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ABSTRACT: In the context of lepton flavor universality violation (LFUV) studies, we fully
derive a general tensor formalism to investigate the role that left- and right-handed neu-
trino new-physics (NP) terms may have in b — c7v; transitions. We present, for several
extensions of the Standard Model (SM), numerical results for the A, — A.77; semileptonic
decay, which is expected to be measured with precision at the LHCb. This reaction can
be a new source of experimental information that can help to confirm, or maybe rule out,
LFUV presently seen in B meson decays. The present study analyzes observables that can
help in distinguishing between different NP scenarios that otherwise provide very similar
results for the branching ratios, which are our currently best hints for LEFUV. Since the 7
lepton is very short-lived, we consider three subsequent 7-decay modes, two hadronic 7v,
and pv,; and one leptonic uv,v,, which have been previously studied for B — D™ decays.
Within the tensor formalism that we have developed in previous works, we re-obtain the
expressions for the differential decay width written in terms of visible (experimentally ac-
cessible) variables of the massive particle created in the 7 decay. There are seven different
7 angular and spin asymmetries that are defined in this way and that can be extracted
from experiment. Those asymmetries provide observables that can help in constraining
possible SM extensions.
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1 Introduction

Although there is no single experiment that can still claim the discovery of new physics
(NP) beyond the Standard Model (SM), there seems to be however mounting evidence that
points in that direction. Lepton flavor universality (LFU), which is inherent to the SM
(the exception made of lepton-Higgs couplings), is being challenged in different experiments.
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Collaboration [2], provides also a 1.8 ¢ discrepancy with different SM evaluations [3-16].

results and the similar R/, = observable, recently measured by the LHCb

In the absence of a unique possible extension of the SM, one tries to explain the
discrepancies adopting a phenomenological strategy including, besides NP corrections to
the SM vector and axial terms, NP scalar, pseudoscalar and tensor b — c7v, effective
operators that, in principle, affect only the third quark and lepton generations. Typically,
only left-handed neutrinos are considered. The strength of the different NP operators is
governed by, complex in general, Wilson coefficients that encode the NP low energy effects
and that are fitted to data.

Further experimental information may come from the analysis of the A, — A, semilep-
tonic decays. In fact, the shape of the dI'(A, — Ac.p~v,)/dw decay width has already
been measured by the LHCb Collaboration [17], and there are expectations [18] that the
Ra, = %\2:71% ratio can be obtained with a similar precision to that reached for R ).
From the theoretical point of view, there are precise Lattice QCD determinations of the
vector and axial form factors [19], as well as the NP tensor ones [20]. The scalar and pseu-
doscalar form factors, also needed for a full description of all NP terms on the low energy
Hamiltonian comprising the full set of dimension-6 operators, can be directly related to
vector and axial ones (see egs. (2.12) and (2.13) of ref. [20]). This allows for a reliable SM
determination of Ry, [21-23], as well as the evaluation of NP effects [20, 24-37] that can
be compared to future experimental determinations.

Although the latest measurements of the R ) ratios by the Belle Collaboration [38]
constraint the admissible extensions of the SM [39], disfavoring for instance large pure
tensor NP scenarios, there is not a unique NP solution to solve the discrepancies (see
refs. [33, 39, 40]) and, thus, other observables have been proposed as benchmarks to con-
strain and/or determine the most favored NP extension of the SM. These include asymme-
tries, like the 7-forward-backward (App) and 7-polarization (A)_) ones, but also different
observables related to the four-body B — D*(Dm, Dy)7, [41-44] and the full five-body
B — D*(DY)7(Xv, )i, [45, 46] angular distributions.

The transverse components of the 7 polarization vector P* are also different sources of
information. For instance, the 7 polarization vector component perpendicular to the plane
defined by the 7 and final hadron three-momenta, Ppp, is nonzero only for complex Wilson
coefficients. Its measurement will not only be an indication of NP beyond the SM but also
of CP violation. The search for NP in different 7-polarization observables for B — D(*)
decays was explored already twenty five years ago in the context of SM extensions with
charged Higgs bosons [47]. More recent works [28, 48-53] have developed this idea. In
ref. [54], within the formalism previously developed in refs. [55, 56], we have evaluated the
different components of the tau polarization vector (P*) for the Ay — A, Be — 1, J /3
and B — D®) semileptonic decays, for extensions of the SM involving only left-handed
neutrino operators. We have described NP effects in the complete two-dimensional space,
corresponding to the two independent kinematical variables on which P* depends, finding
that its detailed study has indeed a great potential to discriminate between different NP
scenarios for 0 — 0~ decays and also for the A, — A, transition.



