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Probing the neutrino mass through semileptonic meson decays
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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 S, and/or R,, an additional neutral
lepton (neutrino) may couple to the SM fields via left- or
righthanded operators [10]. Light, righthanded, sub-GeV
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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 — uZN, where
u, d stand for a generic up- and down-type quark, £ for a
lepton, and N for a neutral lepton which in the SM is
N = v.! More generally, in addition to the SM neutrino, we
allow N to be also either N; (a neutral lepton coupling to
the SM fields exclusively via LH interactions) or Np
(coupling via RH interactions). We treat N  as massive
in the general case, and the massless limit will be addressed
when appropriate. The corresponding low-energy effective
theory (LEFT) Hamiltonian reads

'For the charm quark, one actually considers u — dZN. Since
the effective Hamiltonian is hermitian, both cases are captured by
Eq. (1).

Published by the American Physical Society
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4GV,
Hyp = —L—4 N™ ¥ O 1 He., (1)
\/i ng ABY~ AB

where the generic four-fermion operators are

OYy = (ay"Pad)(¢y,PgN).
O35 = (1PAd)(£PgN),
O = 640" Pyd)(£6,,PsN), (2)

with the usual projection operators Pz = (1 F y5)/2, and
with N being either the SM neutrino v, or an additional neutral
lepton, N; . Clearly, the SM (N = v) is easily recovered by
taking Cy, = 1 and by setting all the other Wilson 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 above Wilson
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 — DZv. Several measurements of the ratios
Ry = B(B —» D™0)/B(B — D™¥pup) indicate a pos-
sibility of lepton flavor universality violation. The com-
bined experimental results are 3 + 45 larger than the values
predicted in the SM [14]. One way to explain this
discrepancy is to evoke a possibility of a righthanded
neutrino (Ng) of mass O(MeV) or even O(GeV).

With the kinematics as indicated in Fig. 1 and further
specified in the Appendix, the double differential decay
width can be written as

d2 IR

W =a,(q*) +bs(q*)cosb,+cs(q*)cos?0,,  (3)

where s € {+, —} refers to the helicity of the lepton pair in
the final state. We computed the above ¢>-dependent
functions and the results are collected in the Appendix.
It is then easy to obtain the full decay width as

?“ﬂx 2
F=T++0 = /,, dq* {2a(q2) + gC(qz)] .4
q

2

min

where g2, = (m, + my)? and g%, = (my —mp)?, for a
generic M — P¢ZN semileptonic decay mode. Note also
that a(q?) = a_(q*) + a.(q?), and similarly for the
other two g¢*-dependent functions, b(g?) and c(g?).
Obviously, the coefficient function b,(g?) disappears after
the integration over 6,. The observable that directly isolates
that function is the forward—backward asymmetry,

xz

N i

FIG. 1. Kinematics of the semileptonic decay of a pseudoscalar
to a vector meson, M — V(— Pz)¢N. For a decay to a
pseudoscalar meson, the angles ¢ and 8p are not present.

Qmax 6121—‘T
A3 d 0
(Akg) = / (/ / ) €08 quzdcosﬁf

| -
= 1:/ dq*b,(q*). (5)
an

min

By summing over the two helicities, one recovers the full
forward-backward asymmetry, (App) = (A7g) + (Afz).
In the above expressions, we chose to integrate over the
full available phase space, but one could also study the
differential, g>-dependent, forward—backward asymmetry
which would in fact mean studying the shape of the
function b,(g?). An interesting feature, which was explic-
itly emphasized in Ref. [15], is that in the SM

b_(¢*)™ =0, (6)

and therefore the forward—backward asymmetry is entirely
due to b, (g?). 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 (Azg),
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 (A7) and
(Azp), and possibly their g>-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 Egs. (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_(g?) # 0, and therefore measuring
(Azg) #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, (A7) # 0.

The presence of additional BSM operators makes the sit-
uation somewhat more complicated. Importantly, however,
if only C} 5 or C} , are allowed to be nonzero, (App) is not
modified at all. A contribution to (Arp) can be generated
only if we have a SM-like scenario, or if C5 5 or C] ; are
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not the only nonzero BSM Wilson coefficients. The
resulting shift in (A};), however, turns out to be much
smaller than in the case in which the Wilson coefficients
CY are chosen so as to be compatible with the measured
branching fraction of a given semileptonic decay mode
(within 20).

