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ABSTRACT: We investigate the b — ¢ semileptonic sum rule in the presence of a massive
sterile neutrino. Recent measurements of charged-current semitauonic B-meson decays
exhibit a ~ 40 deviation from the Standard Model predictions, whereas no such tension
has been reported for the lowest-lying baryonic counterpart, the A, decay. Since these
decay rates are related through the sum rule, accommodating such a mismatch beyond
the level of uncertainties is nontrivial. We revisit this issue by considering dimension-six
operators involving a massive sterile neutrino, and evaluate the resulting violation of the
sum rule. We find that the induced effect remains negligible compared with the current
experimental uncertainties, further strengthening the sum rule as a consistency check for
the experimental data.

KEYWORDS: Bottom Quarks, Neutrino Interactions, Semi-Leptonic Decays, Specific BSM
Phenomenology

ARX1v EPRINT: 2603.15029

OPEN AccEss, © The Authors.

Article funded by SCOAP? https://doi.org/10.1007/JHEP06(2026)260


https://orcid.org/0000-0002-8392-780X
https://orcid.org/0000-0002-8295-9623
https://orcid.org/0009-0003-5501-0134
https://orcid.org/0000-0003-1832-1825
mailto:motoi.endo@kek.jp
mailto:iguro@eken.phys.nagoya-u.ac.jp
mailto:tim.kretz@kit.edu
mailto:mishima@saitama-med.ac.jp
https://doi.org/10.48550/arXiv.2603.15029
https://doi.org/10.1007/JHEP06(2026)260

Contents

1 Introduction 1
2 New physics framework 2
3 Sum rule with a sterile neutrino 2
4 Numerical result 6
5 Conclusion and discussion 11
A Hadronic and leptonic amplitudes 12

1 Introduction

Lepton-flavor universality is a fundamental prediction of the Standard Model (SM). The
semitauonic B-meson decays, B — D® 77, have attracted attention since the measurements
of Rpy = BR(B — DWri,)/BR(B — D¥{wy,), with £ = e, u, have shown deviations of
about 40 from the SM predictions [1]. These deviations may hint at the presence of new
physics (NP) [2], and the Belle IT and LHCb experiments are accumulating data to further
scrutinize this possibility [3]. In contrast, a recent measurement of the baryonic counterpart,
Ry, = BR(Ay, — Acm7;)/BR(Ay — Aclpy), reported by the LHCD collaboration [4] is
consistent with the SM prediction within uncertainties.

A robust cross-check of the experimental results is provided by the b — ¢ semileptonic
sum rules, which relate the decay rates of A, — A.7v and B — D7 [5-8], as

Ry, Rp Rp~

« - p
SM SM SM
RAC Ry Ry

=, (1.1)

where the coefficients satisfy a + 8 = 1.} In the small-velocity (Shifman-Voloshin) limit,
where the heavy-quark and zero-recoil limits are taken, one obtains & = 1/4 and g = 3/4
with 6 = 0 [10, 11]. For realistic hadrons, however, the limit is violated, and ¢ parametrizes
the violation of the sum rule. Such a violation generally requires NP interactions and arises
through the masses of the beauty and charming hadrons (denoted as Hj, and H, respectively)
as well as via the H, — H, transition form factors [10]. It has been shown that the magnitude
of 0 is negligible compared with the current experimental uncertainties [11]. On the other
hand, if we substitute the current experimental values of Ry, [4], Rp and Rp-~ [1] into the
left-hand side of eq. (1.1), the parameter is estimated as § ~ —0.41 + 0.24.% This result
implies a mild tension among the experimental results, necessitating further investigation.

The above conclusion has been drawn under the assumption that the neutrino involved
is always left-handed and massless. However, since neutrinos are not detected directly in

A similar sum rule also holds for B, — D{”77 and =, — Z.7¥, which are related by SU(3) flavor
symmetry to B — D™ 75 and Ay — A.77, respectively [9].
2This value mildly depends on the form factor parameterization. See ref. [11] for details.



the above measurements, their chirality and mass have not been identified. In this work, we
introduce a massive right-handed neutrino (Ng, hereafter referred to as a sterile neutrino).
In addition to the SM contribution, a sterile neutrino can be emitted in the semileptonic
decay, and the total decay rate is written as

IHC EF(Hb — HCTDT)—FF(Hb—) HCTNR). (1.2)

As argued in refs. [11, 12], the sum rule is expected to hold exactly in the small-velocity
limit even with a sterile neutrino. For realistic hadrons, however, the relation is violated,
and a massive N could affect the size of this violation in two ways: (i) the sterile neutrino
mass enters the differential decay rates, and (ii) a sufficiently heavy N can kinematically
close individual decay channels, invalidating the sum rule construction entirely. Motivated
by these considerations, we test whether a massive sterile neutrino can provide a viable
loophole to the b — ¢ semileptonic sum rule.