A caveat in some of the above 7 polarization-vector analyses is that to experimentally
measure some of the observables one needs to be able to establish the 7 three-momenta.
This is however extremely difficult due to the 7 lepton being very short-lived and the
fact that the decay products contain neutrinos which escape detection. A way out of
this problem is to concentrate on what is termed as visible kinematics. This is achieved by
considering the subsequent 7 decay and integrating out all variables that can not be directly
measured, either neutrino-related ones or variables defined with respect to the 7 three-
momentum. The price to pay is that one can only access averages of the full polarization
vector components and that all the information on Ppr is lost after the integration process.
This is for instance what was done, for the B — D*) reaction in ref. [52], where, the authors
concentrated in the two subsequent 7 — 7y, and 7 — pr,; hadronic decay modes. Further,
in ref. [53], it was shown how to extract a total of seven 7 angular and spin asymmetries
from a full analysis of the final-state visible kinematics. A similar study, also for the
B — D®) reaction but considering in this case the purely leptonic 7 — pv, vy decay mode,
was carried out in ref. [51].

In this work we shall present an analysis parallel to what was done in refs. [51-53],
but centered in this case in the Ay — A.70; semileptonic decay. We only know of
one analysis of this reaction in terms of visible kinematical variables done in ref. [37].
There, the authors construct a measurable angular distribution for the full five body decay
Ay — Ac(Am)7(7vr)vr in terms of ten angular observables and they provide results within
the SM and different NP models with left-handed neutrinos. Three of these observables
can be written as linear combinations of the three F{; o functions that we introduce in
eq. (3.42). Note however that, following refs. [51-53], we decompose the latter functions in
a total of seven angular and spin asymmetries (see eq. (3.43) for the pion 7-decay mode)
that, together with the overall normalization, can give separate information on NP and
that, hence, we analyze separately. The rest of the angular observables analyzed in ref. [37]
can not be accessed in our work since they require to consider the further A, — Ax de-
cay. In our case we shall also focus on NP extensions that include right-handed neutrino
terms. The latter have been suggested [57-61] as a way to evade present constraints on NP
effective operators with only left-handed neutrinos. Since interference with the dominant
SM left-handed terms cancels for massless neutrinos, the contributions from right-handed
operators are quadratic in the corresponding Wilson coefficients. This means that larger
values of the Wilson coefficients may be needed for a purely right-handed NP explanation
of the discrepancies between SM results and experimental data, which has to be balanced
with the fact that large values of the corresponding right-handed NP Wilson coefficients
are more in tension with other low-energy observables or collider searches [62-64]. Here we
shall use three different models that include right-handed neutrino NP terms and that we
take from ref. [61]. The results obtained within those fits will be compared, not only with
SM results, but also with the ones obtained from Fit 7 of ref. [33], which contains pure
left-handed neutrino NP operators.

The calculations will be done within the tensor formalism that we developed in
refs. [55, 56] for left-handed neutrino NP operators, which is extended in the present work
to account also for NP terms constructed out of light right-handed neutrino fields. It is



based on the use of hadron tensors and it provides a general description of any semilep-
tonic decay process where all hadron polarizations are summed/averaged, being in those
cases a useful alternative to the commonly used helicity amplitude approach. Within the
tensor formalism, we have previously analyzed the 7 polarization vector [54], but also
the role that different contributions to the differential decay widths d?I"/(dwd cos 6,) and
d’T'/(dwdE,), both in the unpolarized and tau helicity-polarized cases, could play in the
search of NP [55, 56, 65]. In the above, w stands for the product of the initial and final
hadron four-velocities, 6, is the angle made by the three-momenta of the tau and final
hadron in the center of mass of the final two-lepton pair (CM), and E is the energy of the
tau lepton in the frame where the initial hadron is at rest (LAB). Our studies showed that
the helicity-polarized distributions in the LAB frame provide information on NP contribu-
tions that cannot be accessed from the study of the CM differential decay width, the one
that is commonly analyzed in the literature. Besides, we have found that 0~ — 0~ and
1/2t — 1/2% decays seem to better discriminate between different left-handed neutrino
NP than 0~ — 17 reactions.