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
CY, 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 =

4GV,
=Y (CLyOLy + CrgOkp) (7)
V2 B=L.R

where, again, the SM contribution (N = v) is recovered by
setting C}; = 1. Otherwise, the BSM vector operators
comprise either the LH or RH quark current and
B = (L,R), depending on the handedness of the neutral
lepton field. We now discuss the case in which the
interaction involves N, separately from the case involving
Ng.

A. LH neutral lepton

We choose B =L in Eq. (7) and compute the coef-
ficients b, (q*) entering Eq. (3) for the semileptonic
M — PCN; decay. We find:

Nu
2 |Clo+ Clul’

b_(q*) = -

X (miy = mp)\JAmiy, mp, ¢°)

x Relf (¢°)f5(q*)] K- (¢* my,)]?
= |CZL + C¥L|2M(mNL’ 612)

=M(0,¢%) + |C], + Ci|*M(my, . ¢*),
m2 _ m2
b+(‘12) = % /1(””%4, m%, q2>

x Re[f(q)f5(g*){No[K (g%, 0)]?
+ Ny, ICl L+ Crol*[Ki-(4*, mNL)]z}
= P(0,¢%) +|C[, + Co[*P(my,. 4%). (8)

where, in the last line of each equation, we separate the SM
contribution [M (0, ¢*) and P(0, ¢*)], and we reiterate that
M(0, ¢*) = 0, as already emphasized in Eq. (6). We use the

standard definition of the triangle function, A(m2, m2, ¢*) =

[4? = (mg —my)?][q? — (m, + m,)?], that will be referred
to as 4, in the following. The normalization factor then reads

N

— |Vud|2G%~ V/1MP\/ lfNL (9)
2 b

L 1287%m3, 4q

and N is trivially obtained from Eq. (9) after setting
my, = 0. In the notation of Ref. [17], which we adopt here,
the functions K, are given by

(Ex+my £|ps|)(Es+me£|pel)
V(E¢+mg)(Ey+my)

K:I:j:(qz’mN) = . (10)

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

Ko (.0)=2\/¢B K, (¢.0)=2mp,.
K_(¢*.0)=K__(¢°.0) =0, (11)

\/1 —m%/q* Note also that f, ;(¢*) in Eq. (8)

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

where ff, =

(P apd|M(p)) = [(za iy =g £ ()
+ %q”fo(qz)- (12)

An important observation is that for our decays we have
q* > m2, my > mp, and since the form factors f,_ (¢*)
are real and positive, the function P(my, , ¢*) in Eq. (8) is
strictly positive, while the function M(my, , ¢*) is strictly
negative. In other words, if the quark vector current
couples to a massive LH neutral lepton field, we have
sgn[b,(g*)] = £1. When applied to the neutral current
processes to two leptons in the final state, this feature will
provide the change of sign of Az5(g?): it is a combination
of the strictly positive A}z(¢?) and the strictly negative
Azp(g?), and the two functions have different size and
(slightly) different g>-shapes.

B. RH neutral lepton

We now substitute B =R in Eq. (7), compute the
functions b, (¢*) for M — P£Ny, and find:

035005-3



DAMIR BECIREVIC et al.

PHYS. REV. D 114, 035005 (2026)

Ny
qu |CZR + CKR 2(”‘%4 - m%,) Amp

x Re[f () f5(*)[K 1~ (g% my,)]?
=M(0,4%) + |Cg + Cppl*P(my,. ¢*),

m2 — m2
b,(q*) = % A% /IMPRe[.f+<q2)f(§<q2)]
x {No[K,-(¢*.0)]*

+ Ny, |Cl g + Crrl*[K_ (4% mNR)]z}
= P(0,q%) + |Clg + Crgl*M(my,. ¢*), (13)

