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ABSTRACT: In this paper we study the bounds that can be inferred on New Physics couplings to
heavy sterile neutrinos N from the recent measurements performed by the Belle collaboration
of the angular analysis of B — D*{i; decays, with £ = e, u. Indeed, a sterile neutrino N may
lead to competing B — D*/N decays and Belle might have measured an incoherent sum
of these two independent channels. After reviewing the theoretical formalism required to
Belle
distribution to search for evidences of an additional massive neutrino. We found in such a

describe this phenomenon in full generality, we first perform a bump hunt in the M2,

way a small hint at M2, ~ (354 MeV)2. However, the Belle angular analysis is sensitive to

miss
N masses up to O(50 MeV), preventing us to further inspect this hint. Nevertheless, we study
the potential impact of this additional channel in the allowed mass range on the measured
angular distributions and extract model-independent bounds on the new-physics couplings
which could mediate such an interaction. In particular, in the mass window here inspected,

we obtain the most stringent bounds for vector and left-handed scalar operators to date.
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1 Introduction

In the last decade, several measurements of the semileptonic decays Lepton Flavour Uni-
versality Violating (LFUV) ratio
BR(B — DWrp)

have been performed by the BaBar [1, 2], Belle [3-7], LHCb [8-10] and Belle II [11] collabora-
tions, resulting in a ~ 30 tension [12] obtained by HFLAV when confronted with an average
of most of the latest SM predictions [13-18]. A recent analysis incorporating novel insights
into form factors, even finds a tension of 4.4c with the Standard Model (SM) [19]. Moreover,
the semileptonic B — D™)¢i decays with light charged leptons have been among the main
decay channels used for the exclusive determination of the |V| Cabibbo-Kobayashi-Maskawa
(CKM) matrix element. In this context, the most precise determinations of the differential
distribution rates come from the Belle [20] and Belle II [21] collaborations. Even more
interestingly, the Belle collaboration recently released, for the first time, the measurement of
the full angular differential distribution of B — D™)¢p decays with £ = e, u [22].

In order to explain the measured discrepancy in the LFUV ratios, the usually explored
approach consists in studying New Physics (NP) extensions of the SM which included the
addition of new fields mediating the b — cfv transitions, for a recent review see e.g. ref. [23]



and references therein. However, another equally interesting NP scenario capable to explain
these deviations consists in introducing new states not as mediators, but as actual final states.
Indeed, if one extends the SM by the inclusion of Heavy Sterile Neutrinos (HSN), N, the
observed b — /v decays could actually result as the incoherent sums of two independent
channels: on the one hand, the purely SM transition b — ¢fvp; and on the other hand, a
genuine NP decay induced, if kinematically allowed, by the HSN, i.e. b — ¢/N. If the HSN
couples (mainly) to taus, this new channel enhances the values of both LFUV ratios, therefore
providing a viable explanation of the measured anomalies, as studied in refs. [24-30].

Nevertheless, even if one is not interested in employing HSN as a means to address the
LFUV anomalies, the study of HSN and their interaction with heavy quarks is interesting in
its own right. The increasing amount of data on B — D*{v decays can offer rich information
regarding HSN extensions of the SM. Indeed, the presence of an HSN will not only have
an impact on R(D™), but also on the increasing amount of information collected from the
several differential measurements performed in refs. [20-22].

In this context, the object of this paper is to study the potential impact of HSN on
the measurements of the angular B — D*{v distribution, fully performed for the first time
in the recent ref. [22], with light leptons in the final state. We will carry out our analysis
in a model-independent way, i.e., we will be agnostic regarding the UV completion behind
the possible origin of such a new particle. To this end, we will employ the following dim-6
effective Hamiltonian below the electroweak scale, where the top quark and the Higgs, Z
and W bosons have been integrated out [27]:

4G - _ _
Het = TQF‘/CZ) [(QWbL)(ﬁL’Y“W,L) + ggf(ER’mbR)(ﬁR’}’“NR) + g%E(ERbL)(ﬁLNR)
+ g9 (eLbr) (CLNR) + g (eLaWbR)(ZLaWNR)] +he., (1.2)
where ¥ ry = Pt with Pppy = 14;75’ we used the convention o, = %[w, Y], GF is the

Fermi constant and Vg is the CKM element mediating b — ¢ transitions. In the effective
Hamiltonian above the first operator mediates the SM transition describing the B — D*{y,
decay, while the remaining ones are genuine NP operators responsible of the B — D*(N
transition, with N being the HSN.! All NP Wilson Coefficients (WCs) are normalized to
the SM one and carry a lepton index since we do not want to impose any flavour structure
on the NP sector, i.e. LFU is not assumed for HSNs.

In principle, it could be interesting to consider higher order operators which would induce
a mixing between the HSN and the SM neutrinos v, and v, via the mixing angles U,y and
U,n, respectively. However, below the B — D*/N kinematical threshold these mixing angles
are already strongly constrained, with the largest allowed value found for a HSN with a
mass of 2GeV and corresponding to |Uen|?> ~ |Uyn|? ~ 107° [31]. As we will see below,
the angular analysis of the B — D*fv channel has not been measured yet with a precision
capable to set competitive bounds. For this reason, we will ignore here the effects coming
from the mixing between the HSN and the SM neutrinos.

!Notice that a left-handed vector operator involving a right-handed neutrino is dim-8, therefore not
considered in this analysis.