The present work is organized as follows: in section 2, together with appendices A, B, C
and D, we review our tensor formalism, and extend it to include right-handed neutrino NP
terms. We want to stress here that although we always refer to b — ¢ transitions, the
hadron and lepton tensors, together with the expressions for the semileptonic differential
distributions derived in this work, in the presence of both left- and right-handed neutrino
NP terms, are valid for any ¢ — ¢/, charged-current decay. In section 2.3 we collect
some of the main theoretical expressions obtained in ref. [54] concerning the spin density
operator and the 7 polarization vector, which will be needed in the next section. Besides, an
extension of these results to the case of a b — ¢ transition is presented (see also appendix E
in this latter respect). In section 3, we make a thorough study of the H, — H.tv,
reaction including the subsequent 7-decay, for which we shall consider the two hadronic
decay modes 7 — 7v; and 7 — pv; and the leptonic one 7 — puw,v-. Although we also
provide differential decay widths with respect to variables defined in the 7 rest frame,! we
mainly concentrate in obtaining the differential decay width in terms of visible kinematic
variables and we identify (section 3.4) the seven 7 angular and spin asymmetries mentioned
above. Some details on the evaluation of the phase-space integrals, which can be rather
involved in the leptonic decay mode, are presented in appendix F, while the kinematical
coeflicients that multiply each of the observables are discussed in appendix G. Results for
the 7 asymmetries in the A, — A, transition are presented in section 4. They are obtained
within the SM, three different NP extensions that include right-handed neutrino fields, and
a NP model constructed with left-handed neutrino operators alone. A short summary of
our main findings is given in section 5.

'In this system, one has access to maximal information from the H, — H. semileptonic decay with
polarized taus, in particular to the CP-violating Prr component of the m-polarization vector. In section 3.3,
we detail how Prp can be obtained from an azimuthal-angular asymmetry, and show results for the CP-
violating contributions in the baryon A, — A.7v; reaction (figure 1), within a leptoquark model with two
nonzero complex Wilson coefficients.



2 Hadron and lepton tensors in semileptonic decays including new
physics with right-handed neutrinos

In refs. [55, 56|, we derived a general framework, based on the use of general hadron
tensors parameterized in terms of Lorentz scalar functions, for describing any meson or
baryon semileptonic decay. It is an alternative to the helicity-amplitude scheme for the
description of processes where all hadron polarizations are summed up and/or averaged.
In these two works, NP with left-handed neutrinos were considered, and here we extend
the formalism to include also right-handed neutrino operators.

2.1 Effective Hamiltonian

We consider an extension of the SM based on the low-energy Hamiltonian comprising the
full set of dimension-6 semileptonic b — ¢ operators with left- and right-handed neutri-
nos [61]

4GEVy
V2

Heg = [(1 + CXL)O‘L/L + C%LO%L + CELOEL + C}%LOJ%L + C%LogL

+ CXROZR + C‘R{ROER + CEROER + C}%RO}S?R + C}j.;RO%;R] + h.C., (21)
with left-handed neutrino fermionic operators given by

OE/L,R)L = (ev*br,r) (Lyuver), OEqL,R)L = (¢br,r)(Lver), OLp = (¢ br)(lowver) (2.2)

and the right-handed neutrino ones

Otr.ryr = (@"bL,r) (vuver), Of myr = (€br,r)(Ever), Ofg = (€0 br)(lover), (2.3)

and where ¥ = (1 £ 75)%/2, Gr = 1.166 x 107> GeV~2 and V,; is the corresponding
Cabibbo-Kobayashi-Maskawa matrix element. Note that tensor operators with different
lepton and quark chiralities vanish identically.?