The structure of the paper is given as follows. In section 2, we outline the effective
operators describing NP contributions involving a sterile neutrino. Section 3 describes the
decay rate and section 4 discusses the sum rule violation as well as its implications. Section 5
is devoted to concluding our findings and discussion.

2 New physics framework

In this paper, we assume that NP contributions appear as b — ¢ Ng, where Np is a massive
right-handed neutrino. The effective Hamiltonian is introduced as

Het = 2V2GpVip |Ovy, + Oy Oyr + Cr Ogr + Cgr Ogr + OO | (2.1)

Here, Oy, = (¢y"Pb)(7y,Prv-) denotes the SM contribution. The dimension-six effective
operators involving Ng are given by

Oy, = (ey"Prb) (T PrNR), Og;, = (ePrb)(TPrNR),
OSIL = (6PLb)(?PRNR), O = (6U“VPRb)(?O'NVPRNR), (2.2)

where Pr gy = (1¥F75)/2 are the chirality projection operators. Such contributions have been
discussed, for instance, in refs. [13-18]. The NP contributions are encoded in the Wilson
coefficients (WCs) C'ys, which are normalized with the factor 2¢/2G V. In contrast to the
conventional scenarios, we focus on NP contributions arising from the sterile neutrinos. In
this framework, the SM limit corresponds to Cxs = 0 for X = Vg, Sy g, and T'. In the
following, we consider decays into a massive sterile neutrino and assume that the emitted
Np does not decay inside the detector, thereby contributing to missing energy.

3 Sum rule with a sterile neutrino

Schematically, the decay amplitude can be written in the following form,

GrVa
V2

M = Hx L, (3.1)



where H and L denote the hadronic and leptonic amplitudes, respectively. For simplicity, the
polarization vectors, the summation over polarizations, the polarization labels of the daughter
hadron and charged lepton, as well as Lorentz indices are omitted, see ref. [19]. In contrast
to the decay into a left-handed neutrino, the difference arises in the leptonic amplitude. The
explicit expressions involving a sterile neutrino are given in appendix A.

In terms of the effective Hamiltonian of eq. (2.1), we provide the differential decay
rates as [20]
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where Ny, Q%, and Q. are defined as
GElVal*y/Q1Q1Q4L QL
38471’3’171‘%117(]2 ’

QL = (mp, £ mp.)” — ¢, QL = (mr £mn,)? — ¢ (3.6)

b= (3.5)

In addition, the squared invariant mass of the lepton system is defined as ¢*> = (p, + pNR)Q.
The above expressions are valid for realistic hadrons, and are significantly simplified in
the heavy quark limit. In the HQET, the hadron masses are expressed as [21, 22]

2

mu, =mq+ A+ +.en, (3.7)

2mg
where mg denotes the heavy quark mass, and A and Am? are QCD-scale parameters. In
the heavy quark limit, mg > A, so that the hadron masses are well approximated by the
heavy quark mass. Moreover, in this limit, the heavy quark symmetry is restored, and the
form factors are described by the leading-order Isgur-Wise (IW) functions, while higher-order
corrections are suppressed. Denoting the leading IW functions for the Ay — A, and B — D)
transitions by ¢ and &, respectively, one obtains the following relation analytically in the
heavy quark limit, as anticipated in ref. [12],
KA, 2 KD+ Kp~

(WP~ wil WP (3.8

where kg, = dI'(H, — H.TNR)/dg*> and w = (m%[b +m¥ — q2) / Cmug,mp,).?
Equation (3.8) also holds for decays into a left-handed neutrino instead of a sterile
neutrino [10]. The sum rule for the differential decay rates then reads
Ky, 2 Kkp+Ep.

