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We calculate the complete differential decay distributions for the B meson decays, B̄ → Dð�ÞlX̄, to a
massive right-handed (RH) neutrino in the low-energy effective field theory (LEFT) framework. We find
that a massive RH neutrino does not introduce any new angular structures compared to the massless case,
but can cause significant distortions in angular observables. We study the phenomenology of low-energy
four-fermion operators permitted by the standard model effective field theory (SMEFT) extended with RH
neutrinos (SMNEFT). We show that to explain the positive value of the difference in forward-backward
asymmetries, ΔAFB ≡ Aμ

FB − Ae
FB, tentatively inferred from Belle data, the RH neutrino must be massive.

We also make predictions for q2 dependent angular observables to motivate future measurements.

DOI: 10.1103/PhysRevD.106.L011702

I. INTRODUCTION

Hints of new physics (NP) have been reported in the
charged current decays, B → Dð�Þτντ, by the BABAR, Belle
and LHCb experiments. Measurements of the ratios,
Rτ=l
Dð�Þ ≡BðB̄→Dð�Þτ−ν̄τÞ=BðB̄→Dð�Þl−ν̄lÞ, where l ¼ e,

μ, are larger than the standard model (SM) predictions [1–
10]with a combined significance of 3.4σ [11]. This is known
as the RDð�Þ puzzle. Measurements of a similar ratio, Rτ=μ

J=ψ≡
BðBþ

c →J=ψτþντÞ=BðBþ
c →J=ψμþνμÞ [12], also show

tension with the SM at 1.7σ significance [13]. These
measurements suggest NP in b → cτ−ν̄ decays that is lepton
universality violating (LUV).
Not surprisingly, most of the theoretical work on NP has

been concentrated on semileptonic τ modes with a left-
handed (LH) neutrino in the final state. If NP allows for
decays to a light right-handed (RH) neutrino, the decay rate
is always enhanced because there is no interference with the
SM amplitude in the limit of vanishing active neutrino
mass. This feature can be used to naturally explain the Rτ=l

D�

measurements [14–19]. However, with the limited

experimental statistics, it is difficult to find clear signals
of NP. Moreover, since the final state contains one or more
additional neutrinos from τ decay, measurements of angular
distributions that are crucial for detecting NP are further
complicated.
In the coming years, the B factories, Belle II and LHCb,

may conclusively confirm the existence of beyond the
standard model (SM) physics in semileptonic B decays. In
this paper, we study the high statistics charged current B̄ →
Dð�ÞlX̄ decay arising from the underlying b → cl−X̄
transition, where l ¼ e, μ and the invisible state X can
be a LH neutrino or a light RH singlet neutrino. At Belle II
with 50 ab−1 we expect 8 × 106 events in each of the muon
and electron modes. These modes allow full event
reconstruction because the missing neutrino momentum
can be calculated from the eþe− kinematics at the ϒð4SÞ.
New physics in the muon sector is motivated by

anomalies in the measured value of ðg − 2Þμ [20] and
neutral-current b → sμþμ− decays [21]. Since our interest
is in LUV NP, we assume NP to affect only the muon sector
while the electron sector is described by the SM. In this
spirit we introduce a RH neutrino associated with the
muon. LUV NP in the electron and muon sectors is tightly
constrained by the measurement of the ratio of rates,
Rμ=e
Dð�Þ ≡ BðB̄ → Dð�Þμ−ν̄μÞ=BðB̄ → Dð�Þe−ν̄eÞ which is

within 5% of unity. We restrict ourselves to NP scenarios
in which this ratio can deviate up to 3% from unity, a
precision achievable in the future.
A key point is that even if the effects of LUVNP are small

in the ratios of decay rates, larger effects may be visible in
the angular distributions as functions of q2, and angular
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observables may provide one or more unambiguous signals
for NP. One of the issues that should be addressed is whether
form factor uncertainties can obscure these signals.
Fortunately, we can identify two types of observables in
the SM that have very little or no form factor uncertainties
and hence anymeasured deviations from the SMpredictions
for these observables would be clear signs of NP. The first
are theΔ observables that quantify differences in the angular
observables for the muon and electron channels, e.g.,
ΔAFB ≡ Aμ