The 10 Wilson coefficients CfB (X =S, V,T and A, B = L, R) parametrize possible
deviations from the SM, i.e. CffB‘SM:O. They are lepton and flavour dependent, and
complex in general.

2.2 Hadron and lepton currents

The semileptonic differential decay rate of a bottomed hadron (Hj) of mass M into a
charmed one (H,) of mass M’ and (v, measured in its rest frame, after averaging (summing)
over the initial (final) hadron polarizations, reads [66],

d’T
dwdsy3

I G2 |Vb|2M/2
— 2 _ JFlYa
=To Y, M, To= ~ G

(2.4)

2Tt follows from

v v 7: LV
o (14 X9) @ 7y (1 +X'75) = (143X )0™ @0 = (X +X) 550" @ 0

where we use the convention €g123 = +1.



where M (k, k', p, q, spins) is the transition matrix element,® with p, k', k = ¢ — k' and
p’ = p — q, the decaying H, particle, outgoing charged-lepton, neutrino and final hadron
four-momenta, respectively. In addition, w is the product of the two hadron four velocities
w = (p-p)/(MM'), which is related to ¢> = (k + k') via ¢*> = M? + M"?> —2M M'w, and
s13 = (p — k)2. Including both left- and right-handed neutrino NP contributions, we have

M = (J;}Jé + JgJt o+ Jgﬂj,fﬁ) Lt (J;;,Jg Ny L JgﬁJgﬁ) . (2.5)

VtR

with the polarized lepton currents given by (u and v dimensionful Dirac spinors)

1 _ h
ﬁu;?(k’; ML (o) P5 ¥, (),

h
Liap) = L,%0ap, P5* =

J(%;yﬂ) (k7 k/; h7 hx) =

1+h
L 4Ly (2.6)
2

where h = +1 stand for the two possible charged-lepton polarizations (covariant spin)
along a certain four vector S* that we choose to measure in the experiment. This is to say,

the outgoing charged-lepton is produced in the state uf (k'; h) defined by the condition
58 ug (K'sh) = huf (K5 h). (2.7)

The four vector S® satisfies the constraints S2 = —1 and S - k¥ = 0, and the choice
S = (|K|, K°k") /my, with k' = K'/|K'| and my the charged lepton mass, leads to charged-
lepton helicity states. For later purposes we define here the projector

1+h
B, = LM (2.8)
2
In addition, h, accounts for both neutrino chiralities, R(h, = 1) and L(h, = —1).
The dimensionless hadron currents read
TG0 im0 = (Hesp v [E(0)0 5 b(0) | Hy: p, 7, (2.9)

with ¢(z) and b(x) Dirac fields in coordinate space, hadron states normalized as <ﬁ/, r|p,ry=
(27)3(E/M)&*(p—p”")8r with r, v’ spin indexes, and (we recall hy—g = +1 and hy_p, = —1)

Ol(%f) = (C;? + hXC)]:%), (C;(/'ya + hXC'f’y“%), Cgaa[g(l + hyys). (2.10)

The Wilson coefficients Cf’:IDL’Yj%A’T in the above definitions are linear combinations of those
introduced in the effective Hamiltonian of eq. (2.1) and are given in appendix A. Neglecting
the neutrino mass, m,,, there is no interference between the two neutrino chiralities, and
the decay probability becomes an incoherent sum of vy, and vyg contributions,

IM|? = M2+ M2+ O(my,/E,), (2.11)

VoL ViR

3The Lorentz-invariant matrix element, T, introduced in the review on Kinematics of the PDG [66] and
M used in eq. (2.4) are related by (up to a global phase)

T =2GrVepeV2MV2M' x M.



with E,, the neutrino energy. The diagonal lepton tensors needed to obtain |[M|? are
readily evaluated and they are collected in appendix B for m,, = 0.