b_(q*) =

where N n, 1s the same as in Eq. (9) after replacing
N; — Ng. In this situation M(0,¢*) =0, as explained
before, cf. Eq. (6). We see that for a massive my, 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_(g?) is
strictly positive. Therefore, a measurement of the sign
of (Azg) 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 (Azz) < 0, while the coupling to
the RH one results in (Az;) > 0. This information can
be quite useful, provided (A7) can be measured. We
stress once again that in the massless case, b_(g*) =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 K — " uN can be helpful in checking
for the presence of a heavy neutrino up to my < 250 MeV,
the phase space for the similar D° — K*uN allows one to
go up to my < 1.26 GeV. Finally, from the similar mode
BY — D*uN, one can probe the mass of neutral lepton

v <3.3 GeV. An important feature of the B-decays is
that there is enough phase space for 7 in the final state. In
the literature, it is readily assumed that the decay B — DtN
is responsible for the hints of lepton flavor universality
violation, i.e. Rj¥ > R3M, which is why the case of B —
DN deserves special attention [7,18-20]. Note also that
the available phase space in D — z*uN and B® - D*tN
are similar, both allowing to probe my < 1.6 GeV, and
therefore if there is a breaking of lepton flavor universality
due to the coupling of 7z 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],

K — 7pu(SM + Np)

K — 7pu(SM + Np
0.274 0274 Tl %)
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FIG. 2. Forward-backward asymmetry of K® — 7" u‘inv’ in-
tegrated over the entire phase space, (Apg), and its components
corresponding to two helicities of the lepton pair, (A%,), all
plotted as functions of my, (my,). The dashed lines correspond
to the SM values.

and the form factors from Ref. [22]. We employ the
expressions given in the Appendix, extract the bounds
on the Wilson coefficients CY, from the experimental
decay widths (to 20) by switching on one Wilson coef-
ficient at the time, and then test the sensitivity of (A%,) to
the presence of N; or Ng.

In Fig. 2 we show the effect for the case of K* —
xtu‘inv,” where ‘inv’ stands for the SM neutrino in
addition to either the N; or Ny 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 ¢* € [¢2, g3, one
defines

’An analogous plot is obtained in the case of D° —
Kt /ztpu‘inv’.
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a; N
Y b (q°)dq
(gl _ Je D) (14)

2
4y i 1.2
fqﬁ dg* 44

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 — DtN. We show the integrated
(A%g) in Fig. 3 for the case of SM being extended by N,
separately from the case of Njy. Just like in the previous
examples, we see that for the massless Ny, one recovers
the SM case, but in the case of massless Ny the effect is
rather important and both (A};) and (Az,) are signifi-
cantly different from the SM case. Note also that we chose
two values of the Wilson coefficient CLE (CLR) that are
consistent with the experimental value of B(B — Dz‘inv’).
As for the experimental feasibility of such a study, we
should mention that in Ref. [24] it was shown that I'" and
I'™ 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.

B = D7(SM + N;) B = Dr(SM + Np)

0.36 0.36
—~ 035 0.35
Q
Q&
3
0.34] ey oo 0.34
it =0,
SM
0.0 0.2 0.4 0.6 0.8 1.0
0.36 I 0.36
0.34 0.34
3032 0.32
0.30 0.30
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
0.06 0.06
7004 0.04
-2
Q&
ic/ 0.02 0.02
0.00 0.00
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
my, My,
FIG. 3. Two components of the forward-backward asymmetry

of B — Dz‘inv’ corresponding to two helicities of the lepton pair.
In the left (right) plots, we show the dependence of the fully
integrated (A%,) as a function of the mass of N, (Ng). Plotted are
the cases for two different values of CLE (CLF).

V. DECAY TO A VECTOR MESON

As itis well known, the decay to a vector meson provides
many more observables due to a cascade decay to two
pseudoscalar ones V — Pz. The angular analysis becomes
more involved but since each coefficient (function of g?) is
independent, there would be as many observables as one
can experimentally distinguish. Let us focus on the exam-
ple of B — D*(— Dr)¢/N ; and write the full angular
distribution as [25]

d'T*
dq?d cos 0,d cos Opdg
= (If, + I5, c0s 20, + IZ, cos 0, )sin’0),
+ (If. + I3, c0s 20, + IE. cos 0,)cos?0)
+ (I cos 2¢ + IF sin 2¢)sin’0psin®0,
+ (IF cos ¢ + I sin¢p) sin 20 sin 20,
+ (If cos ¢ + IF sin ) sin 20, sin O, (15)

