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We argue that a detailed analysis of semileptonic decays can test the possibility of a massive neutrino.
The key observable, related to the forward–backward asymmetry, is exactly zero for a massless neutrino but
becomes nonzero if the neutral lepton is heavy and interacts with Standard Model fields via lefthanded
operators. For righthanded interactions, this quantity differs significantly from zero even for a massless
righthanded neutrino. We demonstrate this explicitly using the example of a pseudoscalar meson decaying
into another pseudoscalar meson. A similar discussion applies to decays into a vector meson, with an
additional subtlety addressed in this work.
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I. INTRODUCTION

In recent years, a considerable amount of work has been
devoted to investigating the possibility of probing massive
neutrinos in low-energy experiments. In scenarios involv-
ing one or more sterile neutrinos, the inverse seesaw
mechanism provides an elegant alternative for neutrino
mass generation and opens the possibility of detecting a
neutral lepton in the MeV–GeV energy window [1–5]. In
certain other Beyond the Standard Model (BSM) scenarios,
new neutrino species are introduced to reconcile theoretical
predictions with discrepancies observed between Standard
Model (SM) calculations and experimental measurements
[6–9]. Even though these deviations are not yet significant
at the multisigma level, scenarios in which the SM particle
content is extended by an additional neutral lepton are
intriguing; their underlying assumptions should be scruti-
nized through detailed comparisons between theory and
experiment. In BSM models involving low-energy lepto-
quark states, such as S̄1 and/or R̃2, an additional neutral
lepton (neutrino) may couple to the SM fields via left- or
righthanded operators [10]. Light, righthanded, sub-GeV

neutrinos are also plausible in left–right symmetric exten-
sions of the SM [2,11].
In this paper, we argue that the presence of such neutrino

species can be tested through the semileptonic decays of
mesons or baryons. To make our examples transparent, we
focus on the semileptonic decay of a pseudoscalar meson
into another pseudoscalar meson. Similar decays into a
vector meson offer a wider array of observables and,
consequently, more opportunities to isolate the effects of
a non-SM neutrino. Specifically, these observables can
distinguish whether the dominant couplings are to a
righthanded (RH) or a lefthanded (LH) neutrino. A com-
plementary approach to this possibility was recently
explored in Ref. [12], which emphasized operators relevant
to a massive RH neutrino [13]. In this work, we take a
different route, as detailed in the following sections.

II. EFFECTIVE THEORY AND OBSERVABLES

The starting point of our discussion is the effective
theory relevant to the semileptonic decays d → ulN, where
u, d stand for a generic up- and down-type quark, l for a
lepton, and N for a neutral lepton which in the SM is
N ¼ ν.1 More generally, in addition to the SM neutrino, we
allow N to be also either NL (a neutral lepton coupling to
the SM fields exclusively via LH interactions) or NR
(coupling via RH interactions). We treat NL;R as massive
in the general case, and the massless limit will be addressed
when appropriate. The corresponding low-energy effective
theory (LEFT) Hamiltonian reads
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1For the charm quark, one actually considers u → dlN. Since
the effective Hamiltonian is hermitian, both cases are captured by
Eq. (1).
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Heff ¼
4GFVudffiffiffi

2
p

X
Y¼S;V;T
A;B¼L;R

CY
ABO

Y
AB þ H:c:; ð1Þ

where the generic four-fermion operators are

OV
AB ¼ ðūγμPAdÞðlγμPBNÞ;

OS
AB ¼ ðūPAdÞðlPBNÞ;

OT
AB ¼ δABðūσμνPAdÞðlσμνPANÞ; ð2Þ

with the usual projection operators PL=R ¼ ð1 ∓ γ5Þ=2, and
withN being either the SMneutrino ν, or an additional neutral
lepton, NL;R. Clearly, the SM (N ¼ ν) is easily recovered by
takingCV

LL ¼ 1 andby setting all the otherWilson coefficients
to zero. The main goal of this study is to seek the observables
for which a nonzero value of one or more of the aboveWilson
coefficients can be experimentally distinguished. To do so, we
will restrict our attention here to the semileptonic decays of a
pseudoscalar meson to another pseudoscalar or to a vector
meson. A similar discussion of baryon decays is straightfor-
ward and will not be discussed here.

III. DECAY TO A PSEUDOSCALAR MESON

A typical example of such a decay, that has been
intensively experimentally studied in the past decade, is
the case of B → Dlν. Several measurements of the ratios
RDð�Þ ¼ BðB → Dð�Þτν̄Þ=BðB → Dð�Þμν̄Þ indicate a pos-
sibility of lepton flavor universality violation. The com-
bined experimental results are 3 ÷ 4σ larger than the values
predicted in the SM [14]. One way to explain this
discrepancy is to evoke a possibility of a righthanded
neutrino (NR) of mass OðMeVÞ or even OðGeVÞ.
With the kinematics as indicated in Fig. 1 and further

specified in the Appendix, the double differential decay
width can be written as

d2Γs

dq2dcosθl
¼ asðq2Þþbsðq2Þcosθlþcsðq2Þcos2θl; ð3Þ

where s∈ fþ;−g refers to the helicity of the lepton pair in
the final state. We computed the above q2-dependent
functions and the results are collected in the Appendix.
It is then easy to obtain the full decay width as

Γ ¼ Γþ þ Γ− ¼
Z

q2max

q2min

dq2
�
2aðq2Þ þ 2

3
cðq2Þ

�
; ð4Þ

where q2min ¼ ðml þmNÞ2 and q2max ¼ ðmM −mPÞ2, for a
generic M → PlN semileptonic decay mode. Note also
that aðq2Þ ¼ a−ðq2Þ þ aþðq2Þ, and similarly for the
other two q2-dependent functions, bðq2Þ and cðq2Þ.
Obviously, the coefficient function bsðq2Þ disappears after
the integration over θl. The observable that directly isolates
that function is the forward–backward asymmetry,

hAs
FBi ¼

1

Γ

Z
q2max

q2min

dq2
�Z

1

0

−
Z

0

−1

�
d cos θl

d2Γs

dq2d cos θl

¼ 1

Γ

Z
q2max

q2min

dq2bsðq2Þ: ð5Þ

By summing over the two helicities, one recovers the full
forward–backward asymmetry, hAFBi ¼ hA−

FBi þ hAþ
FBi.