After summing over polarizations, the hadron contributions can be expressed in terms
of Lorentz scalar structure functions (SFs), which depend on ¢2, the hadron masses and
the 10 NP Wilson coefficients, C4p, introduced in the effective Hamiltonian of eq. (2.1).
Lorentz, parity and time-reversal transformations of the hadron currents (eq. (2.10)) and
states [67] limit their number, as discussed in detail in ref. [56]. The hadron tensors
are expressed as linear combination of independent Lorentz (pseudo-)tensor structures,
constructed out of the vectors p*, ¢, the metric g*” and the Levi-Civita pseudotensor
€' The coefficients multiplying the (pseudo-)tensors are the W;f: LR SFs. They depend
on ¢2, the hadron masses, the Wilson coefficients for each neutrino chirality (CZ;’%?&P’T),
and the genuine hadronic responses (W’s). The latter ones are determined by the matrix
elements of the involved hadron operators, which for each particular decay are parametrized
in terms of form-factors. Symbolically, we have WX = C,W. There is a total of 16
independent SFs (W;j) for each neutrino-chirality set of Wilson coefficients, as shown in
ref. [56]. However, the consideration of both neutrino chiralities does not modify the
number of genuine hadronic responses W’s, and the number of W SFs increases due to the
greater number of Wilson coefficients. For the sake of clarity, the definition of the WN/;(S SFs
are compiled here in appendix C.

From the general structure of the lepton and hadron tensors, collected in appendices B
and C, and which are at most quadratic in k,k’ and p, one can generally write for the
decay with a polarized charged lepton. [54, 56]

2 M 23 (IME,, + M2 (p-S)

- N lX}Q VZR) :N(w’p.k)+h{MNH1 (w,p-k)
s Sk'qp
+((]]\4)NH2<W7P'IC)+€M3NH3(W7P'I€) }’ (212)

with eSF e = eo‘ﬁp)‘SakbqppA and the N and Ny,,, scalar functions given by

. )2
N(w,k-p) = % [.A(w) + B(w) ijf) +C(w)(kM]z) } :

(k- p)

Ny, (w, k- p) = Ay (w) 4+ Cx(w)

Nty (@, k) = Bu(@) + Da) 2+ ()

(k-p)

NH3(W, k 'p> = .F’H(O.)) + g’i—[(w) (213)

There are three independent functions, A, B, and C, for the non-polarized case, and seven
additional ones, Ay, By,Cx, Dy, Ex, Fx and Gy, to describe the process with a defined
polarization (h = £1) of the outgoing ¢ along the four vector S®. Expressions for all of them
in terms of the W SFs are given in appendix D. As can be seen there, these functions receive
contributions from both neutrino chiralities. For A, B, C, 7y and Gy, it always appears
the combination (L + R), i.e. (WZL + VNViR), while for the other functions (A, By, Cx, Dy
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and &) the structure is (L—R): (W1, — W; r)- An obvious consequence is that the NP L—
and R-neutrino-chirality contributions cannot be disentangled using only the non-polarized
decay, and some information is needed from charged-lepton polarized distributions.

As can be seen in appendices C and D, the W SFs present in Ny, are generated from
the interference of vector-axial with scalar-pseudoscalar terms (VIN/HX), scalar-pseudoscalar
with tensor terms (WBX), and vector-axial with tensor terms (WMX’ I5x,I6y). Since the

C’;? LT coefficients

vector-axial terms are already present in the SM, at least one of the
must be non-zero to generate a non-zero Ny, term. Besides, Ny, is proportional to
the imaginary part of SFs, which requires complex Wilson coefficients, thus incorporating
violation of the CP symmetry in the NP effective Hamiltonian. This feature makes the
study of such contribution of special relevance.

As expected, the N (w, k-p) and Ny,,, (w, k- p) scalar functions give also the antiquark-
driven decay Hy — Hgl" vy, as shown in appendix E. Moreover, Eq. (E.3) and the results
for W SFs collected in this work, for NP operators involving both left- and right-handed
neutrino fields, can be straightforwardly used to describe quark charged-current transitions
giving rise to a final Ty, lepton pair (e.g. ¢ — sfTvy).