where all of the coefficient functions IF = I7(g*) 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 C}, # 0 or C}y # 0, and
check for the possibility to see the effects of LH or RH
coupling to a massive or massless neutral lepton N; or N.
One can first integrate over ¢ € [0, 2z] and monitor the
dependence on 6, which for 8, = 0,z (6 = z/2) would
give rise to the contribution corresponding to the longi-
tudinal (transverse) part of the decay rate. By identifying

d‘T= 3 &= .
5 = 5 sin“6p
dgdcosf,dcosbp 4dqg-dcosO,dcosOp
3 &ri )
9 ’
2dqg?dcosf,dcost) oS Op
(16)

one can easily rewrite each of the two pieces in terms of the

functions I from Eq. (15). The prefactors in the above

expressions ensure that I'* = I'; + I's. We again look for

the forward—backward symmetry of I'; r and isolate the

term multiplying cos 8, just like we did in Eq. (3). We find:

4r kY3

Velg’) =3l BLl@) =505 (17)

After inspection, we again observe that in the massless

neutrino case, i.e. in the SM,

BE() =0, b(q}) =0, (18)

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
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B — D*7(SM + Np) B — D*7(SM + Np)
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FIG. 4. Two components of the forward-backward asymmetry
of B — D*z‘inv’ corresponding to the helicity of the outgoing
leptons. In the left (right) plots, we show the dependence of the
fully integrated (A7, ) as a function of the mass of N, (Ng).
Plotted are the cases for two different values of CLE (CER).

1 qlznax L(T
<A%B,L(T)> = To /qz dq2b:|:( )<q2)’ (19)

with Qrznax = (mf’ + mNL_R)Z and LIrznax = (mB - mD*)z‘ In
Fig. 4, we show (Af;) as a function of my, . As
discussed above, we indeed see that (Azz;) =0 in the
SM and also in the case of an additional BSM neutral
massless lepton that interacts via the left currents (N;). As
my, grows, we see that the (longitudinal) forward-back-
ward asymmetry becomes nonzero but strictly negative,
(Azg ) <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 (Azp;) > 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 (Arp 7), which in
the SM gives (A} ;) = 0. The presence of a massive N,
would provide a very small shift, but for a massless or light
N, 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 (A%, ;). We stress that, for the

B = D*r(SM + Ny) B — D*r(SM + Np)
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FIG. 5. Same as in Fig. 4 but for (A /).

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 N; or either
massive or massless Nr. We find three such quantities

| ™
st =t / (1), (20)
qmin
PR B K N
SS = I_—~ ) dq (Ils +I2s)’ (21)
qr‘nin
R N S N
Di == [ " ag -315). (22)
qmin

In the SM, S = S7 = D; = 0. The shifts in the case of
massive Ny p are even smaller than in the cases dis-
cussed above.
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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 O(MeV — GeV) 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 (m,, = 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 — P¢N

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

Py = (En, 0,0, |pul), Pp = (Ep.0,0,|pyl).
Py = (En.—|P¢|sin€,,0,—[p| cos ),
Py = (Eg, Pelcosby),

Pelsindy,0, (A1)

with ¢* = (py + pe)' = (V/4%,0,0,0), |5yl = VAup/
(27/4?), and |B,| = \Ans/(27/q%). After computing the
hadronic and leptonic amplitudes and putting them together,
we write the resulting double differential decay rate in the
form given in Eq. (3). To thatend, itis also useful to define the
helicity amplitudes:

VA
HV,O(q2) = ﬁ]ﬁ(qz),
2 o
Hy () = ’"M—é’“”qu),
_ my—m}
Hg(q*) = mfo(qz)v
v/ A
Hr(q*) = —ﬁfr(f)» (A2)

where in the last amplitude the form factor f(¢?) parameter-
izes the hadronic matrix element of the tensor density,

- . 2f1(q%)
P(k)|uct*d\M = —i(p'k*" — p*kt) —————. (A3
(P(R) o™ d M (p) = =ilpke = pke) S IELL (a3
We also need the helicity projector:
1-4
PA — % N (A4)

where 4 is positive or negative helicity and s, are chosen as

1 - ﬁ:f
S/f = <|Pf ’Ef-.—),
mg el
1 De
Y = o (Ipel <En 2. (A3)
omy < N |P/|
where we again used that p, = —py.