This paper is organized as follows: in section 2 we will review the formalism employed
to describe b — ¢/N transition, and in section 3 the impact of such a new channel on the
measured angular observables will be inspected. Details on the possibility to extract HSN
signals compatible with the Belle experimental assumptions are given in section 4, before
bounds on the HSN mass and couplings will be extracted from this channel in section 5. A
comparison with current available flavour bounds is given in section 6, before conclusions
are drawn in section 7. Details regarding form factors and the SM helicity amplitudes are
relegated to appendices A and B, respectively.

2 Theoretical formalism

In this section we will review the theoretical formalism required to describe B — D*(N
decays. To this end, we will adopt the generic formalism developed in ref. [32] for any
semileptonic meson decay, adapting it to our specific channel. For simplicity, we will report
our results below assuming the charged leptons ¢ = e, u to be massless; nevertheless, the
results of our numerical analyses reported in section 5 will take full account of all lepton
masses for completeness. Our results match the ones previously obtained in ref. [33].

2.1 The Helicity Amplitudes

As a first step, we will introduce here the Helicity Amplitudes (HAs). These objects are
defined in terms of 7 form factors (V, Ag, A1, A12, Th, To, Tos), whose details regarding their
definition and determination are given in appendix A. For the sake of brevity, we omit the ¢?
dependence from all form factors here and below. ¢2 is the square of the invariant mass of
the (¢, N) pair. Moreover we stress that, while we are not explicitly writing it to keep the
notation simpler, these HAs are not lepton flavour universal due to our choice to not impose
any flavour structure in the NP sector. Under those assumptions, the HAs read

2mpmp«
N .2mpmp Nt
Hyo = — TAH Gvy, »
i N/
HY, = —— (£ AV D2 A “
ViE 4(mB+mD*)( BV +(mp+mp:) 1)9VR
4 NZ  Ng
HN _ _Z\//\BA gSL _gSR . @ngf
P 4 0 myp + Mg q? Ve |7
. N, Nl
N _ Z\/)\BA 9s;, —9sp LN N
o 4 0 mp + Me g VR |
HYy = X2 Tyg g
T,0 ms + Mpe 2397
1
N NJ
HT,i = \/T? (:F\/ETI - (T’”LQB - m%*) T2) gr’ - (2.1)

In the above equations, my is the HSN mass, mp and mp~ are the masses of the B and the
D* mesons, respectively, and myp and m,. are the masses of the bottom and charm quarks.
Defining the Kéllén-function as A(a, b, ¢) = a® + b? + ¢ — 2(ab + ac + be), above we employed

the quantity Ag = \(¢%, m%, m%.).



As it can be seen when confronting with appendix B, where the SM HAs are listed, the
presence of tensor HAs H/\T’Tt, with A = 0, 4, is a genuine NP effect induced by the presence
of HSNs. Something similar can be said about the (pseudo)scalar ones Hp g, which in the
SM are proportional to the charged lepton mass and hence negligible for £ = e, . Therefore,
when studying potential effects coming from HSNs, the knowledge of all 7 form factors is
required, contrarily to the SM case where only 3 (4) form factors are necessary in order to
describe B — D*{v decays with massless (massive) charged leptons.

2.2 The Angular Coefficients

We have now all the ingredients required to build the Angular Coefficients (ACs) Gﬁ.ﬁ, where
[ is a non-negative integer index running up to twice the D* spin, i.e. 0 <[ < 2, kis a
non-negative integer index running up to twice the (¢7) system spin, i.e. 0 <1 <2, and m
is the coherent sum of the helicities of all internal particles. Notice that, due to the final
meson states D and 7 being pseudoscalars, ACs with [ = 1 are forbidden.

Before giving the explicit expressions for ACs in terms of the HAs, it is useful to
introduce the following notations:

2 2 2 2
_mu+q v ”Ll/_’_q [ 2 2
—_— =, M= Ag”,m2,0), 2.2
2 /q2 2 2 /q2 Yy (q 14 ) ( )

where v is either the massless SM neutrino vy, for which m,, = 0, or a HSN N, in which

EY =

case my # 0. We also observe that all the ACs share the same normalization N, such that
it is possible to define their normalized version G as

5 4 /4G 2 )\B)\V*
Ik — Ik : _ F v

G, = NG, , with N = 3 < 7 Vcb) P
With the above notation, and stressing once again that also the ACs are lepton flavour

specific due to their dependence on HAs, i.e. G (e) # G%(u), the normalized G for a
generic lepton can be written as
)

(2.3)

=52 3 (smres + ) (fof + 1"+
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(2.9)

G =" /3N ( (Hy oY, — Hy Hyo) +iv2 (Hy ( (Hp — HE) — (Hp — HY)HY, )
v

m 14 rrv rrv v v\ 7V 2 v v
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q

(2.10)
G*? = 2 7 HY,  HY + HY HY  —2(HY  HY o+ HYVEHTY 2.11
1 Z vy + Hy oy r+Hro+Hy HZ , (2.11)
G3* = Z 4 2 <H5,+H&—2H%,+H%,>. (2.12)

In the above equations, we intend the sum over v as the sum over the SM HAs, given in
appendix B, and NP ones, reported in section 2.1.