One can use all the formulae given in [56] to obtain the differential decay widths for a
final 7 with a well defined helicity either in the laboratory (LAB) or the center of mass (CM)
frames, where the initial hadron or the outgoing (¢y)-pair are at rest, respectively. Namely,
the d?T'/(dwdEy) and d?T'/(dwd cos ;) distributions for positive and negative helicities of
the outgoing charged-lepton ¢ and where Ey is the LAB energy of the charged lepton and
0, is the angle made by its three-momentum with that of the final hadron in the CM
frame. Note that these distributions do not depend on the CP-symmetry breaking term
Ny, since for both CM and LAB systems eSKap — 0, when helicity states are used, i.e.
S = (|K'|, K°k') /my.

The CM distribution can be written as

2

d’T ToM3M' m2\ 2
= —1(1-22) {ao(w,n h) cos
dwd cos 0y 2 Vew? —1 < 7 > ao(w, h) + a1(w, h) cos Oy

+ as(w, h)(cos 9,5)2}, (2.14)

where the ag12(w, h) coefficients are explicitly given in [56] as linear combinations of A, B,
C, Ay, By,Cx, Dy and 4. Analogously, the detailed dependence on E, for the LAB
distribution

d’T  ToM3 E, E?
Lodm = 3 W) I ) i

M
—h—
be

. L E ., E? ., B}
(Co + [Co + 61] ME + [01 + CQ] ﬁg + [02 + 03] ]\;3>} (2.15)

is also fully addressed in [56].

The scheme is totally general and it can be applied to any charged current semileptonic
decay, involving any quark flavors or initial and final hadron states. Expressions for the W@X
SFs in terms of the Wilson coefficients (C%5) and the form-factors, used to parameterize the



genuine hadronic responses (W), can be obtained from the appendices of refs. [56] and [65],
for any 1/2% — 1/2%¢py, 00 — 074y or 0 — 17 4v, semileptonic decay, regardless of the
involved flavors (see eq. (D.4) for details).

In refs. [55, 56], we presented results for the A, — A.7v; decay and showed that the
helicity-polarized distributions in the LAB frame provide additional information about the
NP contributions, which cannot be accessed by analyzing only the CM differential decay
widths, as it is commonly proposed in the literature (see also the discussion of eq. (4.5)
in ref. [54]). In ref. [65] we extended the study to B. — 0y, B. — J /Y70, as well as
the B — D™ 711, decays. What we have found is that the discriminating power between
different NP scenarios was better for B, — 1., B — D and A, — A. decays than for
B. — J/¢ and B — D* reactions.

In the works of refs. [55, 56, 65] only NP left-handed neutrino terms were considered.

2.3 Spin density operator and charged-lepton polarization vector
The charged-lepton polarization vector P*(w, k- p) can be readily obtained from eq. (2.12),

1 eHk'ap

PH(w, k-p) = N k-p)

1t 1
| 2Nt o )+ LNy )+ 5 Ny )| (2.0
with I} = [l — (I- ¥'/m2)K'], | = p,q, which guaranties k' - P = 0. We refer the reader to
ref. [54] for a detailed discussion on the properties of P* and numerical calculations, within
the SM and different beyond the SM (BSM) scenarios, for the Ay — ATy, By — 1T,
B, — J /110, and B — D) 1u, decays. Here, we only collect some relations from ref. [54],
which will be useful to describe the sequential H, — H.7 (nv,, pvr, puv,v;)v; decays. The

spin density operator, p, and the polarization vector are related by

w_ Te[(K + m-)O(F + my)y57"]
PH = Tr[pys"] = T[(# + m)OW +ma)]
(¥ + mT)O(k//’ +ms) ¥+ m, B
Ty [(%/ + mT)O(]x// +mr)] = am., [I Y5 7?] . (2.17)

The operator O is defined by its relation with the modulus squared of the invariant am-

D=

plitude for the production of a final 7—lepton in a u° (k'; h) state, for a given momentum
configuration of all the particles involved and when all polarizations except that of the 7
lepton are being averaged or summed up,

< 1
DM = a® (k' h)Ou® (K, h) = S Tr [(# +m;)Ol(1+hP-S). (2.18)
From the above equation and egs. (2.12) and (2.16), it follows
Tr [(k(/ +m;)0] = M?’N(w, k- p). (2.19)

Finally, the Dirac matrix O can be expressed as

_ 1 o
O = ZOSL(T, r’)k’yo(’)gL(r, )%, Osp(r,7") 7 Z EJHTBT)XF h" (2.20)
rr! (a,8) X



where the neutrino mass has also been neglected here. The operator Ogy,(r,r’) gives the
Feynman amplitude for the H, — H.{i; vertex,

M = @ (k' h)Osy (r, 7' )vg, (k), (2.21)

with 7,7’ hadron spin indexes. In the above equation, the antineutrino polarization is not
specified, since O is obtained after summing also over this degree of freedom, resulting in
¥ in eq. (2.20).