In the above expressions, we chose to integrate over the
full available phase space, but one could also study the
differential, q2-dependent, forward–backward asymmetry
which would in fact mean studying the shape of the
function bsðq2Þ. An interesting feature, which was explic-
itly emphasized in Ref. [15], is that in the SM

b−ðq2ÞSM ¼ 0; ð6Þ
and therefore the forward–backward asymmetry is entirely
due to bþðq2Þ. This observation remains true even in the
presence of other (BSM) operators in Eq. (2), provided one
works with a (massless) SM neutrino. For a nonzero hA−

FBi,
the quark currents should either couple to (i) the LH
massive neutral lepton or (ii) to the massive or massless
RH neutral lepton. In other words, by measuring hAþ

FBi and
hA−

FBi, and possibly their q2-shapes, one can obtain a key
constraint that can (in)validate the scenarios of physics
BSM that involve additional neutral lepton species. We
reiterate that the previous statement is valid for all the
interaction operators given in Eqs. (1) and (2).
We have carefully studied all possible situations. In

particular, if we restrict ourselves to the SM-like scenario of
new physics, in which one only adds a massive neutral
lepton (neutrino) without modifying the interaction
Hamiltonian, one has b−ðq2Þ ≠ 0, and therefore measuring
hA−

FBi ≠ 0 would confirm such scenarios. Even more
interesting is the case of a theory in which the SM particle
content is extended by a massless RH neutrino. We find that
in this situation as well, hA−

FBi ≠ 0.
The presence of additional BSM operators makes the sit-

uation somewhat more complicated. Importantly, however,
if only CS

A;B or CT
A;B are allowed to be nonzero, hAFBi is not

modified at all. A contribution to hAFBi can be generated
only if we have a SM-like scenario, or if CS

A;B or CT
A;B are

FIG. 1. Kinematics of the semileptonic decay of a pseudoscalar
to a vector meson, M → Vð→ PπÞlN. For a decay to a
pseudoscalar meson, the angles ϕ and θP are not present.
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not the only nonzero BSM Wilson coefficients. The
resulting shift in hAs

FBi, however, turns out to be much
smaller than in the case in which the Wilson coefficients
CV
AB are chosen so as to be compatible with the measured

branching fraction of a given semileptonic decay mode
(within 2σ).
This remains true for semileptonic decays of kaons, D

mesons, and B mesons. In the following, to make the
discussion more specific, we consider scenarios in which
the BSM contribution arises from couplings to the vector
operator in Eq. (2). For example, one such a contribution to
CV
LL can arise if the mixing between active and sterile

neutrinos is considered, cf. Ref. [16] and references therein.
We stress again that the expressions provided in the
Appendix of this paper include contributions from all
operators present in Eq. (2).
We thus rewrite Eq. (1) as

Heff ¼
4GFVudffiffiffi

2
p

X
B¼L;R

ðCV
LBO

V
LB þ CV

RBO
V
RBÞ; ð7Þ

where, again, the SM contribution (N ¼ ν) is recovered by
setting CV

LL ¼ 1. Otherwise, the BSM vector operators
comprise either the LH or RH quark current and
B ¼ ðL;RÞ, depending on the handedness of the neutral
lepton field. We now discuss the case in which the
interaction involves NL, separately from the case involving
NR.

A. LH neutral lepton

We choose B ¼ L in Eq. (7) and compute the coef-
ficients b�ðq2Þ entering Eq. (3) for the semileptonic
M → PlNL decay. We find:

b−ðq2Þ ¼ −
N NL

q2
jCV

LL þ CV
RLj2

× ðm2
M −m2

PÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðm2

M;m
2
P; q

2Þ
q

× Re½fþðq2Þf�0ðq2Þ�½K−þðq2; mNL
Þ�2

¼ jCV
LL þ CV

RLj2MðmNL
; q2Þ

¼ Mð0; q2Þ þ jCV
LL þ CV

RLj2MðmNL
; q2Þ;

bþðq2Þ ¼
m2

M −m2
P

q2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðm2

M;m
2
P; q

2Þ
q

× Re½fþðq2Þf�0ðq2Þ�fN 0½Kþ−ðq2; 0Þ�2
þ N NL

jCV
LL þ CV

RLj2½Kþ−ðq2; mNL
Þ�2g

¼ Pð0; q2Þ þ jCV
LL þ CV

RLj2PðmNL
; q2Þ; ð8Þ

where, in the last line of each equation, we separate the SM
contribution [Mð0; q2Þ and Pð0; q2Þ], and we reiterate that
Mð0; q2Þ ¼ 0, as already emphasized in Eq. (6). We use the
standard definition of the triangle function, λðm2

a; m2
b; q

2Þ ¼

½q2 − ðma −mbÞ2�½q2 − ðma þmbÞ2�, that will be referred
to as λab in the following. The normalization factor then reads

N NL
¼ jVudj2G2

F

128π3m3
M

ffiffiffiffiffiffiffiffi
λMP

p ffiffiffiffiffiffiffiffiffi
λlNL

p
4q2

; ð9Þ

and N 0 is trivially obtained from Eq. (9) after setting
mNL

¼ 0. In the notation of Ref. [17], which we adopt here,
the functions K�� are given by