(WP~ wrl Ew? (3.9)

3Since ¢ is more convenient for discussing the kinematic threshold for Ng emission, ¢> > (m, +m NR)Q,

we hereafter use ¢ rather than w, unless otherwise stated explicitly.



where Y= dT'(Hy, — H.7i,)/dg* + dU(Hp — H,7Ng)/dg*. Integrating both sides over the
phase space and following the discussion in ref. [11], one obtains the relation for the total
decay rates at leading order in the small-velocity limit,

Ty, =T+ T (3.10)

Here, the decay rates include contributions from both left-handed and sterile neutrino
emissions (see eq. (1.2)). In this limit, the SM contributions satisfy the alternative relations,
TP/DRM = 1/4 and TH!/TRM = 3/4 [11]. Using eq. (3.10), one then obtains the following
relation for the total decay rates,

Iy, 1T +§F’*
M 4T 4

(3.11)

Finally, by normalizing each decay rate with that of the light lepton mode T'(H, — H.{1y),
we obtain the b — ¢ semileptonic sum rule for decays involving sterile neutrinos,

Ry, 1R, , 3R).

= - - ) 3.12
RM T AR T AR (8.12)

The ratios /Hc include contributions from both left-handed and sterile neutrinos,
, BR(Hy — H.7is,) + BR(Hy — H.TNR) (3.13)

He = BR(H, — H.li)

The equality in eq. (3.12) holds exactly in the small-velocity limit. For realistic hadrons,
however, this limit is violated. We introduce §"VF to parametrize the deviation associated
with sterile neutrino contributions,

5NR:R'AC _1Rp 3Rp.
RM 4 RM 4 RP!

(3.14)

As discussed in ref. [10], 6"® vanishes in the absence of sterile neutrino contributions,
}Ic = R?}f The quantity 6V can therefore be expanded in terms of the Wilson coefficients
describing NP contributions,

oNr =360 CCrL (6,5 = Vi, 1, SR TY) (3.15)
ij

As mentioned above, the deviation §'V% arises from the violation of the small-velocity
limit, i.e., through corrections associated with the hadron masses and the form factors. In
contrast to the case of left-handed neutrino emission, the sterile neutrino mass appears
explicitly in the differential decay rates in eqs. (3.2)-(3.4), thereby affecting 6"V%. Moreover,
since the hadron masses are no longer approximated by the heavy quark masses and depend
on the hadron species, some of the decay channels can become kinematically forbidden if
the sterile neutrino is sufficiently heavy. In particular, the channels close for my, 2 1.64,
1.49, and 1.56 GeV for B — D7Ng, B — D*TNg, and Ay — A.7Npg, respectively. Once
any of these channels is kinematically closed, the construction of the sum rule no longer

applies, and the equality in eq. (3.12) is violated.



Cy, Cs Cs  Op
EFT (> 10TeV) 0.33 055 055 0.17
LQ (2TeéV) 051 080 0.77 0.30

Table 1. The 95% CL upper bounds on the WCs at the bottom quark scale p = uy, obtained from
the reinterpretation of the high-pr mono-7 search. The NP mass scale is taken as Mg = 2 TeV with
Agpr > 10TeV. The bounds are independent of the sign and complex phase of the WCs.

4 Numerical result

In this section, we examine the sum rule violation 6% and explore how large it can be.
The hadronic transition form factors are evaluated using the HQET, including higher-order
corrections, following refs. [23, 24].1

As shown in eq. (3.15), the parameter 55;-[3 enters 0V& weighted by the Wilson coefficients
C;. The bound on Cj is obtained by reinterpreting the LHC constraint on berv four-Fermi
operators [25]. The effect of the sterile neutrino mass is negligible, since the mass considered in
our analysis is much smaller than the experimental resolution. The bound is derived assuming
the t-channel exchanges of leptoquarks (LQs). Table 1 summarizes the current constraint
obtained from the high-pr mono-7 search. It should be noted that the bound depends on
the mass scale of the mediating LQ. In the following, we refer to the case with a 2 TeV LQ
mediator as the relaxed LHC bound, while the EFT-like limit is referred to as the stringent
LHC bound. In general, scenarios with s-channel mediators are more strongly constrained
due to the peak-like structure in the signal events [26], whereas scenarios with mediators
at the electroweak scale are more difficult to constrain because of the large background
rates [27, 28]. However, these constraints are highly model dependent, and therefore we
adopt the bounds summarized in table 1. Owing to SU(2), invariance, these operators also
contribute to other observables, which allows us to derive upper limits on the corresponding
Wilson coefficients. We return to this point at the end of this section and impose the LHC
bound as a minimal requirement.

