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We calculate the complete differential decay distributions for the B meson decays, B — D" ¢X, 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, AApg = Ak — A%, tentatively inferred from Belle data, the RH neutrino must be massive.
We also make predictions for ¢> dependent angular observables to motivate future measurements.
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I. INTRODUCTION

Hints of new physics (NP) have been reported in the
charged current decays, B — D(*)wr, by the BABAR, Belle
and LHCb experiments. Measurements of the ratios,

R;/(’f) =B(B— D%t 1,)/B(B—D"¢1,), where £ = e,
u, are larger than the standard model (SM) predictions [1—
10] with a combined significance of 3.4 [11]. This is known

as the R puzzle. Measurements of a similar ratio, R;//’;/ =

BBt —=J/wtv,)/BBf—=J/wuty,) [12], also show
tension with the SM at 1.7¢ significance [13]. These
measurements suggest NP in b — ¢z~ v decays that is lepton
universality violating (LUV).

Not surprisingly, most of the theoretical work on NP has
been concentrated on semileptonic 7 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 Rfj/f
measurements [14-19]. However, with the limited
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experimental statistics, it is difficult to find clear signals
of NP. Moreover, since the final state contains one or more
additional neutrinos from 7 decay, measurements of angular
distributions that are crucial for detecting NP are further
complicated.

In the coming years, the B factories, Belle I 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 B —
DW¢X decay arising from the underlying b — c£~X
transition, where Z = e, u and the invisible state X can
be a LH neutrino or a light RH singlet neutrino. At Belle 1T
with 50 ab~! we expect 8 x 10° 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 e e~ kinematics at the Y(4S).

New physics in the muon sector is motivated by
anomalies in the measured value of (g—2), [20] and
neutral-current b — sy~ 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,
R’l‘)ﬁf) = B(B - DYy p,)/B(B— DWe p,) 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 s that even if the effects of LUV NP are small
in the ratios of decay rates, larger effects may be visible in
the angular distributions as functions of ¢?, 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 any measured deviations from the SM predictions
for these observables would be clear signs of NP. The first
are the A observables that quantify differences in the angular
observables for the muon and electron channels, e.g.,
AApg = Afy — Afy, where Apg 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 the A observables in this work. Recently, using the
tables of Belle data in Ref. [25], an anomaly in AAgg 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 z 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 B — D*#X decays with
a massive right-handed neutrino. (3) We address the
(AApg) 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 SU(3). x SU(2), x U(1)y invariant
higher dimensional operators ' built from SM fields:

C; i
L= =0 (1)

where A is the NP scale above the electroweak scale, d; > 4
are integer dimensions of O, and the dimensionless
parameters c; 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

TABLE 1. The origin of low-energy effective operators from
SMNEFT. The last four operators in the second row arise by
extending SMEFT to SMNEFT.

3 3 3
O;; Og}g)q“ Ofedq Oég)qd Onedu Ofnuq O(;n)qd Og’n)qd
Ol Ol On Ol | O Oix Ok Ok

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

1L B - DW¢£X

In a general EFT at the m,, scale, NP in semileptonic B
decays can be described by four-fermion contact inter-
actions that give b — ¢#X. The dimension-six SU(3). X
U(1), invariant Lagrangian is

=Lt = %% <OZL + Xz;rcgﬁofx(ﬁ) (2)
wpoL R
where
Oy = (Er'Peb)(Cr"Pyv), (3)
O5y=(2P,b)(¢Pyv), (4)
Oy = 8,5(¢o" Pob) (£0,,Ppr). (5)

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 O}, O3,
0%, and O, arise, while SMNEFT yields four more
operators: Okp, OF p, O%p, and Oky; see Table 1. Note that
OY and O}, cannot be produced from the four-fermion
operators in SMNEFT. The renormalization group running
of the operators from A to m; and then down to the m,,
scale has been discussed in Refs. [36,37]. The scalar
operator (’)(fln)q , and the tensor operator (’)(;n)q 4 Mix via
the weak gauge couplings above the weak scale. Below the
weak scale the operators O%, and Ok, 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 B — D£X with a
massless RH neutrino is given in Ref. [19]. We generalize
the result for a nonzero RH neutrino mass my. A finite my
affects both the phase space and the leptonic helicity
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FIG. 1.