K��ðq2;mNÞ≡ ðENþmN �jpljÞðElþml�jpljÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðElþmlÞðEN þmNÞ
p ; ð10Þ

in the rest frame of the lepton pair. In the massless neutrino
limit, we have

Kþþðq2; 0Þ ¼ 2

ffiffiffiffiffi
q2

q
βl; Kþ−ðq2; 0Þ ¼ 2mlβl;

K−þðq2; 0Þ ¼ K−−ðq2; 0Þ ¼ 0; ð11Þ

where βl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −m2

l=q
2

q
. Note also that fþ;0ðq2Þ in Eq. (8)

are the two semileptonic decay form factors which encode
the nonperturbative QCD dynamics of the hadronic matrix
element,

hPðkÞjūγμdjMðpÞi ¼
�
ðpþ kÞμ −m2

P −m2
M

q2
qμ
�
fþðq2Þ

þ m2
P −m2

M

q2
qμf0ðq2Þ: ð12Þ

An important observation is that for our decays we have
q2 > m2

l, mM > mP, and since the form factors f0;þðq2Þ
are real and positive, the function PðmNL

; q2Þ in Eq. (8) is
strictly positive, while the function MðmNL

; q2Þ is strictly
negative. In other words, if the quark vector current
couples to a massive LH neutral lepton field, we have
sgn½b�ðq2Þ� ¼ �1. When applied to the neutral current
processes to two leptons in the final state, this feature will
provide the change of sign of AFBðq2Þ: it is a combination
of the strictly positive Aþ

FBðq2Þ and the strictly negative
A−
FBðq2Þ, and the two functions have different size and

(slightly) different q2-shapes.

B. RH neutral lepton

We now substitute B ¼ R in Eq. (7), compute the
functions b�ðq2Þ for M → PlNR, and find:
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b−ðq2Þ ¼
N NR

q2
jCV

LR þ CV
RRj2ðm2

M −m2
PÞ

ffiffiffiffiffiffiffiffi
λMP

p

× Re½fþðq2Þf�0ðq2Þ�½Kþ−ðq2; mNR
Þ�2

¼ Mð0; q2Þ þ jCV
LR þ CV

RRj2PðmNR
; q2Þ;

bþðq2Þ ¼
m2

M −m2
P

q2
ffiffiffiffiffiffiffiffi
λMP

p
Re½fþðq2Þf�0ðq2Þ�

× fN 0½Kþ−ðq2; 0Þ�2
þN NR

jCV
LR þ CV

RRj2½K−þðq2; mNR
Þ�2g

¼ Pð0; q2Þ þ jCV
LR þ CV

RRj2MðmNR
; q2Þ; ð13Þ

where N NR
is the same as in Eq. (9) after replacing

NL → NR. In this situation Mð0; q2Þ ¼ 0, as explained
before, cf. Eq. (6). We see that for a massive mNR

the above
expressions are simply flipped with respect to the expres-
sions given in Eq. (8). By following the same line of
arguments as in the previous subsection, and by keeping
in mind that the two form factors are real and positive,
we easily deduce that this time, the function b−ðq2Þ is
strictly positive. Therefore, a measurement of the sign
of hA−

FBi could help us distinguishing between the
coupling to the LH from that to the RH neutral lepton.
If the quark vector current couples to a massive LH
neutrino, then one has hA−

FBi < 0, while the coupling to
the RH one results in hA−

FBi > 0. This information can
be quite useful, provided hA−

FBi can be measured. We
stress once again that in the massless case, b−ðq2Þ ¼ 0
for the LH neutrino, while it is nonzero and positive for
the RH one.

IV. ILLUSTRATIVE EXAMPLES

Let us now take two concrete examples. Various semi-
leptonic decays allow us to probe different mass ranges.
While the decay of K̄0 → πþμN can be helpful in checking
for the presence of a heavy neutrino up to mN ≲ 250 MeV,
the phase space for the similar D0 → KþμN allows one to
go up to mN ≲ 1.26 GeV. Finally, from the similar mode
B̄0 → DþμN, one can probe the mass of neutral lepton
mN ≲ 3.3 GeV. An important feature of the B-decays is
that there is enough phase space for τ in the final state. In
the literature, it is readily assumed that the decay B → DτN
is responsible for the hints of lepton flavor universality
violation, i.e. Rexp

D > RSM
D , which is why the case of B →

DτN deserves special attention [7,18–20]. Note also that
the available phase space in D0 → πþμN and B̄0 → DþτN
are similar, both allowing to probe mN ≲ 1.6 GeV, and
therefore if there is a breaking of lepton flavor universality
due to the coupling of τ to the new massive neutrino
species, such a feature can be checked by considering the
two mentioned decay modes.
To illustrate the discussion made in the previous section,

we will now use the experimental results from Ref. [21],

and the form factors from Ref. [22]. We employ the
expressions given in the Appendix, extract the bounds
on the Wilson coefficients CV

AB from the experimental
decay widths (to 2σ) by switching on one Wilson coef-
ficient at the time, and then test the sensitivity of hA�

FBi to
the presence of NL or NR.
In Fig. 2 we show the effect for the case of K̄0 →

πþμ‘inv; ’ where ‘inv’ stands for the SM neutrino in
addition to either the NL or NR neutral lepton.2 Different
curves correspond to different choices of the Wilson
coefficients.
We checked that similar curves are obtained in the case

of electron in the final state, but the whole effect is much
smaller and therefore much more difficult to disentangle
experimentally. Of course, each choice of Wilson coeffi-
cients and heavy-neutrino mass corresponds to a single
point rather than a curve. Other observables, built from the
expressions in the Appendix, could then be used to lift the
ambiguity.
The effect shown in the plots can appear to be too small

because we chose to normalize to the full decay rate. One
can instead normalize to the polarized branching ratio and
define it bin-by-bin, where in a bin of size q2 ∈ ½q2a; q2b�, one
defines

FIG. 2. Forward–backward asymmetry of K̄0 → πþμ‘inv’ in-
tegrated over the entire phase space, hAFBi, and its components
corresponding to two helicities of the lepton pair, hA�

FBi, all
plotted as functions of mNL

(mNR
). The dashed lines correspond

to the SM values.