From eq. (E.4) of appendix E, we conclude that the polarized antiquark-driven semilep-
tonic Hy — Hgl* v, decay is also described by the polarization vector P*(w, k - p) given in

~b—c

eq. (2.16). The corresponding spin-density operator (p°~¢) reads in this case,

e (F =m0 —me) _H —m,
T [(k{’ _ mT)OE—f(/z// —my)] = im. [I + 5 7?] . (2.22)

The operator 0% is defined by its relation with the modulus squared of the invariant

amplitude for the production of a final anti-tau lepton in a v¥(k’;h) state, for a given
momentum configuration of all the particles involved and when all polarizations except
that of the anti-tau are being averaged or summed up. One has (see eq. (E.4))

STIM? = 55 (3 )OS (K, 1) = %Tr [ —mo]a-nP-s), (223

with
Te [(¥ + m,)0] = Tr [(kf’ . mT)O’HE] = M2N(w,k - p), (2.24)
which guaranties that the unpolarized decay distributions are equal for both H; — Hzrtv,

and H, — H,7~ i, reactions. Besides, with these definitions, the probability P[v(k,h)]
that in an actual measurement the anti-tau is found in the v°(k’, h) state is given by

1 _
P[v3 (K, h)] = % (K, h)p®~C w3 (K, h)

2m,
= %(1 —hP-8S) = 271n a (k' —h)pu®(K',—h) = Plu®(k',—h)]  (2.25)

and it is equal to the probability P[u®(k’, —h)] that the 7 is found in the u”(k’, —h) state
in the quark b — ¢ semileptonic decay.

3 Sequential H, — H.7 (7wv., pv,, p, v, )0, decays

The 7 in the final state poses an experimental challenge, because it does not travel far
enough for a displaced vertex and its decay involves at least one more neutrino. The
maximal accessible information on the b — c77; transition is encoded in the visible decay
products of the 7 lepton, for which the three dominant decay modes 7 — 7v,, pv; and
loyvy (L = e, ) account for more than 70% of the total 7 width (I';). Hence in this section,
we study subsequent decays of the produced 7, after the b — c¢7v, transition,

Hy —> H.7t7 v,
L T Ve, P Vry U Uplsz, € Velr (3.1)

in the presence of NP left- and right-handed neutrino operators. Since the lepton 7 — ev, v,
distribution can be obtained from the muon-mode ones, assuming LFU in the light sector
and replacing m,, <> m., we will only refer to the latter from now on.

~10 -



3.1 Transition matrix element and the r-polarization vector

In all cases the Lorentz-invariant amplitude® for the decay chain Hj, — H.7(dv;)v, can be
cast as (d = 7, p, pv/,,)

(¥ +m;)
k'?2—m2 +ivVE 2T, (k'?)
with Ogp, introduced in eq. (2.21), the virtual 7 four-momentum &' = g —k =p—p' — k

and r and 7’ spin indexes for the hadrons. In addition, K = 4G%Vcb\/ MM’ and dé‘s) is a
four-vector (see below), which depends on the 7 decay mode, and finally s is a polarization

Ty = Ki(p,)|dy (1 = 75) Ost. () |os, (k) (3.2)

index required to specify the state of the produced rho or muon. Now using egs. (2.17)
and (2.20), the modulus squared of the invariant amplitude, after averaging and summing
over polarizations of the initial and final particles, reads
Sy _2JKPT (K + mo)O(K +my)]
k/z m2) k/QI‘%(k/Q)

Ra(k', pu. . Pas P) Zd di T [yap,, vap(1 +75)], (3.3)