After some algebra, one gets the following expressions
for the angular coefficients in Eq. (3):
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Ny
a_ = TL [(C3, + Ch )HsK N + (CY, + CXL)HV,tKI—ViF +| = 4C£LHTK]1L— +(CYL + CXL)HV,UKIXi 2}
N N
+ S ([(CYp + Chp)Hy oKNe — ACk H K5 [* + | (CY g + Che)Hy K" + (Cip + Chp)HsKYE ). (A6)

where the coefficient function Ny is given in Eq. (9), and KY, = K. (¢°, my) have been defined in Eq. (10). Note that the
first term corresponds to N; and the second to N, so that using the above expression for checking the response of the
function a_ = a_(g?) to the presence of N; (Ng) implies setting N/ v, Ny,) to zero. Similarly, for the other two functions,
we have:

- = Ny, Re{[(C], + C, ) HsKYe + (CY,, + gy )Hy K 1 ][4CT, Hr K™ — (CY, + CR ) Hy oK 1]}
+ Ny, Re{[(Cl + Chg)Hy K% + (Cig + CRp) HsKYL][(Clg + Cip) Hy oK1% — 4CkeHo K]}, (A7)

N
C_ — 2 L [|4C{LHTK1_V£ - (CZL + C‘R{L)HV’OKIX_L,'_F — |4C{LHTKNL (C + CRL)HV OK }

N R R R
5 [I(Cig + Chp)Hy oK™ — ACkxHrK 5" = |(Clg + Cip)Hy oK* — 4CheHy K% ). (A8)

Similarly, for the helicity s = +1, we have:

Ny
ap =— L([(CY, + CY)Hy oKNe — 4CT HeKY | +|(CY, + Chy ) Hy K- + (C5, + Ch ) HgK Y ]
NNR N, N N
= [(CYg + Chr)Hy oK — ACkRH K [P + |(CY g + Chp)Hy K25 + (C5 + Chp)HsKYe )], (A9)
b, =Ny, Re{[(C], + Ch ) Hy K-+ (C5, + C3 ) HgKY[(CY, + Ch)Hy oK — 4CT, Hp K'Y ]}

+ NNRRe{[(C‘L/R + Ckr )HV ,K + (Cig + Crp)HsK R ][—(CY + CI%R)HV.OK]—Vﬁ +4ChrHrK :]},  (A10)

NN
cp ==+ = (CYL + Cg)Hy, OKNL + 4CLLHTK |2 — | = (ClL + Cr)*Hy oK + 4C{LHTKZX-L§— ]

NN
+ TR | - (Clg+ CXR)HV,OKIE +4Ck Hr KV |* — | = (CYp + Chp )HVOK +4C RHTKI—XHZ]‘ (AL1)

Note that in the text, we focused on the scenario with the NP Wilson coefficients C} , # 0 while 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 my, =0, Ny =0, CY, = 1 and all the other Wilson coefficients
to zero.

2. Decay to a vector meson M — V(— Pr)¢N

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 — Dz, as sketched in Fig. 1. We now have

P = (Ey. 0.0, |Byl). py = (Ey.0,0,[pyl).
Py = (En.—|P¢|sin 0, cos ¢, —|ps| sin b, sinp, —|ps| cos 0,),
Pl = (Ez.|By|sinbycos ¢, |p,|sin,sing, |ps| cosb,), (A12)

and the decay amplitude can be written as
M(M — PrtN) = M(M - VEN)M(V — Pr)BW(mp,), (A13)

where the strong decay is described by
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M(V — Pr) = gypa(pp - €), (A14)

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

3/2

y)
(V- Pr)=C, 2P .
(V- Pr) 192ﬂm€, lgve

2, (A15)

where C,- = 1, and C, = 1/2 due to isospin. In the rest frame of V, ph = (Ep, |pp|sin@p,0, |pp|cosOp), so that the
amplitude is decomposed according to the polarization of V, to MY = gyppp|cosp and Mz, =
+(1/v2)gype|pp|sin@p.> In the narrow resonance approximation limit, I'y << my,

1 V3

InA
2 2V2 _ 22
(mp, —my)* —myly, myTy

|BW (mp,)|* = 8(mp, — my). (Al6)