2An analogous plot is obtained in the case of D̄0 →
Kþ=πþμ‘inv’.
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ðA�
FBÞ½q

2
a;q2b�

bin ¼
R q2b
q2a

b�ðq2Þdq2R q2b
q2a

dΓ�
dq2 dq

2
; ð14Þ

just like it was recently done in Ref. [23]. The effect we are
trying to emphasize here would be more pronounced, even
though the physics evidently remains the same. The
normalization such as the one in Eq. (14) obviously
assumes that a bin-by-bin analysis of these decays is
experimentally feasible.
Another example, which is far more phenomenologically

appealing and for which the effect of massive neutrino is
more pronounced, is B → DτN. We show the integrated
hA�

FBi in Fig. 3 for the case of SM being extended by NL,
separately from the case of NR. Just like in the previous
examples, we see that for the massless NL, one recovers
the SM case, but in the case of massless NR the effect is
rather important and both hAþ

FBi and hA−
FBi are signifi-

cantly different from the SM case. Note also that we chose
two values of the Wilson coefficient CLL

V (CLR
V ) that are

consistent with the experimental value of BðB → Dτ‘inv’Þ.
As for the experimental feasibility of such a study, we
should mention that in Ref. [24] it was shown that Γþ and
Γ− could be successfully separated. A new complexity is
that in addition to that separation of events, an angular
analysis should be done on each subset in order to expose
the effect we are after in this paper.

V. DECAY TO A VECTOR MESON

As it is well known, the decay to a vector meson provides
many more observables due to a cascade decay to two
pseudoscalar ones V → Pπ. The angular analysis becomes
more involved but since each coefficient (function of q2) is
independent, there would be as many observables as one
can experimentally distinguish. Let us focus on the exam-
ple of B → D�ð→ DπÞlNL;R and write the full angular
distribution as [25]

d4Γ�

dq2d cos θld cos θDdϕ

¼ ðI�1s þ I�2s cos 2θl þ I�6s cos θlÞsin2θD
þ ðI�1c þ I�2c cos 2θl þ I�6c cos θlÞcos2θD
þ ðI�3 cos 2ϕþ I�9 sin 2ϕÞsin2θDsin2θl
þ ðI�4 cosϕþ I�8 sinϕÞ sin 2θD sin 2θl

þ ðI�5 cosϕþ I�7 sinϕÞ sin 2θD sin θl; ð15Þ
where all of the coefficient functions I�i ¼ I�i ðq2Þ are
computed in the LH or RH NP scenario and the expressions
for those relevant to this paper are provided in the
Appendix. We again focus our attention on the scenarios
in which the SM is modified by CV

LL ≠ 0 or CV
LR ≠ 0, and

check for the possibility to see the effects of LH or RH
coupling to a massive or massless neutral lepton NL or NR.
One can first integrate over ϕ∈ ½0; 2π� and monitor the
dependence on θD, which for θD ¼ 0; π (θD ¼ π=2) would
give rise to the contribution corresponding to the longi-
tudinal (transverse) part of the decay rate. By identifying

d4Γ�

dq2dcosθldcosθD
¼ 3

4

d3Γ�
T

dq2dcosθldcosθD
sin2θD

þ 3

2

d3Γ�
L

dq2dcosθldcosθD
cos2θD;

ð16Þ
one can easily rewrite each of the two pieces in terms of the
functions I�i from Eq. (15). The prefactors in the above
expressions ensure that Γ� ¼ Γ�

L þ Γ�
T . We again look for

the forward–backward symmetry of ΓL;T and isolate the
term multiplying cos θl, just like we did in Eq. (3). We find:

bL�ðq2Þ ¼
4π

3
I�6c; bT�ðq2Þ ¼

8π

3
I�6s: ð17Þ

After inspection, we again observe that in the massless
neutrino case, i.e. in the SM,

bL−ðq2Þ ¼ 0; bTþðq2Þ ¼ 0; ð18Þ

and thus we are in the same situation as before, i.e., in the
case of pseudoscalar meson in the final state. Analogously
to Eq. (5), we define

FIG. 3. Two components of the forward–backward asymmetry
of B → Dτ‘inv’ corresponding to two helicities of the lepton pair.
In the left (right) plots, we show the dependence of the fully
integrated hA�

FBi as a function of the mass of NL (NR). Plotted are
the cases for two different values of CLL

V (CLR
V ).
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hA�
FB;LðTÞi ¼

1

ΓLðTÞ

Z
q2max

q2min

dq2bLðTÞ� ðq2Þ; ð19Þ

with q2max ¼ ðml þmNL;R
Þ2 and q2max ¼ ðmB −mD� Þ2. In

Fig. 4, we show hA�
FB;Li as a function of mNLðRÞ . As

discussed above, we indeed see that hA−
FB;Li ¼ 0 in the

SM and also in the case of an additional BSM neutral
massless lepton that interacts via the left currents (NL). As
mNL

grows, we see that the (longitudinal) forward–back-
ward asymmetry becomes nonzero but strictly negative,
hA−

FB;Li < 0. The effect in Fig. 4 is small because we
illustrated the case in which the normalization is made to a
full decay rate. Had we chosen to work with a definition
similar to Eq. (14) the effect would have been more
pronounced but still small for a realistic hope to be
disentangled experimentally. Instead, and just like in the
previous section, if the BSM neutral lepton is righthanded,
then hA−

FB;Li > 0, and the enhancement is the most sig-
nificant in the massless case. The effect is nevertheless
smaller than in the decay to a pseudoscalar meson in the
final state, discussed in the previous section.
Finally, in Fig. 5, we show the case of hAFB;Ti, which in

the SM gives hAþ
FB;Ti ¼ 0. The presence of a massive NL

would provide a very small shift, but for a massless or light
NR, the effect can be quite important. Note, however, that in
this case changing the chirality of the quark current entails a
change of the sign of hA�

FB;Ti. We stress that, for the

observables previously considered, changing the chiral-
ity of the quark current did not impact our results.
Experimentally, the longitudinal (transverse) fraction of
the decay rate has been already measured [26]. We under-
stand that separating helicities could be challenging but
hopefully eventually feasible, as it would be beneficial for
testing the scenarios with light massless neutrinos, whether
they are participating in interactions via LH or RH currents.