3 The impact of heavy sterile neutrinos on the angular observables

Combining all the ingredients introduced in section 2, we can now write the fully differential
distribution as
327 dT

J S Js 29 JS 0 6
"9 dq? dcosb; deosby d = (J1s + Jas 08 207 + Jos cos ) sin® y+

(J1e + Joe cos 20y + Jg. cos O;) cos? Oy +
(J3cos 2¢ + Jgsin 2¢) sin? By sin® O+
(J4cos ¢ + Jgsin @) sin 260y sin 20,+

(J5 cos ¢ + J7sin ¢) sin 260y sin 6, (3.1)

where 6, is the angle between the charged lepton and the direction opposite the B meson
in the W* boson rest frame, 0y is the angle between the direction opposite the B meson



and the D meson in the D* rest frame, and ¢ is the angle between the planes spanned by
the (W*,¢) and (D, D*) systems in the B meson rest frame. Above, the J; ACs are related
to the ones introduced in the previous section through the relations

Re(8G"° 4 2G0? — 4G — G?)

Jis = ; , Jas = Re(2G? — G272,
Re(8GYY +2G%2% + 8G*0 4 2G%2

Jie = e(8Gy" +2G 3+ o t2Gy7) 7 T = 2Re(G8’2 n G3’2),

Re(8GH" — 4Ga™) SRe(Gy' + G2
JGS = — 5 JGc = - y

3 3
2,2 2,2 2 2,
J3 = Re(G57), Ji = —Re(GT?), Js = %Re(Gl Y,
2

Jo = —Im(G5?), Js = Im(G3?), Jr = ——Im(G>). (3.2)

V3
Given those definitions, it is possible to define the branching fraction dI'/dq?, the forward-

backward asymmetry Apg and the longitudinal polarisation fraction Fp, as:

dr’

dar 00 _ 3Jic+6J1s — Jae — 225
a2 6Gy" = 1 , (3.3)
160 3 Joe + 2J6
Ao — LG0" 3 Jee s 3.4
2600 8 dI'/dg® (34)
0,0 2,0 B
F, = Gy  + Gy~ 3Jic — Jac (3.5)

3G00 T 4drjde

The Belle collaboration [22] measured ACs in different bins of w(¢?) = (m% + m%. —
¢®)/(2mpmp-), reporting integrated values for the coefficients over different bin ranges,

namely

g = / dwJi(w) | (3.6)
Aw(n)

where Aw(™ are the ranges of the n-th bin. Moreover, the quantities actually determined
are normalized to the total decay rate according to the following relation:

7

PO S
k Jorex dw dT [ dw

Wmji

(3.7)

A few considerations are now in order. As already stated before, the Belle analysis is
sensitive to potential contributions from HSNs only if the B — D*¢N decay is kinematically
allowed. This implies that the heaviest mass that can in principle be probed via this analysis
(assuming massless charged leptons) corresponds to miu®* = (mp —mp+)? ~ 3 GeV. However,
this is actually not the case due to experimental limitations in the way the angular analysis
has been performed at Belle. Further details can be found in section 4.

Nevertheless, it is interesting to observe that in general the effect of HSNs are not
appreciable only in bins whose range is above the HSN mass, even if its effects are kinematically
forbidden for values of ¢> < m%. Indeed, due to the fact that Belle measured the binned
ACs normalized to the full decay rate as shown in eq. (3.7), all measured coefficients ratios
will be sensitive to the HSN effect.



Moreover, the presence of HSNs has interesting consequences on the relations among
the first 4 ACs. Indeed, combining eq. (3.2) with egs. (2.5)—(2.12) and taking the m, — 0
limit, it is possible to write

2 2 2 2

T = (3‘}1;#’ +3|Hy_| +2|Hy L[+ 2|Hy_| ) (3.8)
2 2 2 2

T= ¢ (|m "+ o - 2|y [ - 2|my ) (3.9
2 2

Tt = aq® (|t + 2|5 + 125 + |52 (3.10)

35, = 4d* (= [t + 2|5,

2) . (3.11)

In the SM the above equations further simplify due to the tensorial HA being vanishing
and the (pseudo)scalar ones being proportional to the lepton mass and hence negligible,
inducing the following relations:

T =35 =T (3.12)

These relations might however be violated once an HSN is introduced in the theory. Indeed,
even in the case of an HSN with a mass similar to the muon one, the above relations hold
only if the interaction between the HSN and the SM is mediated by the g‘JXf coupling,
which produces contributions to the HAs analogous to the SM ones, cf. egs. (2.1) and (B.1).

Conversely, the presence of any of the other couplings would violate the above relations:
0

(R)
(pseudo)scalar HAs hence violating the second relation given at eq. (3.12); on the other

on the one hand, introducing the géVL’ coupling would lift the helicity suppression in the
hand, the introduction of the g]TV £ coupling would violate both the equalities of eq. (3.12).
Testing the validity of eq. (3.12) would therefore correspond to testing the presence of HSNs
interacting with the SM via a (pseudo)scalar or tensorial current.

Finally, it is worth to observe that the fate of the observables j77g’9, which are sensitive
to imaginary parts of the WCs as shown in eq. (3.2) and hence null tests in the SM, is
similar for the case of HSNs. Starting from Js and Jo, it is straightforward to infer from
egs. (2.11)—(2.12) that those ACs are proportional to absolute values of NP WCs: we therefore
obtain that Js and Jy are null tests for this specific extension of the SM as well. Concerning
J7, it is evident from eq. (2.10) that a non-vanishing value for this observable is allowed only
in the presence of an interference within either a vector or a tensor HA, and a (pseudo)scalar
one. This means that a non-vanishing value for this observable is allowed only in the presence
of multiple non-vanishing WCs, while in an analysis performed allowing only one WC at
a time this observable will also remain equal to zero.

