 —0.0005 —0.0005 —0.0002 0.0029 0.0054  0.0029
ay  0.0694 —0.0022 —0.0003 —0.0009 0.0304 0.0021 —0.0006 —0.0002 0.0043 0.0132  0.0036  0.0013
al  0.0041 0.0141 0.0027 —0.0028 —0.0012 0.0127 —0.0025 —0.0014 —0.0106 0.0030  0.0033  0.0016
ay —0.0075 —0.0023 0.0091 0.0049 —0.0039 0.0018 0.0062 0.0026  0.0032 —0.0043 —0.0029 —0.0014
ay —0.0026 —0.0012 0.0034 0.0025 —0.0015 0.0005 0.0028 0.0012 0.0018 —0.0019 —0.0015 —0.0008

Table 13. Correlation matrix for the (w — 1)-expansion between the hr,, hr, and hrp, and the
ha,, ha,, ha, and hy coeflicients.
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