Kinematic variables for B — #~ND*(— Dx).

amplitudes. For example, the operators with f = R produce
left-handed antineutrinos with helicity Ay = £1/2 be-
cause the mass flips the helicity. The differential decay
distribution for B — D#X can be expressed in terms of the
three J functions as

T,

2
_ 4Ty (R EmVF(cos8) (6
dqg*dcos 6, ;jl(q my)fi(cos6,) (6)

where ¢> = (p, + py)* and f;(cos@,) are the angular
functions with 6, the angle between the charged lepton
momentum in the £X rest frame and the direction of the D
momentum in the B rest frame. The 7, functions depend on
g%, WCs C and my, and are provided in the Supplemental
Material [38]. Similarly, the differential decay distribution
for B — D*(— Dx)£X with nonzero my, can be written in
terms of the 12 different angular structures that appear in
the massless RH neutrino case:

d*ry. 3
dg*dcos0,dcosOpdp 8z

ZLf,»(cost,cosﬁD,g{)),
()

where 7, = Z,(¢, 6 my ), and the three angles are defined
in Fig. 1; our convention for 6, differs from that often used
by experimentalists [24]. For the complete expression see
Supplemental Material [38]. For my =0, our Z and J
functions match the 7/ and J functions of Ref. [19]. We
adopt the hadronic form factors of Ref. [39] including the
corrections up to 1/m? 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 g> are

dar 2
2(q?) = d—qlz) =270(¢%) +§J2(q2), (8)
. dr'p-
I (q*) = dq’i =27,(¢%) + T1c(4?)

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

. 1 a; .
Axp“zw/z dg’T?"(¢%). i=21010, (10)
tot 4y

where ng?) is the total decay width after integrating
Fjl?(*)(qz) over the entire range of ¢>. The ¢*> bins are
defined by

qi =mp+m? . = 2mgmpew;, i=1to10, (1)

with w; = 14 i/20. The differential distributions with
respect to cos ., cosfp, and ¢ after integrating over the
other variables, can be written in terms of five angular
observables (A2), (F.), (F.), (S3), and (So):

1 dr?”

1
O AR cosd
D dcost, 2 (Arp) cos 0

3cos?6, — 1
+ - ~ b
2

(1=3(F.)) (12)

EN

1 dar> 3
— =Z[1-(F F;)—1)cos20,], (1
5 doosy ~ 411~ (P + B{FL) = ooyl (13)

Lar” 1 2
> dp 2z 3=x

+ % (So) sin(2¢), (14)

(S3) cos(24)

where the g*-averaged observables are defined by

1 Thax R
0 = [ dgory (@), 3)
tot

Drmin

The values of (AR;), (F,), (F), and (S3), measured by the
Belle experiment are listed in Table II. Measurements of the
two ratios of branching fractions R’Z)/(f) are also listed in
Table II. Several additional g> dependent angular asym-
metries can be extracted from the full angular distribution
through asymmetric integrals:

s = ([ ‘/_T?"“’Sef@ -[)
XdCOSeD<AE_/%”_L7_[7"ﬂ>

&'T)
dg*d cos @,d cos Opdep’

x d¢ (16)
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TABLE II. Ten observables that are sensitive to NP in the u
sector. The corresponding predictions for the three BPs of
Table III are provided.

Observable Measurement BP1 BP2 BP3
A(A{E-’l;) 0.0349 4 0.0089 0.0188 —0.0014 —0.0016
A(F;) —0.0065 £ 0.0059 —-0.0057 —0.0063 —0.0025
A(FL> —-0.0107 £0.0142 -0.0314 —0.0099 —0.0034
A(S3) —0.0127 £0.0109  0.0035 0.0049 0.0007
R’,‘)/‘) 0.995 + 0.022 +£0.039 1.015 1.036 1.012
R’gf' 0.99 £0.01 £0.03 0.983 1.021 0.991
Ax?i —0.0040 £ 0.0029 -0.0153 —0.0022 —0.0002
Ax?x —-0.0025 £0.0033 0.0 —0.0022 0.0001
Axfx 0.0024 4+ 0.0038 0.0014 —0.0022 0.0002
AxSDX 0.0043 4 0.0046 0.0022 —0.0006 0.0002
Axé’x —0.0035 £0.0052  0.0027 0.0009 0.0003
Ax?x 0.0066 4+ 0.0056 0.0030 0.0018 0.0003
AngX —0.0103 £0.0054  0.0032 0.0021 0.0003
Axé’x 0.0 £ 0.0052 0.0031 0.0020 0.0003
Axﬁ; 0.0019 4 0.0044 0.0028 0.0017 0.0003
A(AB,) 0.0401 —0.0032 —0.0209
A<S4) 0.0121 0.0087 0.0021
A(Ss) —-0.0128 —-0.0051 0.0015
1 1 0
Ss(qz)—/ dcos@(/ —/>
-1 0 -1
z T 3z 2r
xdcos9D</2—/ —/2—/ )
0 % T 37”
d‘Tp
x dep— b , (17)
dqdcos8,dcosOpdg
1 1 0
S:(q%) = / dcos6, / —/
-1 0 -1
T 2r
X dcosfp / —/
0 y 3
d*T'p
x dep— b , (18)
dg~dcos,dcosOpdg
3 1 0 1 0
Sg(q?) =7 (/ —/ )dcosé’f(/ —/ >
8 \Jo -1 0 -1
V4 2r
X dcosfp / —/
0 y 3
d*Tp-
b . (19)
q-dcosB,dcosOpdgp
In terms of the 7 and J functions,
Ji (42)
ARp(q%) = - : (20)
e r2(q*)
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FIG. 2. Upper panel: A(AR;) as a function of my for
Cor = Ckr = CEp = 1. Lower panel: A(AZ;) as a function of
C3p (green), Ckp (red), and Ch, (blue) for my = 0 (dotted),
1 GeV (dashed), and 2 GeV (solid). The light orange band shows
the Belle measurement at 1o.