4 Sterile neutrinos in the Belle data

The existence of the decay B — D*¢N would have an implication on the measured missing
[34]. To this end, we investigate the published M2
distribution by Belle, which is averaged over ¢ = e, i [20]. This distribution is reconstructed

. . . 2
mass squared distribution M7 . iss

using hadronic tagging, and at the B-factories it corresponds to the squared mass of the
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Figure 1. The extracted local p-value for a sterile neutrino signal based on the M2, . distribution
from ref. [20]. The local p-value is determined every 0.125 GeV? /c?, indicated by the points on the
plot. The pacing corresponds to the bin width in the available M2, distribution, which is averaged
over { = e, 1.

neutrino in the B — D*fv decay. In the presence of a B — D*{N decay, a second peak would
emerge at the position of the HSN mass m3; we therefore digitized the M2, spectrum in
order to look for this second peak via a scan. In doing so, we assume that the shape of the
HSN peak is identical to the shape of the Standard Model neutrino peak at Mgﬁss = 0. For
our scan, we shift the HSN template starting from zero with a step size corresponding to the
bin width in which the data is provided. We perform the scan both independently for the
BY and BT data and for the combination of the two, where we do not correlate any of the
parameters between the datasets. We only allow for positive B — D*¢N signal yields and
use the test statistic gg = —21In Lxp + 21n Ly, which is asymptotically distributed as

lao) = 55(a") + 5x*(a"s 1dof)
(4.1)

1 1 1
Flao) = 30(¢°) + 5x*(¢%; 1 dof) + 7x*(q"; 2 dof),
for the individual fits and for the combined fits, respectively. See ref. [35] for further details
about asymptotic distributions. The result of the scan is shown in figure 1, while the fit in
Mr?liss

Due to Belle not providing the absolute normalization for the MC distribution, we can only

is shown in figure 2 for the HSN mass hypothesis with the largest significance.

perform a bump hunt and quote the local p value, and not transform this into an upper limit for
the B — D*{is; branching ratio. However, we can draw three conclusions: first, at high M2,
values there is almost no room for a sterile neutrino. Second, at M2, ~ 0 the SM neutrino
and the sterile neutrino cannot be disentangled in M2, .. This is due to the fact that these
two templates become indistinguishable as my — 0. Third, at small M2, . ~ (354 MeV)?
we see a preference for a sterile neutrino contribution over a pure SM process.
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Figure 2. Our fit of the M2, distribution from ref. [20], where the B — D*{i, components are
aggregated into the orange template and all backgrounds are aggregated into the blue template. The
green template shows the injected B — D*¢N template with my = 0.354 GeV /c2. This fit corresponds
to the most significant local p-value found in our scan of the M2

s distribution.
To increase sensitivity to a sterile neutrino final state we can investigate, for the heavy
neutrino mass range my € [0-62.5] MeV,? the angular coefficients measured by the Belle
collaboration [22]. Indeed, the Belle signal yield extraction in this mass range could be biased
up to &~ 12% and would further increase when higher sterile neutrino masses are used, which
would lead to biased angular coefficients. We decided a bias of ~ 12% is acceptable for the
study performed in the main text, but the actual upper bound on the interval is chosen
somewhat arbitrarily and should be kept in mind when interpreting the results.

5 The New-Physics bounds

We will now report the results of our NP fits to the full differential angular data first measured
for light leptons by the Belle collaboration in ref. [22]. In more details, we included in our
fits data concerning the electron and muon channel separately, neglecting isospin breaking
effects due to current level of precision. Considering that the 12 angular observables have
been measured in 4 different w bins each, this means that we are in principle fitting for 48
observables in the B — D*ev channel and 48 observables in the B — D*uv one, with B — D*
being an average of B — D*t and B~ — D*?. However, remembering from eq. (3.7) that
the quantities actually measured are normalized to the total decay rate, which is function of
4 of the 12 angular coefficients, in the fit we have to remove one observable from each channel

2Heavier sterile neutrino masses would result already in a shift of the p-value distribution shown in figure 5
in ref. [20] from uniform to peaking at 0, and not to the expected change in the signal yield one would naively
expect. This is caused because the signal extraction in the Belle analysis has no sterile neutrino template
included and would result in significant biases in the extracted signal yields if the sterile neutrino would be
present in the data, and therefore make any interpretation with large my unreliable. The region at small
M2, is however ideally probed with the angular coefficients, as for my — 0 the sterile and the SM neutrino
cannot be discriminated. This is discussed in the main text.



in order to avoid double-counting. We chose, without any loss of generality, this observable
to be jéi) In conclusion, we performed fits to a total of 94 angular observables, with the full
correlation matrix taken into account as provided in the HEPdata associated to ref. [22].