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 (g?) by using the LEFT (1) and the
results will be expressed in terms of the helicity amplitudes:

Vauy

HV — + A 2 Vv 2 ,
L = (my +my) l(q):F—mMerV (q°)
1 N/
HV:— 2 2 2A 2\ _ MV A 2
0 —2\/212 |:(mM+mV)(mM my, — q°)A(q”) oy + iy 2(q7) |,
VA
HY =- M;Ao(q2)7
vV q
\/A
HS = — MY A (g%),
m, +my
HT_ 1 2 3 2 T 2 )'MV T 2
0= "2, (my +3my = q°) 2(61)—W 3(a7) ]
1
HL = —=[\/auyT1(q*) = (my; — m3)To(q?)], (A17)

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

— e e (M) 2V<q2)
(V(k,A)|ay*d|M(p)) = —ie""°ey ppkanw—_‘_’nv7
. 2m . (€5, " )
(V(k.2)|ay*ysd|M(p)) = q"(€(; - q) q—szo(qz) + (my +my) (6’&) - ¢ %)Al(ﬁ
€, 4 m3, — m?
(4) 2 M %
I — + kW — gt 22— ,
) (o b - )
= UV vpe (A)* 2 6&) 4 2 2 q2 2
(V(k.Dacd|M(p)) = 73 e (p + k), Ty () + 225 p ks | T1(g%) = Talg?) = — = Ts(g?)
q my, — my,
. mi,—m?
el 0, M (1 () - ) (A18)

with ¢ = p — k. The functions that are of main importance for the subject of this paper are Igi. and [, a, as they drive the
forward—backward asymmetry of the longitudinal and transverse part of the decay, respectively, cf. Eq. (19). We have:

*More specifically, for the D* polarization vector ¢;, we chose: ¢, = (0,0,0,—1), e; =F (0, 1, £i, O)/\/i.
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_ NN N, N N N
I, = 3 [FACT HTKY: + (CYLHY = Chy HYKY P+ 4CT HTRYE = (Y HY = Cly HY)KY: P
NNR vV gV V gV\ Nk T T pNr |2 vV gV V gV gNg T T N |2
+ ) H(CRRH— - CLRH+)K—— + 4CRRH—K—+| - |(CLRH— - CRRH+)K—— +4CreHL KL ] (A19)
Ny N N
I, ==+ [14CT HEKE, + (C HY = Cly HY)KYL® — [4CT, HE KL — (C HY = Ci HY)KL ]
NN N N N N
+ S [(CLeHY = CRpHY)KS + 4Cke HL KL = |(ClpHY = CYHY)KYS +4CkHIKTET], - (A20)

_ N N
Iy, = 2NNLR6{[(_C‘L/L + CXL)H}/K—i + (CEL - C?eL)HSK&H(CZL - CXL)H(‘)/K—i - 4C2LH(€K&]}
+ 2Ny, Re{[(CYr = Chp)HY KX + (=C5 g + Cop) HsK Y ][(CY g — Che) HYKY® + 4Ck HEKY% ]}, (A21)

N N N N
Igc = 2NNLRC{[<C¥L - CXL)HYK+L— + (_CiL + C%L)HSK+L+H(C‘L/L - CXL)HXK+L— - 4CZLH(€K+L+]}
+ 2Ny Re{[(=CY g + Chg) HY KX + (C5  — Cp)HsKNx][(CY — Che) HY KN + ACh HTKYe]}.  (A22)

Note that in the case of vector meson in the final state, M — V£ZN, the normalization function used in the expressions for / ,i
reads

N — 3G%V?, \//IMV\//IL&NB
N 40967 m3,q*

(V = Pn). (A23)

Finally, for the denominator in Eq. (17), the expressions for 7, I+,

rates are
87[ qrznax 1
+ _ 2y _ 2yt
I =3 /qZ dq (Ilc 3120)7

min

I5,, and 5. are also needed, because the relevant decay

167 [ 4 1
ry =15 [ ag (15 - 515 (A24)
3 qﬁlin ‘ 3 ‘
For completeness they are listed below:
1
_ N N N
o = N (G, = Clu ) HIKY: 4 (=CYy + Ch ) HY KM + 5 |(Cly = CHOHYKY: +4CT HEKYL P