We introduce the parameters Agf and Agf i defined as

R/
Al =D AN GO = gt =1 (1] = Vi St 57, T) (4.1)
i c

These parameters vanish in the SM limit, R/ = RJSL}\C/I In the presence of NP contributions,
although they do not vanish in the small-velocity limit, 6V& and 55}% can be written as

1 3
oN® = AJ® — JART — TADE,

oNr — ANR L \Ng 3
ij

N
Aeyij — 45Dyij ZAD?ij‘ (4.2)

4For simplicity, we neglect theoretical uncertainties, in particular those associated with the form factors,
since they are expected to be small when using HQET-based form factors (see, e.g., ref. [11]). A detailed
treatment of these uncertainties is left for future work.



2.0p v 1
— HRGR 15F Ng
— VgSk AD‘,l]
15— — V&S, 4
NG —s's

S'RS'L

0.5

00 T 0‘5 - 71.‘0’ — 15 ’ 0.0 0.5 1.0 1.5 6.0 05 1.0 1.5
my, [GeV] my, [Gev] my, [GeV]

Figure 1. The parameters Agf i 8s functions of myu,,. The left, middle, and right panels show Agﬁ- i
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Figure 2. The sum rule violation coefficients 55}73 as functions of my,. Different colors correspond
to different operator combinations, as indicated in the legend of the left panel of figure 1. Several
curves overlap in the left panel, and the right panel shows a magnified view.

Therefore, the violation of the sum rule can be evaluated as a weighted sum of these parameters.
Figure 1 shows Agﬁj (left), Agﬁ?’ ;; (middle), AJXf ;; (right) as functions of my, for various
operators. Here and in the following, (ij) = (5’S’) denotes both (ij) = (SR S%) and (S7.57),
since g;:% = Ang'L is satisfied. All contributions except for the interference terms are
positive, since the Ni emission amplitudes do not interfere with the SM contribution. It is
also observed that Agi ;; are suppressed as the sterile neutrino becomes heavier due to the
phase space suppression. In the presence of the tensor operator, (ij) = (1T'T") and (V5;T'),
we find that Ag’f’ ;; and A%f ;; can be as large as about 15 and —5. However, the remaining
contributions are at most of order 2.

In figure 2, we show the deviation 65}[5‘ for each pair (ij). The definition of each color is
given in figure 1. As anticipated from figure 1, the deviation can be enhanced for the V,T”
(blue) and T'T" (purple) contributions. The right panel is a magnified view of the left one,
with these contributions omitted. We observe that only the V41" interference term can give
a sizably negative contribution to 6VF. We also find that the T7"T" and V}V}, contributions
peak around 0.8 GeV, while the V5T contribution peaks around 1.1 GeV.

Figure 3 shows the results obtained in the single-operator scenario, in which only one of
the Wilson coefficients C; is switched on while the others are set to zero. The range of the
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Figure 3. The sum rule violation §V# and parameters AZR as functions of the WCs in single operator
scenarios. The sterile neutrino mass is fixed to my, = 0.8 GeV. The boundaries of the horizontal axis
correspond to the maximally allowed values of the WCs under the relaxed LHC constraint.

horizontal axis is determined using the relaxed LHC constraint.” Under these constraints,
the violation of the sum rule V= (purple) is at most of order 0.1, since the allowed values
of C; are smaller than unity (see table 1). Comparing with Agf‘, we observe a significant
cancellation among the contributions from H. = D (blue), D* (red), and A, (green), resulting
in the net quantity 0’V® (purple). Here the sterile neutrino mass is fixed to 0.8 GeV, for
which we find that 6V7 remains positive. The tensor contribution can reach §V& ~ 0.08,
whereas the other operators yield V% < 0.02. As shown in figure 2, V% can become negative
for mpy, > 1GeV. However, after multiplying by the corresponding Wilson coefficients, the
magnitude of §V% is reduced to below 0.01.