FB − Ae
FB, where AFB is the forward-backward

asymmetry. The second type are the CP-violating triple-
product terms in the angular distribution [22,23] which can
be nonzero if NP couplings are complex and have phases
different from the SM contribution. The measurements of
CP violating terms require large statistics [24], and so we
focus on theΔ observables in this work. Recently, using the
tables of Belle data in Ref. [25], an anomaly in ΔAFB was
reported in Ref. [26]. If confirmed, this could signal LUV
[24,26,27]. As an application of our formalism, we explore
if decays to a massive RH neutrino can resolve this
anomaly.
Note that while the effects of a right-handed neutrino

have been considered in the τ channel, our approach has
several novel features. (1) In our framework, the structure
of the low energy effective operators is assumed to arise
from the standard model effective field theory (SMEFT)
extended with RH neutrinos (SMNEFT). Consequently,
only the subset of operators compatible with this well-
motivated formalism for physics above the electroweak
scale, is allowed. (2) We present, for the first time, the
complete angular distribution for B̄ → Dð�ÞlX̄ decays with
a massive right-handed neutrino. (3) We address the
hΔAFBi anomaly with the aid of a massive RH neutrino,
and show that a massless RH neutrino fails to do so.

II. SMNEFT

Standard model effective field theory (SMEFT) [28–30]
is defined in terms of SUð3ÞC × SUð2ÞL ×Uð1ÞY invariant
higher dimensional operators Oi built from SM fields:

L ¼
X
i

ci
Λdi−4

Oi; ð1Þ

whereΛ is the NP scale above the electroweak scale, di > 4
are integer dimensions of Oi, and the dimensionless
parameters ci are the Wilson’s coefficients (WCs) that
can be calculated by matching the effective theory with the
underlying theory.
Motivated by neutrino mass and oscillations, RH neu-

trinos that are sterile under the SM gauge interactions can
be incorporated into SMEFT. The resulting EFT [31–35],
called SMNEFT, includes additional interactions of the RH
neutrinos with SM fields. The mass scale of the RH
neutrino can vary over a large range. We consider the case

of a light RH neutrino so that it appears as an explicit
degree of freedom in the EFT framework.

III. B̄ → Dð�ÞlX̄

In a general EFT at the mb scale, NP in semileptonic B
decays can be described by four-fermion contact inter-
actions that give b → clX̄. The dimension-six SUð3ÞC ×
Uð1ÞQ invariant Lagrangian is

−Leff ¼
4GFVcbffiffiffi

2
p

�
OV

LL þ
X
X¼S;V;T
α;β¼L;R

CX
αβO

X
αβ

�
; ð2Þ

where

OV
αβ ≡ ðc̄γμPαbÞðl̄γμPβνÞ; ð3Þ

OS
αβ≡ðc̄PαbÞðl̄PβνÞ; ð4Þ

OT
αβ ≡ δαβðc̄σμνPαbÞðl̄σμνPβνÞ: ð5Þ

The first term in Eq. (2) is the SM contribution, and the NP
is in the second term. As these operators should emerge
from SMNEFT, the two EFTs must match at the electro-
weak scale. From SMEFT, only the operators OV

LL, O
S
LL,

OS
RL, and OT

LL arise, while SMNEFT yields four more
operators: OV

RR, O
S
LR, O

S
RR, and O

T
RR; see Table I. Note that

OV
LR and OV

RL cannot be produced from the four-fermion
operators in SMNEFT. The renormalization group running
of the operators from Λ to mZ and then down to the mb
scale has been discussed in Refs. [36,37]. The scalar

operator Oð1Þ
lnqd and the tensor operator Oð3Þ

lnqd mix via
the weak gauge couplings above the weak scale. Below the
weak scale the operators OS

RR and OT
RR mix due to the

electromagnetic interaction. The operators on the left and
right side of the partition in Table I mix via Yukawa
couplings. In what follows, we work in the low-energy
effective field theory (LEFT) framework keeping in mind
that the corresponding SMNEFT WCs can be obtained by
carrying out the running and matching.

IV. FORMALISM

The differential decay distribution for B̄ → DlX̄ with a
massless RH neutrino is given in Ref. [19]. We generalize
the result for a nonzero RH neutrino mass mN . A finite mN
affects both the phase space and the leptonic helicity

TABLE I. The origin of low-energy effective operators from
SMNEFT. The last four operators in the second row arise by
extending SMEFT to SMNEFT.