1 N N, N
+5|(Crp = Cro)HoKZL = ACL HGKYLP] + Ny, [[(Che = Coo)HP KL + (Clp = Cra) HY KL

1 N 1 N N
o OB —aCh K+ (- Ch B + aCh K P (a2
1
I, = Ny, [|(Cyp - CEL)HSKQ,@ +(Cyp - CXL)HYKT—P + 3 [(CY — Crp)Hy KNe — 4C{LH<€KZX$|2

1 N N N
+ 3 |(ClL = Cro)HyKiE = 4CT HIKZ, P] + Ny, [|(=Cig + Cig)HSKYE 4 (=CY + Cig)HY K25 |?

1 N N 1 N
+ 3 |(Clr — Ckp)Hy K25 + 4CRr HEK R * + 5 |(CYr — Ckr)Hy K22 + 4Chp HEK 2 2], (A26)
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I, = Ny, B |(~Ch HY + CY HY)KY +4CT, HTKY P + % |(CheHY = CY HY)KYL + 4CT HE KL
(Y HY — C YR, +4CT, HT R
 lCh Y — Cl HYKY: 44T, HEKY P
+ N, E |(~ChxHY + CHY)KY2 + ACEHT K™ P + % [(CheHY = ClpHY )KL + 4Ch  HIK L
43 (CheY = CHeHY YK 4 AChHTKYS

1
< (CHeHY = LR — ach K . (A27)

Ils:NN

L

3 Ny 1 Ny
(CLLHY + CRHY R 4 ACT HEKYS P + | (Ch Y = LYK 4T, HIKY
3
+Z|(CXLHV CVLHV)KNL~I—4CTLHTK L1
1
< Xj(cpmY - cp KR 4chH1KﬁL+|2]

3 Ng Ng 1
+ N, L |(=CLrHY + CrpHY)K +ACke HIK R + 2 (CkxHY — CYxHY)K S — ACk HT KNz |2

3 N N
+ 3 |(CLHY = CreHY)KL + 4Chp HLK L]

1
XZ|(CXRHV CY HY)K"® +4CT HTKNR|2} (A28)
. 1 1 N,
I3, = Ny, | -3 (Chy = CLOHKY +4CT HEKY: P+ 31(C, = Ch)HEKY = 4T, % ]
1
N N N
+NNR[ 3 (Che = CLOYKY: ~ACh HERS P+ \(CYy - ChoHYKY + kKPR, (a29)
! N2 ] Ny N
=Ny, { SI(CYy = Cr )Hy KYe —4CT HOK L P T3 (CYL — Cry)Hy K — 4C£LH5K++|2]
1 1 N
+NNR[ S 1Cli = ChHSKY: +ACK HERYP + (€l = ChOHYKS +4CHHERMP). (a30)

_ 1 N N
I, =Ny, L_‘ [(=Cg HY + CLLHV) L +4C] HTK T |* 4 —— |(CRLHV C/ HY)K . +4C] HTKN.|?
1 N N
F 2 I(ChHY — CY YK, + 4CT, HTKYEP — L(Cly HY — Y YK + 4chH£1<;+|2]
1 N 1 N N
+ Ny, L_* |(~CkrHY + CYrHY)KNe 4+ 4CE HT K22 |? + -2 |(CrrHY — CYgHY)K * + 4CE HTK X |2

1 1
+ 1 [(CRpHY = CLRHY)K s + 4C, HTKYE 2 - 7| (CheHY = CY HY)K'® — 4C§RH1K’X§|2} (A31)
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1
N, N N
I = Ny, [ (~CYLHY + Cly HY)KY: + 4CT, LKA +— 2 |(Cly HY — CE HY)KYE — 4CT HEKY: P

1
4

1 N 1 N N
+ 3 (CLLHY = Cp HY)K™ + 4CT HIKZLP = 2 |(Chy HY = C HOKCL + 4CZLH§K+L+I2]

1 N, N, 1 N
N, [ LY + ChaHY K+ ACHHTR P+ = L \(ChHY = CLyHYKY = ACh HLRY: P

1 1
+ 4 (ClrHY - CYeHY K% +4Ch HT K% |2 — 7 |(CheHY - CV HY KM + 4C,TQRHZK§’5|2} :

(A32)
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