As mentioned in the Introduction, the current experimental values Ry, imply § ~ —0.41+
0.24 when interpreted under the standard assumption of a massless neutrino emission. This
motivates examining whether sterile neutrino emission can drive §V& negative and thereby
affect the apparent tension.® As shown in figure 2, (ij) = (V4T”) can yield a sizable negative
contribution. However, this interference term is accompanied by additional contributions
from (ij) = (ViVE) and (T"T"). To quantitatively assess how large the deviation can become,

5The WCs are more tightly constrained under the stringent LHC bound, as shown in table 1.

n general, the signal acceptance for sterile neutrino emission differs from that for SM neutrino emission,
and it is not obvious to what extent the sterile neutrino channel contributes to the measurements of Ry, .
The following discussion should therefore be regarded as illustrative.
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c

which both CVA and C7 are non-vanishing, while Cls; = CS}? = 0. The boundaries of the horizontal
axis correspond to the maximally allowed values under the relaxed LHC constraint.

we consider a scenario in which both CVfa and C7r are non-vanishing, while CS/L = CSE% =0.
For the LHC constraints, the interference between the vector and tensor operators has only a
small impact on the high-pr tails of the signal events. We therefore impose the following
constraint on the Wilson coeflicients,

2 2
CV’ CT/
. +< — ] <1, (4.3)
v}, T

where ( ‘I}ZX, %) = (0.51, 0.30) under the relaxed LHC constraint, and ( ‘I}ZX, ) =
(0.33, 0.17) under the stringent LHC bound. Under this constraint, we determine (Cy,, C7v)
that minimizes 6VR.

In figure 4, we show the deviation 6V& for my, = 0.5, 0.8, 1.1, and 1.4GeV. The
range of the horizontal axis is determined using the relaxed LHC constraint. For simplicity,

we keep CV;% positive and allow C7r to take either sign. We observe that even if Agf
and AQCR are of O(1), the total §"& remains at the level of ~ 0.1 after the cancellation
among the contributions Agf.7 The deviation drops sharply around C; ~ —0.3, where the

interference contribution becomes suppressed. Although 55}}, takes the largest negative value
R

"We note that for Ag’f ~1, Rp./ RIM becomes approximately 2, which is inconsistent with the measurement
if the acceptance is assumed to be the same as that of the SM signal.
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Figure 5. Normalized differential distributions for B — D7X, B — D*7X and Ay — A7 X (from
left to right), where X = v or Ngr. The normalization is chosen such that the peak of the SM
distribution is unity.

around mpy, = 1.1 GeV in figure 2, the total 6NE remains positive because of the positive
contributions from (ij) = (V4V4) and (T'T”). We find that 6V% can become negative around
mn, = 1.4 GeV. However, its magnitude is very small, since Agf are strongly suppressed by
phase space and therefore negligible compared with the current experimental uncertainty. In
conclusion, we find that the sum rule is robust against the presence of a sterile neutrino.

As the sterile neutrino becomes heavier, some of the decay channels may become kinemat-
ically forbidden. The decays B — D*TNpg and Ay, — A.7Ng are forbidden for m Np 2 1.49
and 1.56 GeV, respectively, while B — D7 Np remains kinematically allowed. Although the
sum rule is then explicitly violated, the phase space suppression is significant, and the NP
contributions themselves become almost invisible even in the measurements of Ry, .

Although we have confirmed that the contributions from the sterile neutrino are almost
negligible for the sum rule, the particle may still be probed through detailed studies of
differential decay rates. Such an additional massive sterile neutrino modifies the kinematic
distributions of the visible final states. As an illustration, we continue with the scenario
in which both C’Vé and Cp/ are non-vanishing, while CS’L = ng% = 0. We set Cp» = 0.1,
which corresponds to the minimum of §V# while keeping A]}\[[f at the level of about 0.2 in
all cases. Figure 5 shows the normalized differential distributions for the decays B — D7X,
B — D*rX, and Ay — A.7X where X = v or Ng. Here, the normalization is chosen such
that the maximum of the SM distribution is unity. In the presence of a sterile neutrino, the
differential decay rates start to deviate from the SM prediction (black) above the kinematic
threshold ¢2;, = (m. + my,,)?. The effect of the sterile neutrino decreases with increasing
mass due to stronger phase space suppression. To test such a scenario, measurements of

differential distributions are required.