A. More possibilities

Since we computed the full angular distribution of the
decay to a vector meson in which we separated the
helicities of the outgoing leptons, we can check if some
of the quantities are zero in the massless neutrino limit and
become nonzero in the presence of a massive NL or either
massive or massless NR. We find three such quantities

S�c ¼ 1

Γ

Z
q2max

q2min

dq2ðI�1c þ I�2cÞ; ð20Þ

S�s ¼ 1

Γ

Z
q2max

q2min

dq2ðI�1s þ I�2sÞ; ð21Þ

D�
s ¼ 1

Γ

Z
q2max

q2min

dq2ðI�1s − 3I�2sÞ: ð22Þ

In the SM, Sþs ¼ S−c ¼ D−
s ¼ 0. The shifts in the case of

massive NL;R are even smaller than in the cases dis-
cussed above.

FIG. 4. Two components of the forward–backward asymmetry
of B → D�τ‘inv’ corresponding to the helicity of the outgoing
leptons. In the left (right) plots, we show the dependence of the
fully integrated hA�

FB;Li as a function of the mass of NL (NR).
Plotted are the cases for two different values of CLL

V (CLR
V ).

FIG. 5. Same as in Fig. 4 but for hA�
FB;Ti.
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VI. SUMMARY

In this paper, we have shown that events in semileptonic
decays with separated lepton polarization can provide a way
to test the presence of a massive OðMeV − GeVÞ neutrino
participating in the interaction either through LH currents or
RH ones. In particular, the forward–backward asymmetry of
such separated events is useful because one of them is exactly
zero in the SM(mν ¼ 0) and becomes nonzero if the neutrino
is massive (and lefthanded). Moreover, the same forward–
backward asymmetry becomes significantly different from
zero even in the case of couplings to a massless RH neutrino.
The sign of that asymmetry can also be used to determine
whether the coupling to a massive neutral lepton occurs via a
left- or righthanded current.
We illustrated how this works for the semileptonic decay

of a pseudoscalar meson into another pseudoscalar meson.
A similar discussion also applies to semileptonic decays
into a vector meson, but in that case an additional
separation of the events is required according to the
polarization of the vector meson. Indeed, the decays into
longitudinally and transversely polarized vector mesons
separately exhibit the same feature as the one discussed
above. In the examples we provided, we restricted our
attention to BSM vector operators, but we also presented
the expressions for a generic scenario, i.e. within the low-
energy effective theory in which, besides the vector
operators, scalar and tensor operators are included. We
stress once again that the purpose of this research was to
isolate the quantity that is strictly zero in the SM but
becomes nonzero in the presence of heavy neutrino (or the
massless RH neutrino). Obviously, if the experiment finds
the nonzero value of this quantity, the interpretation of such
a finding should be further scrutinized by studying other
observables and other physical processes involving neu-
trino(s). To that end one can, for example, use the functions
provided in the Appendix of this paper and construct a
number of different observables that can then be compared
with the experimental information regarding the angular
analysis of the semileptonic decays to either a pseudoscalar
or a vector meson in the final state.
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APPENDIX

We provide the expressions for the semileptonic decays
using the full set of operators given in LEFT (1).

1. Decay to a pseudoscalar meson M → PlN

The kinematics in the rest frame of the lepton pair can be
summarized as

pμ
M ¼ ðEM; 0; 0; jp⃗MjÞ; pμ

P ¼ ðEP; 0; 0; jp⃗MjÞ;
pμ
N ¼ ðEN;−jp⃗lj sin θl; 0;−jp⃗lj cos θlÞ;
pμ
l ¼ ðEl; jp⃗lj sin θl; 0; jp⃗lj cos θlÞ; ðA1Þ

with qμ ¼ ðpN þ plÞμ ¼ ð
ffiffiffiffiffi
q2

p
; 0; 0; 0Þ, jp⃗Mj ¼

ffiffiffiffiffiffiffiffi
λMP

p
=

ð2
ffiffiffiffiffi
q2

p
Þ, and jp⃗lj ¼

ffiffiffiffiffiffiffi
λNl

p
=ð2

ffiffiffiffiffi
q2

p
Þ. After computing the

hadronic and leptonic amplitudes and putting them together,
we write the resulting double differential decay rate in the
formgiven inEq. (3). To that end, it is also useful to define the
helicity amplitudes:

HV;0ðq2Þ ¼
ffiffiffiffiffiffiffiffi
λMP

p
ffiffiffiffiffi
q2

p fþðq2Þ;

HV;tðq2Þ ¼
m2

M −m2
Pffiffiffiffiffi

q2
p f0ðq2Þ;

HSðq2Þ ¼
m2

M −m2
P

mqd −mqu

f0ðq2Þ;

HTðq2Þ ¼ −
ffiffiffiffiffiffiffiffi
λMP

p
mM þmP

fTðq2Þ; ðA2Þ

where in the last amplitude the form factor fTðq2Þ parameter-
izes the hadronic matrix element of the tensor density,

hPðkÞjūσμνdjMðpÞi ¼ −iðpμkν − pνkμÞ 2fTðq2Þ
mM þmP

: ðA3Þ

We also need the helicity projector:

Pλ ¼
1 − λsγ5

2
; ðA4Þ

where λ is positive or negative helicity and sμ are chosen as

slμ ¼ 1

ml

�
jp⃗lj; El

p⃗l

jp⃗lj
�
;

sNμ ¼ 1

mN

�
jp⃗lj;−EN

p⃗l

jp⃗lj
�
: ðA5Þ

where we again used that p⃗l ¼ −p⃗N .
After some algebra, one gets the following expressions

for the angular coefficients in Eq. (3):
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a− ¼ N NL

2
½jðCS

LL þ CS
RLÞHSKNL−− þ ðCV

LL þ CV
RLÞHV;tK

NL
−þj2 þ j − 4CT

LLHTK
NLþ− þ ðCV

LL þ CV
RLÞHV;0K

NLþþj2�

þ N NR

2
½jðCV

LR þ CV
RRÞHV;0KNR−− − 4CT

RRHTK
NR
−þj2 þ jðCV

LR þ CV
RRÞHV;tK

NRþ− þ ðCS
LR þ CS

RRÞHSK
NRþþj2�; ðA6Þ

where the coefficient functionN N is given in Eq. (9), andKN
�� ≡ K��ðq2; mNÞ have been defined in Eq. (10). Note that the

first term corresponds to NL and the second to NR, so that using the above expression for checking the response of the
function a− ≡ a−ðq2Þ to the presence of NL (NR) implies settingN NR

(N NL
) to zero. Similarly, for the other two functions,

we have:

b− ¼ N NL
Ref½ðCS

LL þ CS
RLÞHSKNL−− þ ðCV

LL þ CV
RLÞHV;tK

NL
−þ�½4CT

LLHTKNL−− − ðCV
LL þ CV

RLÞHV;0K
NL
−þ�g

þN NR
Ref½ðCV

LR þ CV
RRÞHV;tK

NRþ− þ ðCS
LR þ CS

RRÞHSK
NRþþ�½ðCV

LR þ CV
RRÞHV;0K

NRþ− − 4CT
RRHTK

NRþþ�g; ðA7Þ

c− ¼ N NL

2
½j4CT

LLHTKNL−− − ðCV
LL þ CV

RLÞHV;0K
NL
−þj2 − j4CT

LLHTK
NLþ− − ðCV

LL þ CV
RLÞHV;0K

NLþþj2�

þN NR

2
½jðCV

LR þ CV
RRÞHV;0KNR−− − 4CT

RRHTK
NR
−þj2 − jðCV

LR þ CV
RRÞHV;0K

NRþ− − 4CT
RRHTK

NRþþj2�: ðA8Þ

Similarly, for the helicity s ¼ þ1, we have:

aþ ¼ N NL

2
½jðCV

LL þ CV
RLÞHV;0KNL−− − 4CT

LLHTK
NL
−þj2 þ jðCV

LL þ CV
RLÞHV;tK

NLþ− þ ðCS
LL þ CS

RLÞHSK
NLþþj2�

þN NR

2
½jðCV

LR þ CV
RRÞHV;0K

NRþþ − 4CT
RRHTK

NRþ−j2 þ jðCV
LR þ CV

RRÞHV;tK
NR
−þ þ ðCS

LR þ CS
RRÞHSKNR−−j2�; ðA9Þ

bþ ¼ N NL
Ref½ðCV

LL þ CV
RLÞHV;tK

NLþ− þ ðCS
LL þ CS

RLÞHSK
NLþþ�½ðCV

LL þ CV
RLÞHV;0K

NLþ− − 4CT
LLHTK

NLþþ�g
þN NR

Ref½ðCV
LR þ CV

RRÞHV;tK
NR
−þ þ ðCS

LR þ CS
RRÞHSKNR−−�½−ðCV

LR þ CV
RRÞHV;0K

NR
−þ þ 4CT

RRHTKNR−−�g; ðA10Þ

cþ ¼ N NL

2
½j − ðCV

LL þ CV
RLÞHV;0K

NLþ− þ 4CT
LLHTK

NLþþj2 − j − ðCV
LL þ CV

RLÞ2HV;0KNL−− þ 4CT
LLHTK

NL
−þj2�

þN NR

2
½j − ðCV

LR þ CV
RRÞHV;0K

NR
−þ þ 4CT

RRHTKNR−−j2 − j − ðCV
LR þ CV

RRÞHV;0K
NRþþ þ 4CT

RRHTK
NRþ−j2�: ðA11Þ

Note that in the text, we focused on the scenario with the NPWilson coefficients CV
AB ≠ 0while all the other coefficients are

left to zero. Obviously, any other NP scenario can be easily implemented using the general expressions given above. Lastly,
the SM expressions are obviously recovered by setting mNL

¼ 0, N NR
¼ 0, CV

LL ¼ 1 and all the other Wilson coefficients
to zero.

2. Decay to a vector meson M → Vð→ PπÞlN
The kinematic of this process is very similar to that discussed in the pseudoscalar case, except for the geometry that now

involves two additional angles since the vector meson further decays V → Dπ, as sketched in Fig. 1. We now have

pμ
M ¼ ðEM; 0; 0; jp⃗MjÞ; pμ

V ¼ ðEV; 0; 0; jp⃗MjÞ;
pμ
N ¼ ðEN;−jp⃗lj sin θl cosϕ;−jp⃗lj sin θl sinϕ;−jp⃗lj cos θlÞ;
pμ
l ¼ ðEl; jp⃗lj sin θl cosϕ; jp⃗lj sin θl sinϕ; jp⃗lj cos θlÞ; ðA12Þ

and the decay amplitude can be written as

MðM → PπlNÞ ¼ MðM → VlNÞMðV → PπÞBWðmPπÞ; ðA13Þ

where the strong decay is described by

DAMIR BEČIREVIĆ et al. PHYS. REV. D 114, 035005 (2026)