Our analyses are performed in the Bayesian framework employing Markov Chain Monte
Carlo fits. This task has been carried out by implementing the analytic expressions given in
section 2 in the HEPfit code [36], with full dependence on charged lepton masses taken into
consideration for completeness. The SM parameters varied in the fits are the ones concerning
the description of the form factors, for which we employed the correlated lattice results
estimated by the JLQCD collaboration [37], see appendix A for further details. Concerning
each NP scenario here investigated, we assumed flat priors for the their specific parameters.
Following the discussion in section 4, the range allowed for the heavy neutrino mass my
is [0-62.5] MeV. Contrarily, for the NP WCs parameterized as g; = |gi|e’®, we allowed
the priors of their absolute values to be large enough, in such a way that their posterior
distributions would neither be cut (given the absence of any motivated reason to do so, in
contrast to the my case), nor would be modified by further enlarging such ranges. Concerning
their phases, we allowed them to be flat in the full [-7, 7| range.

Finally, we also performed a model comparison between the SM scenario and the several
NP ones employing the information criterion [38], defined as:

IC = —2log L + 40y 1, (5.1)

where the first and second terms are the mean and variance of the log-likelihood posterior
distribution, respectively. The former term measures the quality of the fit, with the latter
one being a penalty factor counting effectively the number of the model parameters, therefore
penalizing more complicated models. While the overall normalization of the IC is an unknown
quantity depending on the experimental data included in the likelihood, eq. (5.1) implies
that, when fitting to the same dataset, models with smaller IC should be preferred over
models with higher ones: it is therefore customary to perform model comparisons by looking
at IC differences, namely AIC = ICxp — ICsyp, with a positive (negative) value for AIC
implying a preference for the SM (NP) scenario [39].

In the rest of this section we will illustrate the results of our fits. As we have assumed
the NP not to be LFU, we will discuss separately the scenarios where the HSNs are produced
in association with an electron or a muon, respectively. For each case we will inspect 5
different scenarios, differentiated by whether we allow for NP effects to be present in only
one of the 4 different operators listed in eq. (1.2) at a time, or rather allowing for all of
them at the same time.

5.1 New Physics in the electron channel

As a first step of our study, we focus on the case where HSN are produced in association
with electrons, starting from scenarios where only one WC at a time is varied in the fit.
Remembering the discussion at the end of section 3, we set in these cases ¢; = 0, given the
insensitivity to NP phases in the single WC scenarios. As a first result, we observe that
no preference for a particular value of the HSN mass has been found, with the probability
distribution function (p.d.f.) describing its posterior being flat over the whole scanned region

,10,
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Figure 3. Normalised posterior distribution functions for the absolute values of NP WCs where the
HSN is produced in association with an electron. These distributions are obtained separately, allowing
for one non-vanishing WC at a time respectively. 68.27% and 95.45% HPDI are reported as well, see
the text for further details.

in each of the studied scenarios. Moreover, no meaningful correlation between the HSN
mass and any of the WCs absolute values was observed. Concerning the latter, fit results
relative to each of the investigated scenarios are reported in figure 3, where the marginalised
p.d.f.s for the WCs absolute values are shown, together with their 68.27% and 95.45% highest
posterior density interval (HPDI). As it can be seen from each of the 4 panels, in none of
these scenarios an evidence for NP was observed. This is due to fact that the angular data
measured by Belle observed no real deviation from their SM predictions. Such a conclusion
is also corroborated by the values of the AIC obtained for the various scenarios, which
are reported in table 1 and show a preference of the SM over any of these NP extensions.
Nevertheless, even if current data do not point towards the evidence of any specific NP
contribution, it still allows us to set bounds to the parameter space of each of these scenarios.

Going in the details of each case, we observe a similar situation in the vectorial and
tensorial scenarios. Indeed, in both cases a non vanishing value for the WC is found in
the 68.27% HPDI, even if a compatibility with zero is observed in the 95.45% one for both
scenarios. While this cannot be interpreted as a statistically significant evidence for any of
those WCs, this pattern is however reproduced also by the AIC relative to these model,
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NP scenario g%f g%e géVL’e gé\f; all
AIC 0.6 | 0.1 22 | 22 |31

Table 1. Computed values for the goodness-of-fit evaluator AIC = ICnp — ICsy for NP scenarios
where the HSN is produced in association with an electron. A positive (negative) value for AIC
implies a preference for the SM (NP) scenario.

68.27% HPDI = [-0.52 , 0.11]
95.45% HPDI = [-0.78 , 0.46]
1.04
Y
T
Q.0.51
0.0

—2 ~1 0 1 2
N, N,
|95, °| - |95Re|

Figure 4. Normalised posterior distribution function for the difference of the scalar WCs absolute
values, where the HSN is produced in association with an electron. All NP WCs are allowed to be
non-vanishing at the same time. 68.27% and 95.45% HPDI are reported as well, see the text for
further details.

which still prefer the SM solution, but nevertheless at a lower degree when compared to
the scalar cases. Numerically, the higher bounds set by the 95.45% HPDI correspond to
gl < 0.28 and [gp°| < 0.07.

Concerning the scalar scenarios involving | géVL’e| or | gévée|, the obtained results for the
two cases are the same due to the structure of HY and HY shown at eq. (2.1). Indeed, the
only difference among the left-handed coefficient and the right-handed one is the overall
sign in the amplitude; however, this difference is washed out once the absolute values of
these amplitudes are inserted in the G'* angular coefficients at eqs. (2.5)-(2.12) and, in
the absence of vector/tensor NP WCs, terms proportional to real or imaginary parts of
these amplitudes vanish. Numerically, the 95.45% HPDI for |gév7e | set higher bounds

L(R)
corresponding to ]ggg?m] < 0.72.