So far, we have focused on the deviation 6%, However, we do not attempt a quantitative
recast of the experimental measurements of Ry, in the presence of sterile neutrino emission, as
no experimental results are directly applicable to this scenario. The signal regions are typically
defined in kinematical regions where the backgrounds are efficiently suppressed. Since the
kinematics of the final-state particles, including a massive sterile neutrino, differs from that
in the case of a massless (left-handed) neutrino, the experimental values of Ry, which are
reported under the assumption that a massless neutrino is emitted, cannot be applied to
eq. (3.15) straightforwardly. Nevertheless, a naive fit to the current experimental values of

,10,



< 0.8 GeV, sterile

~

Rp and Rp-, ignoring the acceptance differences, suggests that for my,
neutrino contributions can improve the fit to the current data, but do not resolve the mismatch
among Rp, Rp-, and Ry, in the sum rule. For larger masses, the best-fit values of the WCs
exceed the relaxed LHC bound, and imposing that constraint leads to a deterioration of the
fit quality. A dedicated analysis accounting for the modified acceptance is left for future work.
Before closing this section, we comment on the constraints taking into account the
SU(2)r, invariance. Since the left-handed fermions belong to SU(2) doublets in the SM,
flavor-changing neutral-current (FCNC) processes such as b — svNg can be induced. To see
this, it is convenient to express the effective operators in the SU(2), invariant form as

Ovy = (¢v" Prb) (77, PrNR), Ogy, = €(Q2Prb) (L3 PrNR),
Ogr = (PLQ3)(LsPrNR), Orn = €(Q20"" Prb)(L301 PrNR),  (4.4)
where € denotes the anti-symmetric tensor. We work in the down-quark mass basis, Q7 =

(Vlug, dr), where V is the CKM matrix. For instance, QY = (V3 ui, b) and Q2 = (Visiiz, 5).
The operators relevant for the neutral-current transitions are then given by

O""}é = null process, Og;2 = (sPgrb)(vxPrNR),
Og/L = Vizb(EPLui)(ViTPRNR), O%/ = (EU#VPRZ))(TTUMVPRNR). (4.5)

The V}, operator does not involve left-handed quark fields and therefore does not induce
FCNC processes at tree level. In contrast, down-type neutral currents are generated by
Sk and T". The corresponding Wilson coefficients are subject to stringent upper bounds
of O(1072) [14, 29-35]. Since the available phase space is larger in b — s transitions, the
effect of the Nr mass is expected to be mild. Therefore, the realistic size of the sum rule
violation is likely to be smaller, resulting in a more robust sum rule. On the other hand,
the current bounds involving ¢ — dvNp are weaker.

5 Conclusion and discussion

In this paper, we examined whether a massive sterile neutrino can invalidate the b — ¢
semileptonic sum rule. We derived the sum rule for total decay rates in the small velocity
limit and evaluated its violation for realistic hadrons. Although the sterile neutrino modifies
the decay rates and can close the relevant decay channels at different thresholds, the resulting
violation remains negligible compared with the present experimental uncertainties. This
result shows that the sterile neutrino loophole is effectively closed within the current setup.

Beyond the integrated rates, a massive sterile neutrino leaves a characteristic imprint
on the ¢? distribution of the differential decay rate, opening an independent avenue for its
detection. A quantitative assessment of this signal requires a dedicated evaluation of the
experimental acceptance, which depends on my, and differs from that of the SM neutrino
mode, and is left for future work in close collaboration with experimentalists. It would
further be interesting to extend the analysis to doubly differential decay rates involving
angular distributions (cf. ref. [36]), providing additional handles for disentangling sterile

neutrino contributions.
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A Hadronic and leptonic amplitudes

In this appendix, we describe the hadronic and leptonic amplitudes. The analysis of the
B — D™ transitions is based on refs. [23, 37]. In the HQET, the hadron matrix elements

are parametrized as

(DIey|B) = g [ (0 -+ o) + h_(u— )], (A1)
(D|eb|B) = /ympmp(w + 1)hg, (A.2)
(Dley"ysb| B) = <D|675b|B> =0, (A.3)
(D|eo""b|B) = mpmp hy (vF0" — oY), (A.4)
(D*|ey#b|B) = w/mBmD*hve“”pae v, Vg, (A.5)
(D*|eytsblBY = gD [y (1w + e — (¢ ) (haget + hag™) ], (A6)
(D*|eysb|B) = vamD*( -v)hp, (A7)
(D*|eb|B) = (A.8)
(D*|co"b|B) = \/mBmD*EM P2 by €5(v +v')o + hryey(v =)y