035005-8



MðV → PπÞ ¼ gVPπðpP · ϵÞ; ðA14Þ

with ϵμ being the polarization vector of the vector meson and gVPπ the strong interaction coupling that can be either
computed in lattice QCD or extracted from experiment with the help of

ΓðV → PπÞ ¼ Cπ
λ3=2VPπ

192πm5
V

jgVPπj2; ðA15Þ

where Cπ� ¼ 1, and Cπ0 ¼ 1=2 due to isospin. In the rest frame of V, pμ
P ¼ ðEP; jpPj sin θP; 0; jpPj cos θPÞ, so that the

amplitude is decomposed according to the polarization of V, to M0
Pπ ¼ gVPπjpPj cos θP and M�

Pπ ¼
�ð1= ffiffiffi

2
p ÞgVPπjpPj sin θP.3 In the narrow resonance approximation limit, ΓV ≪ mV ,

jBWðmPπÞj2 ¼
1

ðm2
Pπ −m2

VÞ2 −m2
VΓ2

V
≈

π

mVΓV
δðm2

Pπ −m2
VÞ; ðA16Þ

and thus it factorizes in the decay rate, and we can therefore focus on the decay to the vector meson alone, which is
conveniently expressed as in Eq. (15). We computed the coefficient functions I�i ≡ I�i ðq2Þ by using the LEFT (1) and the
results will be expressed in terms of the helicity amplitudes:

HV
� ¼ ðmM þmVÞA1ðq2Þ ∓

ffiffiffiffiffiffiffiffi
λMV

p
mM þmV

Vðq2Þ;

HV
0 ¼ −

1

2
ffiffiffiffiffiffi
q2

p
�
ðmM þmVÞðm2

M −m2
V − q2ÞA1ðq2Þ −

ffiffiffiffiffiffiffiffi
λMV

p
mM þmV

A2ðq2Þ
�
;

HV
t ¼ −

ffiffiffiffiffiffiffiffi
λMV

p
ffiffiffiffiffi
q2

p A0ðq2Þ;

HS ¼ −
ffiffiffiffiffiffiffiffi
λMV

p
mu þmd

A0ðq2Þ;

HT
0 ¼ −

1

2mV

�
ðm2

M þ 3mV − q2ÞT2ðq2Þ −
ffiffiffiffiffiffiffiffi
λMV

p
m2

M −m2
V
T3ðq2Þ

�
;

HT
� ¼ 1ffiffiffiffiffi

q2
p ½

ffiffiffiffiffiffiffiffi
λMV

p
T1ðq2Þ − ðm2

M −m2
VÞT2ðq2Þ�; ðA17Þ

where we used the standard decomposition of the hadronic matrix elements in terms of form factors, namely

hVðk; λÞjūγμdjMðpÞi ¼ −iϵμνρσϵðλÞ�ν pρkσ
2Vðq2Þ

mM þmV
;

hVðk; λÞjūγμγ5djMðpÞi ¼ qμðϵ�ðλÞ · qÞ
2mV

q2
A0ðq2Þ þ ðmM þmVÞ

�
ϵμ�ðλÞ − qμ

ðϵ�ðλVÞ · qÞ
q2

�
A1ðq2Þ

−
ϵ�ðλÞ · q

mM þmV
A2ðq2Þ

��
pþ kÞμ − qμ

m2
M −m2

V

q2

�
;

hVðk; λÞjūσμνdjMðpÞi ¼ ϵμνρσ
�
−ϵðλÞ�ρ ðpþ kÞσT1ðq2Þ þ 2

ϵ�ðλÞ · q

q2
pρkσ

�
T1ðq2Þ − T2ðq2Þ −

q2

m2
M −m2

V
T3ðq2Þ

�

þ ϵðλÞ�ρ qσ
m2

M −m2
V

q2
ðT1ðq2Þ − T2ðq2ÞÞ

�
; ðA18Þ

with q ¼ p − k. The functions that are of main importance for the subject of this paper are I�6c and I�6s, as they drive the
forward–backward asymmetry of the longitudinal and transverse part of the decay, respectively, cf. Eq. (19). We have:

3More specifically, for the D� polarization vector ϵλ, we chose: ϵ0 ¼ ð0; 0; 0;−1Þ, ϵ� ¼∓ ð0; 1;�i; 0Þ= ffiffiffi
2