As a following step, we performed a more generic study where all 4 NP WCs are allowed
at the same time. The fit results concerning | gg:l and | g%;’e] are identical to the ones obtained
in the single WC scenarios reported in figure 3, still finding higher bounds set by the 95.45%
HPDI corresponding to | gaf\ < 0.28 and | gjj\ﬂge\ < 0.07. No statistically relevant correlation
has been found among the two WCs.

On the other hand, the situation for the scalar WCs is dramatically different. As
already observed before, the left-handed and right-handed WCs enter in the HAs always
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Figure 5. Similar to figure 3, but for the cases in which the HSN is produced in association with
a muon.

with opposite sign; this fact, together with the absence of deviation from SM predictions
for the fitted observables, induces a flat direction among the two WCs. Given this premises,
once both WCs are allowed in the same fit it is more interesting to study the p.d.f. of
their relative difference (rather than the individual ones), which we report in figure 4. As
expected, this quantity is found to be compatible with 0, with the 95.45% HPDI bounds
reading —0.78 < |95]YL76’ - ‘gévée < 0.46.

The AIC can be found in table 1, pointing again to a preference towards the SM
hypothesis. A larger value w.r.t. the ones obtained for the single WC scenarios is due to
the increase of the number of model parameters without any particular improvement in the

description of data, already reproduced in the SM in a satisfactory way.

We conclude observing that, due to the absence of strong evidences of deviations in the
measured values for j7,e (see discussion at the end of section 3), no bound can be set on any
of the WCs phases ¢;, with all posteriors being found flat over the whole range.

5.2 New Physics in the muon channel

We move now to the discussion of SM extensions where the HSN is produced in association
with muons. Following the same approach of the electron case, we first investigate NP
scenarios where we allow for one NP WC at the time, before investigating the scenario where
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NP scenario g%" g%;’“ gquL’“ gévé“ all
AIC 2.0 1.2 2.4 24 | 6.5

Table 2. Computed values for the goodness-of-fit evaluator AIC = ICnp — ICsy for NP scenarios
where the HSN is produced in association with a muon. A positive (negative) value for AIC implies a
preference for the SM (NP) scenario.

68.27% HPDI = [-0.40, 0.26]
5.45% HPDI = [-0.70, 0.58]
1.0
W
o
3. 0.5
0.0 , : ,
—2 -1 0 1 2

N, N,
|95Lu| - |95Ru|

Figure 6. Similar to figure 4, but for the case in which the HSN is produced in association with
a muon.

all 4 NP WCs are allowed at the same time. Once again, in the single non-vanishing WC
scenarios we will focus only on the coupling absolute values, while also their phases will be
allowed to be non-vanishing in the more general case.

The p.d.f. for the scenarios where we allow only for one WC at the time are shown in
figure 5, where once again the marginalized posterior for the absolute values of the 4 WCs
are reported. Similarly to the electron case, the posteriors for the HSN mass are flat in each
scenario, and no evidence for NP coefficients was found in the muon case as well. This is
reflected also in the values for the AIC, which for these cases are reported in table 2 and
point again to a preference of the SM hypothesis.

The quantitative results for the muon case are mostly similar to the ones obtained for
the electron scenario, as a consequence to an analogous measured pattern in the two lepton
channels by the Belle collaboration. Similarly to the previous case, the 95.45% HPDI induce
< 0.05;
however, no evidence for these WCs is found in the 68.27% HPDI, as reflected from larger

bounds on the vector and tensor case corresponding to ’9\]2»,” | < 0.19 and | g]TVL’“

values of the corresponding AIC. More similar is the case of scalar WCs, where the 95.45%
HPDI bounds read ]géVL”(LR)] < 0.69.

As the last step of our analyses, we studied the NP scenario where all 4 operators with
HSN produced together with a muon are allowed to have non-vanishing couplings. Also for
this scenario, the results are qualitatively analogous to the ones obtained in the electron
case, with no sensitive difference observed for the vector and tensor case when compared
to the single WC scenarios. Concerning the scalar WCs, the same flat direction can be

Nw,
)]

found for ]gsij’“ | and |gg,"'|, with the obtained p.d.f. for their difference given in figure 6.
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Also this quantity is found to be compatible with 0, with the 95.45% HPDI bounds reading
—0.69 < [g5,"| — lgs,"| < 0.59.

To conclude, the AIC given in table 2, pointing again to a strong preference towards
the SM hypothesis. Moreover, the accordance among the SM prediction for j7,u and its
measured values implies that again no bound can be set on any of the WCs phases ¢;, with
all posteriors being found flat in the whole allowed range.