+ by (€ - 0) (0 + )0 — )], (A9)

with v* = plp/mp and v"* = p// ., /mp). For P =(pp—ppw),w=v- = (mB—i-mD( 95—
q2)/(2mBmD<*)) varies in the range of 1 < w < wit¥ with wi = (mB + mD( o — (ms +

mny,)?)/(2mpmpeo ). The form factors hy are functions of w and expressed in the heavy
quark limit by the leading order IW function &(w) as [3§]

h+:hv:hAl:hA3:hS:hP:hT:hT1:€(U)),
h_ = ha, = hr, = hy, = 0.

(A.10)
(A.11)

The IW function satisfies (1) = 1. Departing from the heavy quark limit, the form factors
include corrections. Defining hx(w) = hx(w)/&(w), they are generally expanded as

- - <\ 2
A - A - A ~
—0oh oh
+ 2y X,mp T 2y me T <2mc> X,m2»

where iLX70 =1for X = +,V, Ay, A3, S, P,T,T1 and 0 for X = —, Ay, T5,T5, denoting the
leading order contributions. Also, A is a QCD scale. The corrections dhx are taken into
account at O(as, A/my ., A2/m?2) by following refs. [23, 37].

iLX = iLX,() + %(ﬁlxﬂs (A.12)
T
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Similarly to the B — D™ transitions, the HQET form factors for the Ay — A, transitions
are given by [39]

(AcleudlAp) = a(p’, ") [fryu + favu + favy]u(p, s), (A.13)
(AclevuvsblAe) = u(p', ") [917 + g2vp + g3v),]v5 u(p, 5), (A.14)
(Acled|Ap) = hga(p', s") u(p, s), (A.15)
(AcleysblAp) = Rpa(p’, s') s u(p, s), (A.16)

(Acle o blAy) = up', 8') [h1 o + T ha(vuye — vuyp) + i ha(v 1 — v)70)
+ i hy vy, — vyv,,)]u(p, s), (A.17)

where u(p, s) are spinors with momentum p and spin s. Also, v = p/my,, V' = p'/my,,
w=uvv = (m%b—i—mic—qz)/@m/\bm/\c) and wi'™* = (m%b—l—mic—(mT—&—mNR)Q)/(QmAbmAC)

are functions of w and expressed in the

max

are introduced. The form factors f;, g;, and hf;)

heavy quark limit as [40)]

fi=g1="hg="hp=h =((w), (A.18)
fo=fs=92=93=ha=h3=hs=0, (A.19)

where ((w) is the IW function for ground state baryons, satisfying ((1) = 1. Once departing
from the heavy quark limit, the A, — A, form factors include corrections similar to eq. (A.12).
They are taken into account at O(as, A/my, ¢, asA/my, ., A2/m?2) by following refs. [24, 39].

In the following, we summarize the hadronic factors of the helicity amplitudes in the
HQET. For the B — D transitions, there are four amplitudes [23, 41]:

Hyy = mp ”)(12;)_1) [(1 +rp)hy — (1 - TD)h—}, (A.20)
HP, = mB\/Z[u —rp)(w+1)hy — (1+7p)(w = 1h_], (A.21)
HE = mp/rp(w + 1)hs, (A.22)

H,Zl? = —mB\/TD(wz - 1) hT. (A23)

For the B — D* transitions, they are given by [23, 41]

HY' =mp /D |(w+1)ha, FVw2—Thy |, (A.24)
HYy=mp qi (w+1) [(rpr —w)ha, +(w=1)(rp-hay +hay)] (A.25)
HP, =—mp ’”’y‘gjl)[(w+1)h,41+(TD*w—1)hA2+(rD*_w)hA?,}, (A.26)
HE =—mp\/rp-(w2—1)hp, (A.27)
Hy - ime 1= (w3t =) [y o+ (w1 (e, —hry)], (A.29)
HPy=—mpy/7p- | (w+1)h, +(w—1)hr, +2(w?~1)hr . (A.29)
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For A, — A., the hadronic factors are shown as [39, 42]