Oð3Þ
lq Oð1Þ

lequ Oledq Oð3Þ
leqd Onedu Olnuq Oð1Þ

lnqd Oð3Þ
lnqd

OV
LL OS

LL OS
RL OT

LL OV
RR OS

LR OS
RR OT

RR
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amplitudes. For example, the operators with β ¼ R produce
left-handed antineutrinos with helicity λN̄ ¼ �1=2 be-
cause the mass flips the helicity. The differential decay
distribution for B̄ → DlX̄ can be expressed in terms of the
three J functions as

d2ΓD

dq2d cos θl
¼

X2
i¼0

J iðq2;  C; mNÞf̃iðcos θlÞ; ð6Þ

where q2 ≡ ðpl þ pN̄Þ2 and f̃iðcos θlÞ are the angular
functions with θl the angle between the charged lepton
momentum in the lX̄ rest frame and the direction of the D
momentum in the B̄ rest frame. The J i functions depend on
q2, WCs  C and mN , and are provided in the Supplemental
Material [38]. Similarly, the differential decay distribution
for B̄ → D�ð→ DπÞlX̄ with nonzero mN , can be written in
terms of the 12 different angular structures that appear in
the massless RH neutrino case:

d4ΓD�

dq2d cos θld cos θDdϕ
¼ 3

8π

X
i

I ifiðcos θl; cos θD;ϕÞ;

ð7Þ
where I i ≡ I iðq2;  C; mNÞ, and the three angles are defined
in Fig. 1; our convention for θl differs from that often used
by experimentalists [24]. For the complete expression see
Supplemental Material [38]. For mN ¼ 0, our I and J
functions match the I and J functions of Ref. [19]. We
adopt the hadronic form factors of Ref. [39] including the
corrections up to 1=m2

c in the heavy-quark limit.

V. PHENOMENOLOGY

The general angular distributions can be integrated over
subsets of the variables to construct several distributions.
The differential distributions with respect to q2 are

ΓD
f ðq2Þ≡ dΓD

dq2
¼ 2J 0ðq2Þ þ

2

3
J 2ðq2Þ; ð8Þ

ΓD�
f ðq2Þ≡ dΓD�

dq2
¼ 2I1sðq2Þ þ I1cðq2Þ

−
1

3
ð2I2sðq2Þ þ I2cðq2ÞÞ: ð9Þ

We define 9 bins of the normalized q2-distributions [26],

ΔxDð�Þ
i ≡ 1

ΓDð�Þ
tot

Z
q2i

q2i−1

dq2ΓDð�Þ
f ðq2Þ; i ¼ 2 to 10; ð10Þ

where ΓDð�Þ
tot is the total decay width after integrating

ΓDð�Þ
f ðq2Þ over the entire range of q2. The q2 bins are

defined by

q2i ≡m2
B þm2

Dð�Þ − 2mBmDð�Þωi; i ¼ 1 to 10; ð11Þ

with ωi ¼ 1þ i=20. The differential distributions with
respect to cos θl, cos θD, and ϕ after integrating over the
other variables, can be written in terms of five angular
observables hAD�

FBi, hF̃Li, hFLi, hS3i, and hS9i:

1

ΓD�
tot

dΓD�

d cos θl
¼ 1

2
− hAD�

FBi cos θl

þ 1

4
ð1 − 3hF̃LiÞ

3cos2θl − 1

2
; ð12Þ

1

ΓD�
tot

dΓD�

d cos θD
¼ 3

4
½1 − hFLi þ ð3hFLi − 1Þcos2θD�; ð13Þ

1

ΓD�
tot

dΓD�

dϕ
¼ 1

2π
þ 2

3π
hS3i cosð2ϕÞ

þ 2

3π
hS9i sinð2ϕÞ; ð14Þ

where the q2-averaged observables are defined by

hOi≡ 1

ΓDð�Þ
tot

Z
q2max

q2min

dq2Oðq2ÞΓDð�Þ
f ðq2Þ: ð15Þ

The values of hAD�
FBi, hF̃Li, hFLi, and hS3i, measured by the

Belle experiment are listed in Table II. Measurements of the
two ratios of branching fractions Rμ=e

Dð�Þ are also listed in
Table II. Several additional q2 dependent angular asym-
metries can be extracted from the full angular distribution
through asymmetric integrals:

S4ðq2Þ ¼
3π

8

�Z
1

0

−
Z

0

−1

�
d cos θl

�Z
1

0

−
Z

0

−1

�

× d cos θD

�Z π
2

0

−
Z

π

π
2

−
Z 3π

2

π
−
Z

2π

3π
2

�

× dϕ
d4ΓD�

dq2d cos θld cos θDdϕ
; ð16Þ

FIG. 1. Kinematic variables for B̄ → l−N̄D�ð→ DπÞ.
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S5ðq2Þ ¼
Z