6 Comparison with current flavour bounds

Now that we have extracted the bounds imposed from the angular B — D*{v data on the HSN
effective operators of eq. (1.2), it is interesting to study how such bounds fare when confronted
with current model-independent limits already present in the literature. In this regard, the
main constraints come from the B — K Tvi decays. Indeed the SU(2) invariant operators
€ab(Q8bR)(L°NR) and €,(Q%0,,br)(LP0"# Ng) link the last two terms in eq. (1.2) to

0N7VZ

Sp = gSR (SLbR)(l/g’LNR), OéV,VZ = géwv’ye(ELO'W,()R)(P&LJMVNR), (6.1)

Vy

3 N: Ve
whose couplings gs),

and g]TV are the same as gévlf and g]TV ,e’ up to a V. factor and
one-loop or higher-order corrections. The emergence of these operators induces a shift in
the B — K Tvi decay rate, which can be parameterized (neglecting effects from final state

masses) as [27, 40, 41]

N,up\2
dT B Kvw /dPBHm 1.2 Ve 2[3 95z )" 13 y N,W)zﬁ
dz Az gy 302 [CMV, Vit | 18 (1—2)2f2 " VT ) 2
e\ 2
3(95,")" f2 2 2
~1+5x10%z [ Zor L_J0 4 A 6.2
S T ) (62

where z = ¢2/m%, fo(q?), f+(¢*) and fr(q?) are the three form factors entering the B —
KTvi decay, and CE},V[ ~ —6.35 is the only WC present in the SM, which implies the
prediction BR(B — Kvi)|sm =~ 4 x 1076 [42]. Even considering the recent measurement by
Belle II, which observed this decay for the first time and found it above the SM expectations,
namely at BR(B — Kvi) = (2.340.7) x 1075 [43], eq. (6.2) imposes strong bounds on the
gS ¢ and gT £ WCs. Indeed, in order to comply with the measured value for BR(B — Kvv),
these coefficients have to be strongly suppressed, at the level of O(1072) (for a detailed
analyses of HSN contributions to this channel, see refs. [44, 45]).

In conclusion, concerning the tensor WCs and, even more strongly, the right-handed
scalar ones, the bounds obtained form the angular analysis of B — D*{v decays in section 5
are not competitive to the ones that can be extracted from an analysis to B — K Tvv decays.
On the other hand, no competitive flavour bounds are currently available in the literature for
the right-handed vector and the left-handed scalar WCs, to the best of our knowledge.

7 Conclusions

In this paper, we have studied the possible bounds that can be imposed from the recent
measurements [22] of the full angular distributions of B — D*{v decays, with ¢ = e, u, to
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extensions of the SM which include HSN. These studies have been carried out in a model-
independent approach, introducing an EFT which includes the lowest dimension four-fermion
operators describing the emissions of HSN associated with a light charged lepton ¢, together
with a b quark and a ¢ quark [27]. In order to be kinematically allowed, the new particle
mass should not be heavier than the kinematical threshold mi®* = (mp — mp+)? =~ 3 GeV;
however, due to experimental assumptions employed in ref. [22], we considered here only
the possibility of a HSN with a mass up to 65 MeV, so that we could not study the hint
around M2, ~ (354 MeV)? first observed here in the bump hunt of section 4, for which a
dedicated Belle II analysis would be required. Nevertheless, the measured B — D*/v angular
distribution would still emerge as the incoherent sum of the SM process B — D*{v, and
the NP one B — D*(N. We therefore computed the HAs relative to the latter process, and
inspected how the inclusion of those alters the predictions of the observed angular observables.
Hence, a series of fits to the WCs mediating the NP currents was performed, in order to

extract bounds on these couplings from this recently available data.

In order to maintain an agnostic approach, we assumed no LFU violation in the NP
contributions to this channel and hence fitted separately for scenarios where the HSN is
produced in association with an electron or a muon. More in details, for each of the two
different charged lepton scenarios separately, we first performed fits where we allowed only
one of the associated HSN WCs to be non-vanishing, before performing a more general
fit where all 4 couplings are allowed at the same time. We therefore investigated a total

of 10 different scenarios.

The results obtained for the electron and the muon channels are not qualitatively
different, mainly due to the fact that the measured angular distributions do not exhibit
sensitive deviations from their SM predictions. In particular, no statistically relevant evidence
for any NP WCs was obtained in any of the 10 inspected scenarios. Similarly, no preference
of a massive HSN was observed, with the mass posterior p.d.f. resulting flat over the whole
scanned region in all cases. Quantitatively, the 95.45% HPDI ranges obtained for the WCs
in the single coefficient scenarios all include their vanishing values. The strongest bounds
were observed for the tensorial WCs at the order of ~ 0.05, while the looser bounds were
found for the scalar ones at the order of ~ 0.7; the vectorial WCs obtained bounds sit in
the middle, around ~ 0.25. As stated above, these limits are not strongly different between
the electron scenario and the muon one.

While these bounds are not sensibly altered in the 4 coupling scenarios for the vector
and tensor operator, the situation changes for the two scalar ones. Indeed, these couplings
always enter the HAs with a relative opposite sign; therefore, when they are allowed to be
non-vanishing at the same time, the lack of a requirement for NP effects translates in a
fine-tuning of the two coeflicients, whose difference is required to vanish.

Finally, we confronted the bounds here derived with the ones previously obtained in the
literature. The main competing constraint comes from another flavour observable, namely
the BR(B — Kvv) recently observed by the Belle II collaboration [43]. Indeed, the SU(2)y,
invariance of the operators mediating the b — ¢/N induces also ones entering b — svN,
with the WCs involved in this neutral current strongly correlated to the ones mediating
the charged one. Due to the relative suppression of the former current w.r.t. the latter, the
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measurement of the B — Kvv decay induces very stringent bounds on these WCs, even if
observed with a rate a few times higher than what predicted by the SM.