_I6S(q2) + %I&'(qz)

Myl ==
Fu ) = Ilc(Q??T(iizc(qz) , (22)

F () = % ~ g ZIZS(@*Z; ;Z)zc(qz) @)
Si(q?) = éjf(i%, i=1{3,4,57.8,9}. (24)

We find that the nonzero RH neutrino mass produces
significant effects in the angular observables which may
explain the 4o tension in A(AZ;). In the upper panel of
Fig. 2, we show A(AR;) as a function my for Cyp = Chp =
Ckr = 1. Clearly, a GeV RH neutrino with vector or tensor
interactions can fit the A(AR;) measurement within 1o. In
the lower panel of Fig. 2, we show the dependence of
A(AB;) on the LEFT WCs for three values of my, taking
only one of the WCs to be nonzero at a time. We observe
that if the RH neutrino is massless (dotted curves), A(ALy)

L011702-4
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TABLE III. The parameters for three benchmark points. The
WCs not listed are zero.

my (GeV) Crp Cix  Cre Cip Cip C[,
BP1 0.4 0.82 0.1 002 -04 O 0
BP2 1.6 0.15 -03 0.06 0 0 0
BP3 0 0 0 0 0 0.06 0.02

is always below the SM prediction. However, for
my = 1 GeV, the A(AR;) anomaly can be explained if
Ckr ~ 1 (red dashed curve). For my = 2 GeV, the anomaly
can be explained by both C}, ~2 and Ckg ~ 1. However,
these illustrative scenarios are excluded by other measure-
ments in Table II. So, to reproduce the A(AZ;) 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 R/ and R¥/, and it is not
possible to sufficiently enhance A(AZ). Only LH inter-
actions (BP3) are unable to adequately reproduce all the
measurements. It is clear that BP1 can alleviate the tension
in A(AB;) to within ~26. 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 A(AR;) and AF;, at the expense of an even larger
cancellation of C}; with the SM. One such set of parameters
is Cy, =-0.84, Cyp =10, Cir=0.05 Ckp=0.03,
and my = 0.3 GeV.

We now calculate AR (¢?), F(¢?), F1(¢?), and S3(¢?)
for our BP scenarios. The binned observables are defined by

i=21t010. (25)

We present the four binned angular observables for the three
BPs in Fig. 3. We also show the normalized ¢ distribution
for B — D¢X. Large deviations from the SM are evident in
several g bins. The error bars in the middle 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 ASj5 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 B — DX, AR;. In the SM, this is
suppressed by m2. In the limit m, — 0, AL, is proportional

004 } « BPl . BP2 v BP3 Tx10
r 1.05F o
002k . o Belle = SM C . 5.x107F
r L * . M -
+ a £ o * 4 A A 4
* v 0F my T [mv lmy w4 Ey  my vy my
& E N
ok - - %y 1. n u L |a 'S 'y
. - 7 v E
. * -5.x10°
0.02|- F F
0.95- _1.x102F
* C E
004 [ ~15x102F o
. . L . 0. . L _ S S S ——
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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.
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FIG. 4. ¢* distributions of the three angular observables in the lower panel of Table II.

to ¢* with the new LH interactions (O3, + O3, )O!, . With
the new RH interactions (O + Okg)?, AR; is propor-
tional to m3,(1 —m%/q?), and for (O3 p + O5p) Ok, it is
proportional to ¢>(1 — m%,/¢?). The ¢* averaged values of
AAE;, AS, and AS; for the BPs are displayed in Table II. In
Fig. 4, we plot the corresponding ¢> binned observables
and find that large deviations from the SM are possible.

VI. SUMMARY

We have presented the angular distributions for B —
DX and B — D*¢X — DntX, 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 A(ALy), as suggested by Belle
data, a nonzero my 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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