Hps = ma, qu;A{vw =T[(1+ra)fir+ (w+ ) (fara + f5)] (A.30)
A
F Vo 1[(1=ra)gn — (w = 1)(g2ra +93)] |

HY,, = —2mAb\/ﬁ[\/w —1fi FVw+ 191}, (A.31)

G, = ma,, /?{\/w FI[1—rfi+ O —wr) + fiw—ry)]  (A32)
A

F \/zﬁ[(l +7ra)g1 — g2(1 —wrp) — g3(w — TA)} }

HEe = mp,/2ra(w + 1)1, (A.33)

He = mp,/2ra(w — 1)p, (A.34)
Hyy = ma, V2 {Vw = 1[h1 = ha + hg — (w + Dha] + Vo + 1ht }, (A.35)

Hil}lﬂ: = QmAb\/Z{\/w -1 {(1 + TA)hl — (1 — wT'A)hQ — (w — T‘A)hg}
+ Vw11 = rp)ht = (w = 1)(hara + hs) |}, (A.36)

52 2/, 2 2
where ¢y = q°/my, =1 —2rgw +r§ and rg, = my./mmy,.

The leptonic amplitudes involving a massive sterile neutrino are given by

Ls'(Ar, AN) = (1(pr; A7) Nr(pn, AN) |7 PrNE|0), (A.37)
Ly (Ars AN, Aw) = €u(q, )\W)< (pr» Ar)Nr(pN, AN)|T7" PRNE|0), (A.38)
Ly (A, AN, Aws Aw) = €u(q, Aw)ew (@, Aw?) (T(pr, Ar) Nr(pw, An)[To™ PRNR[0).  (A.39)

For a given helicity configuration, the leptonic amplitudes for the scalar operator read

Lo (£, +) f\/q —mZ—m3_ F V@4 QL. (A.40)
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For the vector operator, the leptonic amplitudes read

LVI(:l:, =+, +) = —LV/(:E, =+, —)

sin 0 ?

2

2

9
Y

Ly (£, 4,1) = chlq»Q (@2)2 = (m2 = 3, £ /QLQL)

Ly (%, £,0) = —2‘:?/5;2 (¢2)? — <m3 —m%, +,/Q4Q!
Ly (£, 5.0) = ﬁijﬁqz —m2 =, +JQLQL,

Ly:(+,F,F) = — cos’ (g) \/q2 —m7 —mjy, +/QLQL,
Dot 5,2 = —sin? (B) 2 = m2 — iy, QL

and the tensor one reads

Lp(+,+,+,F) = —Lp (£, £, F,£) = Ly (£, £,0,t) = FLp (£, £,¢,0)

)
= iﬁ cos 04/ q? —m2 — m?VR F4/QLQL,
LT’(iy =+, i: :F) - _LT’(iy =+, +, i) - iIJT’(i7 =+, 07 t) - :FLT'(ia +, ta 0)

. 2
= Z;;%J (%)% — <m3 —my, F \/QQQZ) :
Lpi(4,+,+,0) = Ly (£, £, F,0) = —Lgv (£, 4,0, +) = —Lyv (£, +,0, F)
= +Lp (%, +,+,t) = FLp(+, £, F,t) = FLp (&, £, 8, +)
= +Lp(+, £, ¢, F)

(A
= 2s1n9\/q2 —m2 —m?VR F \/QQLQL,

LT’(iv =+, :l:y O) = 7LT’(:E7 =+, 05 :l:) = :l:LT’(j:a +, :l:a t) — :FLT’(:l:a +, ta :l:)

LA @NW‘ (=t 7 )

LT’(:I:7 +,+, 0) = —LT/(:E, +, Oa $) = iLT’(ia +, + t) = :I:LT’(:tv +, ta :F)

v (g)J (@2)2 -~ (m2 - w3, \/Qin_)Q.

(A.A41)

(A.42)

(A.43)

(A.44)
(A.45)

(A.46)

(A.47)

(A.48)

(A.49)

(A.50)

(A.51)

The leptonic angle 6 is defined as the angle between the charged lepton and the B meson

momentum in the W-boson rest frame.
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