We therefore obtained that the bounds on the vector and the right-handed scalar WCs
coming from the B — Kvi decay and equal to O(1072) are more competitive than the ones
we obtained from B — D*/v decays. On the other hand, the bounds we derived here for
the vector and the left-handed scalar operators, in the HSN mass range that we inspected,
are the most stringent to date.
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A Form factors definitions and determinations

The hadronic matrix elements between a B and a D* vector can be parameterized, in terms
of the 7 form factors V(¢?), Ao(q?), A1(¢?), A2(¢?), Ti(¢?), Ta(¢?) and T3(q?), as

* - n . XV, (¢ 2V(q2)
(D7 (k,e)[erubl B(p)) = —i€uwape™ p kﬁmv (A.1)
* — ) * * AQ(QQ)
(D* (k&) [evv50| B(p)) =€ (mp+mp+) A1 (¢*) — (p+k)u(e Q)m
_ « \2mp+ [mp+mp= 2y MpB—Mmp- 2y 2
qu(e"q) .2 D A1(q7) omp As(q7)—Ao(a) |,
(A.2)
(D*(k.e)|eb| B(p)) =0, (A.3)
* _ - % 2m *
(D" (k&) bl B () = —("0) 22 Aol ) (A.4)
% ~ -5 Ko 8 2 *a 5m23—m%* 2 2
(D*(k,e)[cowb| B(p)) = €uvap | =™ (p+k)"T1(q") +e™q T[Tl(q )=T>(q)]

2
e QR = T1<q2>—T2<q2>—232T3<q2>H, (A.5)
q mp—mp-

<D*<k,e>|caw5b|3<p>>=z’{—[e;<p+k>y—<p+k>uez] Ti(q%)

T e e GTUOR D)

+(c*q) [puku—kupu};g [Tl(qQ)—Tﬂqz)—nggT?,(q?)] } :
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where ¢ = p — k. The convention used for the e tensor reads €p23 = 1 (or equivalently

"2 = —1). It is useful to introduce the following combinations of form factors:
Ay — (mp + mD*)2 (mQB —m%. — q2) Al — A\pAs (A7)
16m3m%* (mp + mp~) ’
Tys = (mp —mp.) (mf + 3mp. —*) T — ApTy . (A.8)

8m3m%* (mB — mD*)

In the SM only there are no tensor currents and hence only 4 form factors appear,
namely V(¢?), Ao(¢?), A1(¢?) and Ay(q?), for which several estimates have been computed
in the latest years. Recently, three different determinations of these form factors have been
obtained employing Lattice QCD techniques beyond zero recoil, namely by the FNAL/MILC
collaboration [46], by the HPQCD collaboration [47] and by the JLQCD collaboration [37].

The form factor basis employed by the Lattice groups differs from the one here defined,
with the relations among the Lattice form factors f(¢?), g(¢?), F1(¢?) and F»(¢?) and those
defined above being

mp + mp- 1
V(g*) = =590, Ao(q*) = 5F2(d).
1 1
Al(@®) = ——f(q° Ap(q®) = ——Fi(¢?). A9
1)) = e (), 2(0*) = 5 —Fi(d”) (4.9)

Currently, the three Lattice determination are not perfectly compatible among themselves,
particularly concerning the actual slopes of the Fj(¢?) and F2(q?) form factors; moreover,
when confronted with presently available differential distribution rates measured by Belle [20]
and Belle II [21], the form factor determination from JLQCD has been the one found to have
a better agreement with data than the FNAL/MILC or HPQCD ones, see e.g. discussion
in refs. [48-51]. For this reason, we decided to employ the former lattice result, rather then
any of the latter ones (or a combination of all available ones, which is mainly driven by
FNAL/MILC and HPQCD results). Nevertheless, we checked for completeness that our
findings in section 5 do not qualitatively change when employing a different form factor choice.
The reason behind this outcome is twofold. On the one hand, the experimental data currently
at hand is still not precise enough to be strongly sensitive to the “theory error” which could
be associated to the discrepancies among the several form factors determinations, given the
level of precision we set on our bounds; this implies a reduced power in its capability to
distinguish the different approaches. On the other hand, the form factor parameters enter
in the fit essentially in the same way as the NP contributions do, i.e. they are not fixed
quantities but rather they are allowed to vary according to their prior (which is a correlated
multidimensional gaussian p.d.f., in their case); this means, ultimately, that the posterior
for the form factor parameters found by the fits in the three approaches are qualitatively
similar, hence implying a qualitatively similar result for the NP parameters as well. As
expected, the posterior p.d.f. obtained in the JLQCD approach are more similar to their
priors than what observed in the other two cases.

We conclude observing that, regarding the tensor form factors T4 (q?), T2(q?) and T3(¢?),
we employ the results obtained employing Heavy Quark Effective Theory in ref. [14], due
to the present lack of an estimate for such form factors on the Lattice.
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B The SM Helicity Amplitudes

Here we give the expression for the HAs entering the description of B — D*{fvy decays in the
SM. Neglecting terms proportional to light charged lepton masses m, and m,,, those read:

2mpmp= 7 9
HYE — A , HEY =— (£ /AgV — «)7A 3
Vo =1 7z 12 VE = Tlmp + mp) ( VAB (mp + mp~) 1)

H}F ~HG ~0, Hify=Hpy =0. (B.1)

We stress that Hj* and Hg" are, in the SM, the HAs proportional to the light charged
lepton masses and to the form factor Ag(q?).
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