1

−1
d cos θl

�Z
1

0

−
Z

0

−1

�

× d cos θD

�Z π
2

0

−
Z

π

π
2

−
Z 3π

2

π
−
Z

2π

3π
2

�

× dϕ
d4ΓD�

dq2d cos θld cos θDdϕ
; ð17Þ

S7ðq2Þ ¼
Z

1

−1
d cos θl

�Z
1

0

−
Z

0

−1

�

× d cos θD

�Z
π

0

−
Z

2π

π

�

× dϕ
d4ΓD�

dq2d cos θld cos θDdϕ
; ð18Þ

S8ðq2Þ ¼
3π

8

�Z
1

0

−
Z

0

−1

�
d cos θl

�Z
1

0

−
Z

0

−1

�

× d cos θD

�Z
π

0

−
Z

2π

π

�

× dϕ
d4ΓD�

dq2d cos θld cos θDdϕ
: ð19Þ

In terms of the I and J functions,

AD
FBðq2Þ ¼ −

J 1ðq2Þ
ΓD
f ðq2Þ

; ð20Þ

AD�
FBðq2Þ ¼ −

I6sðq2Þ þ 1
2
I6cðq2Þ

ΓD�
f ðq2Þ ; ð21Þ

FLðq2Þ ¼
I1cðq2Þ − 1

3
I2cðq2Þ

ΓD�
f ðq2Þ ; ð22Þ

F̃Lðq2Þ ¼
1

3
−
8

9

2I2sðq2Þ þ I2cðq2Þ
ΓD�
f ðq2Þ ; ð23Þ

Siðq2Þ ¼
I iðq2Þ
ΓD�
f ðq2Þ ; i ¼ f3; 4; 5; 7; 8; 9g: ð24Þ

We find that the nonzero RH neutrino mass produces
significant effects in the angular observables which may
explain the 4σ tension in ΔhAD�

FBi. In the upper panel of
Fig. 2, we showΔhAD�

FBi as a functionmN forCS
RR ¼ CV

RR ¼
CT
RR ¼ 1. Clearly, a GeV RH neutrino with vector or tensor

interactions can fit the ΔhAD�
FBi measurement within 1σ. In

the lower panel of Fig. 2, we show the dependence of
ΔhAD�

FBi on the LEFT WCs for three values of mN , taking
only one of the WCs to be nonzero at a time. We observe
that if the RH neutrino is massless (dotted curves), ΔhAD�

FBi

TABLE II. Ten observables that are sensitive to NP in the μ
sector. The corresponding predictions for the three BPs of
Table III are provided.

Observable Measurement BP1 BP2 BP3

ΔhAD�
FBi 0.0349� 0.0089 0.0188 −0.0014 −0.0016

ΔhFLi −0.0065� 0.0059 −0.0057 −0.0063 −0.0025
ΔhF̃Li −0.0107� 0.0142 −0.0314 −0.0099 −0.0034
ΔhS3i −0.0127� 0.0109 0.0035 0.0049 0.0007
Rμ=e
D 0.995� 0.022� 0.039 1.015 1.036 1.012

Rμ=e
D� 0.99� 0.01� 0.03 0.983 1.021 0.991

ΔxD�
2 −0.0040� 0.0029 −0.0153 −0.0022 −0.0002

ΔxD�
3 −0.0025� 0.0033 0.0 −0.0022 0.0001

ΔxD�
4 0.0024� 0.0038 0.0014 −0.0022 0.0002

ΔxD�
5 0.0043� 0.0046 0.0022 −0.0006 0.0002

ΔxD�
6 −0.0035� 0.0052 0.0027 0.0009 0.0003

ΔxD�
7 0.0066� 0.0056 0.0030 0.0018 0.0003

ΔxD�
8 −0.0103� 0.0054 0.0032 0.0021 0.0003

ΔxD�
9 0.0� 0.0052 0.0031 0.0020 0.0003

ΔxD�
10 0.0019� 0.0044 0.0028 0.0017 0.0003

ΔhAD
FBi � � � 0.0401 −0.0032 −0.0209

ΔhS4i � � � 0.0121 0.0087 0.0021
ΔhS5i � � � −0.0128 −0.0051 0.0015

FIG. 2. Upper panel: ΔhAD�
FBi as a function of mN for

CS
RR ¼ CV

RR ¼ CT
RR ¼ 1. Lower panel: ΔhAD�

FBi as a function of
CS
RR (green), CV

RR (red), and CT
RR (blue) for mN ¼ 0 (dotted),

1 GeV (dashed), and 2 GeV (solid). The light orange band shows
the Belle measurement at 1σ.
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is always below the SM prediction. However, for
mN ¼ 1 GeV, the ΔhAD�

FBi anomaly can be explained if
CV
RR ≈ 1 (red dashed curve). FormN ¼ 2 GeV, the anomaly

can be explained by both CV
RR ≈ 2 and CT

RR ≈ 1. However,
these illustrative scenarios are excluded by other measure-
ments in Table II. So, to reproduce theΔhAD�

FBi anomaly and
the other measurements in Table II, we choose three
benchmark points (BPs) of Table III. BP1 has both LH
and RH interactions. while BP2 and BP3 only have RH and
LH interactions, respectively. The predictions for the three
BPs for the 15 measurements are provided in Table II and
Fig. 3. Since there is no interference between LH and RH
contributions, scenarios with only RH interactions (like
BP2) necessarily increase Rμ=e

D and Rμ=e
D� , and it is not

possible to sufficiently enhance ΔhAD�
FBi. Only LH inter-

actions (BP3) are unable to adequately reproduce all the
measurements. It is clear that BP1 can alleviate the tension
in ΔhAD�

FBi to within ∼2σ. This requires a large correction to

the vector LH interaction in conjunction with a large
contribution from the vector RH neutrino interaction. It
is possible to obtain predictions closer to the central values
of ΔhAD�

FBi and ΔF̃L, at the expense of an even larger
cancellation ofCV

LL with the SM.One such set of parameters
is CV

LL ¼ −0.84, CV
RR ¼ 1.0, CS

RR ¼ 0.05, CT
RR ¼ 0.03,

and mN ¼ 0.3 GeV.
We now calculate AD�

FBðq2Þ, F̃Lðq2Þ, FLðq2Þ, and S3ðq2Þ
for our BP scenarios. The binned observables are defined by

Oi ≡ 1

ΓDð�Þ
tot

Z
q2i

q2i−1

dq2Oðq2ÞΓDð�Þ
f ðq2Þ; i ¼ 2 to 10: ð25Þ

We present the four binned angular observables for the three
BPs in Fig. 3. We also show the normalized q2 distribution
for B̄ → DlX̄. Large deviations from the SM are evident in
severalq2 bins. The error bars in themiddle and lower panels
indicate the uncertainties due to the hadronic form factors.
We estimate these as the range of predictions using our
chosen form factors [39] and the form factors of
Refs. [40,41]. We see that ΔS3 is quite sensitive to the form
factor.
Other observables that have not yet been measured and

can be significantly modified by NP include the forward-
backward asymmetry in B̄ → DlX̄, AD

FB. In the SM, this is
suppressed by m2

l. In the limit ml → 0, AD
FB is proportional

TABLE III. The parameters for three benchmark points. The
WCs not listed are zero.

mN (GeV) CV
RR CS

RR CT
RR CV

LL CS
LL CT

LL

BP1 0.4 0.82 0.1 0.02 −0.4 0 0
BP2 1.6 0.15 −0.3 0.06 0 0 0
BP3 0 0 0 0 0 0.06 0.02

FIG. 3. The expectations for the SM and three BPs for the observables in the upper and middle panels of Table II. The Belle
measurements are shown in the upper panels. The error bars in the middle and lower panels are hadronic form factor uncertainties.

B̄ → Dð�ÞlX̄ DECAYS IN EFFECTIVE FIELD THEORY… PHYS. REV. D 106, L011702 (2022)

L011702-5



to q2 with the new LH interactions ðOS
LL þOS

RLÞOT
LL. With

the new RH interactions ðOV
LR þOV

RRÞ2, AD
FB is propor-

tional to m2
Nð1 −m2

N=q
2Þ, and for ðOS

LR þOS
RRÞOT

RR, it is
proportional to q2ð1 −m2

N=q
2Þ. The q2 averaged values of

ΔAD
FB,ΔS4 andΔS5 for the BPs are displayed in Table II. In

Fig. 4, we plot the corresponding q2 binned observables
and find that large deviations from the SM are possible.

VI. SUMMARY

We have presented the angular distributions for B̄ →
DlX̄ and B̄ → D�lX̄ → DπlX̄, where X may be a massive
RH neutrino, for the most general set of operators in LEFT;
see section IV of Supplemental Material [38] for complete
expressions. Interestingly, compared to the massless RH
neutrino case, no new angular structures result. However,

to obtain a positive value of ΔhAD�
FBi, as suggested by Belle

data, a nonzeromN is needed if the new physics only affects
the muon sector. We also made predictions for several
angular observables that differ substantially from SM
expectations.
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