p
.
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I−6s ¼
N NL

2
½−j4CT

LLH
T
−K

NLþ− þ ðCV
LLH

V
− − CV

RLH
VþÞKNLþþj2 þ j4CT

LLH
TþK

NLþ− − ððCV
LLH

Vþ − CV
RLH

V
−ÞKNLþþj2�

þN NR

2
½jðCV

RRH
V
− − CV

LRH
VþÞKNR−− þ 4CT

RRH
T
−K

NR
−þj2 − jðCV

LRH
V
− − CV

RRH
VþÞKNR−− þ 4CT

RRH
TþK

NR
−þj2�; ðA19Þ

Iþ6s ¼
N NL

2
½j4CT

LLH
T
−K

NL
−þ þ ðCV

LLH
V
− − CV

RLH
VþÞKNL−−j2 − j4CT

LLH
TþK

NL
−þ − ðCV

LLH
Vþ − CV

RLH
V
−ÞKNL−−j2�

þN NR

2
½jðCV

LRH
V
− − CV

RRH
VþÞKNRþþ þ 4CT

RRH
TþK

NRþ−j2 − jðCV
RRH

V
− − CV

LRH
VþÞKNRþþ þ 4CT

RRH
T
−K

NRþ−j2�; ðA20Þ

I−6c ¼ 2N NL
Ref½ð−CV

LL þ CV
RLÞHV

t K
NL
−þ þ ðCS

LL − CS
RLÞHSKNL−−�½ðCV

LL − CV
RLÞHV

0K
NL
−þ − 4CT

LLH
T
0K

NL−−�g
þ 2N NR

Ref½ðCV
LR − CV

RRÞHV
t K

NRþ− þ ð−CS
LR þ CS

RRÞHSK
NRþþ�½ðCV

LR − CV
RRÞHV

0K
NRþ− þ 4CT

RRH
T
0K

NRþþ�g; ðA21Þ

Iþ6c ¼ 2N NL
Ref½ðCV

LL − CV
RLÞHV

t K
NLþ− þ ð−CS

LL þ CS
RLÞHSKNLþþ�½ðCV

LL − CV
RLÞHV

0K
NLþ− − 4CT

LLH
T
0K

NLþþ�g
þ 2N NR

Ref½ð−CV
LR þ CV

RRÞHV
t K

NR
−þ þ ðCS

LR − CS
RRÞHSKNR−−�½ðCV

LR − CV
RRÞHV

0K
NR
−þ þ 4CT

RRH
T
0K

NR−−�g: ðA22Þ

Note that in the case of vector meson in the final state,M → VlN, the normalization function used in the expressions for I�i
reads

N N ¼ 3G2
FV

2
cb

4096π4

ffiffiffiffiffiffiffiffi
λMV

p ffiffiffiffiffiffiffi
λlN

p
m3

Mq
2

BðV → PπÞ: ðA23Þ

Finally, for the denominator in Eq. (17), the expressions for I�1s, I
�
1c, I

�
2s, and I

�
2c are also needed, because the relevant decay

rates are

Γ�
L ¼ 8π

3

Z
q2max

q2min

dq2
�
I�1c −

1

3
I�2c

�
;

Γ�
T ¼ 16π

3

Z
q2max

q2min

dq2
�
I�1s −

1

3
I�2s

�
: ðA24Þ

For completeness they are listed below:

I−1c ¼ N NL
½jðCS

LL − CS
RLÞHSKNL−− þ ð−CV

LL þ CV
RLÞHV

t K
NL
−þj2 þ

1

2
jðCV

RL − CV
LLÞHV

0K
NLþþ þ 4CT

LLH
T
0K

NLþ−j2

þ 1

2
jðCV

LL − CV
RLÞHV

0K
NL
−þ − 4CT

LLH
T
0K

NL−−j2� þN NR
½jðCS

RR − CS
LRÞHSKNRþþ þ ðCV

LR − CV
RRÞHV

t K
NRþ−j2

þ 1

2
jðCV

RR − CV
LRÞHV

0K
NR−− − 4CT

RRH
T
0K

NR
−þj2 þ

1

2
jðCV

LR − CV
RRÞHV

0K
NRþ− þ 4CT

RRH
T
0K

NRþþj2�; ðA25Þ

Iþ1c ¼ N NL
½jðCS

RL − CS
LLÞHSKNLþþ þ ðCV

LL − CV
RLÞHV

t K
NLþ−j2 þ

1

2
jðCV

LL − CV
RLÞHV

0K
NL−− − 4CT

LLH
T
0K

NL
−þj2

þ 1

2
jðCV

LL − CV
RLÞHV

0K
NLþ− − 4CT

LLH
T
0K

NLþþj2� þN NR
½jð−CS

RR þ CS
LRÞHSKNR−− þ ð−CV

LR þ CV
RRÞHV

t K
NR
−þj2

þ 1

2
jðCV

LR − CV
RRÞHV

0K
NRþþ þ 4CT

RRH
T
0K

NRþ−j2 þ
1

2
jðCV

LR − CV
RRÞHV

0K
NR
−þ þ 4CT

RRH
T
0K

NR−−j2�; ðA26Þ
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I−1s ¼ N NL

�
3

4
jð−CV

RLH
Vþ þ CV

LLH
V
−ÞKNLþþ þ 4CT

LLH
T
−K

NLþ−j2 þ
1

4
jðCV

RLH
V
− − CV

LLH
VþÞKNL

−þ þ 4CT
LLH

TþKNL−−j2

þ 3

4
jðCV

RLH
V
− − CV

LLH
VþÞKNLþþ þ 4CT

LLH
TþK

NLþ−j2

×
1

4
jðCV

RLH
V
− − CV

LLH
VþÞKNLþ− þ 4CT

LLH
TþK

NLþþj2
�

þN NR

�
3

4
jð−CV

RRH
Vþ þ CV

LRH
V
−ÞKNR−− þ 4CT

RRH
TþK

NR
−þj2 þ

1

4
jðCV

RRH
V
− − CV

LRH
VþÞKNRþ− þ 4CT

RRH
T
−K

NRþþj2

þ 3

4
jðCV

RRH
V
− − CV

LRH
VþÞKNR−− þ 4CT

RRH
T
−K

NR
−þj2

×
1

4
jðCV

RRH
Vþ − CV

LRH
V
−ÞKNRþ− − 4CT

RRH
TþK

NRþþj2
�
; ðA27Þ

Iþ1s ¼ N NL

�
3

4
jð−CV

LLH
Vþ þ CV

RLH
V
−ÞKNL−− þ 4CT

LLH
TþK

NL
−þj2 þ

1

4
jðCV

RLH
Vþ − CV

LLH
V
−ÞKNLþ− − 4CT

LLH
T
−K

NLþþj2

þ 3

4
jðCV

LLH
V
− − CV

RLH
VþÞKNL−− þ 4CT

LLH
T
−K

NL
−þj2

×
1

4
jðCV

RLH
V
− − CV

LLH
VþÞKNLþ− þ 4CT

LLH
TþK

NLþþj2
�

þN NR

�
3

4
jð−CV

LRH
Vþ þ CV

RRH
V
−ÞKNRþþ þ 4CT

RRH
T
−K

NRþ−j2 þ
1

4
jðCV

RRH
Vþ − CV

LRH
V
−ÞKNR

−þ − 4CT
RRH

TþKNR−−j2

þ 3

4
jðCV

LRH
V
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