Rd(klv Pv.,Pd, 7))7

where we have neglected the 7—neutrino mass, and pg stands for the pion, rho or muon
outgoing four-momenta. Next, we can use eq. (2.17) to obtain R4 in terms of the tau
polarization vector P,

f72r ’Vud‘QmT 2 2 2mz (pr - P)
iy = frVoaps, Ra= T (mZ—m3) |1+ Zmz |’ (3.4)
2m +m 2m., (p,-P)
o « 2 2 2 T\Fp
d(s) = fpvu*d mpez y f ‘Vud‘ T (mT—mp) [1 +CL‘DW s (35)

(s = EU(pM,S)va(l —5)v(P5,),  Ruv, = 16(pu-py,) + (s, -7’)} ,  (3.6)

T

with € the p-meson polarization vector, a, = (m2 — Zmz)/(m + 2m? 2)s fx ~ 93 MeV and
fp ~ 150 MeV. The meson decay constants and the CKM matrix element V4 determine

2
FT:F(T_)WV):CW<1_TH7%>

T 8 m2
2
- GEfyVual*mer 2 mp
Fp = F(T - pVT) = T(m_r + 2mp) - W 5 (37)

while for the lepton mode we have (y = m,/m-) [68]

2m
1927T3f( o F) =1-8y7+ 8" —yf —24y'iny. (38)

Note that off-shell effects have been neglected in the derivation of egs. (3.4)—(3.6).
Actually, we will make use of the approximation
1 _mo [(q — k)* —mZ]
[(g—= k)2 =m2P + (¢ = k)2 [(a = k)] meL

which puts the 7 on the mass-shell, and it is extremely accurate since I';/m, ~ 10712,

U, =T(r — pyuvy) =

, (3.9)

4From now on, we follow the PDG conventions.
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3.2 Integration of the phase-space of the final neutrinos

The total width for the sequential decay H, — H.7(dv;)v; is given in the initial hadron
rest frame by

D Ty
M2+ 57222 S 20k [2m)3 ) o, fm2 1 g2 (2m)3 ) 2P 1(27)°
x 0" (p—p' =k —pa—npv) D, |ITP, (3.10)
3
where for the muon mode, an additional phase-space integration { m for the outgoing

muon antineutrino is needed and also to take into account its four-momentum in the delta
of conservation. The outgoing v, (k)-vr(p,,) tau antineutrino-neutrino pair, together with
the muon antineutrino 7, in the case of lepton decay mode, are very difficult to detect and
hence it is convenient to integrate over their variables. This is easily done using the product
of Dirac delta functions 6*(¢ — &' — k)d*(k’ — pgq) of eq. (F.2), which is obtained from the
delta of conservation of total four momentum and the on-shell approximation of eq. (3.9)
for the T—propagator. This procedure introduces an integral over the tau phase-space, and
using eq. (F.4) to perform the v,-7, neutrino integrations for the muon decay mode, we get

0 /o2 4L 112 _ |7 &t
dSk‘/ d [q mz + k |q k ] dQFSL
/mz + Elz ’J— k_;;| deS]_g

f [na(K', pa) + xa(K';pa)(pa - P)] (3.11)
mg + pd

!
pd:WdeTz_lf
™

where By—r p up, are the branching fractions of 7 — mvr, 7 — pvr and 7 — pyv,
decays. In addition, d’T'gr, /dwdsi3 is the unpolarized semileptonic H, — H v, differential
distribution introduced in eq. (2.4), which is re-obtained thanks to the relation of eq. (2.19),
si3=(p—k)> = (' +k)% p=(M,0)and ¢ = p—p' = (M — M'w, M'Vw? —14LaB), with
quAB a unitary vector in an arbitrary direction. Indeed, we can always take the plane OXZ
as the one formed by the three momenta K and p’ of the outgoing tau and final hadron
and perform two of the three d3k’ integrations with the help of the Dirac delta function,

d’T, d*Tgr,

o w, 513, Pa) + W, 813,
dwdsi3 dwdslgfm na(w, 513, pa) + Xa(w, 513, pa)(

with w varying between 1 and wpax = (M? + M'? —m2)/(2M M’) and the limits of s3
given by M2 + M(1 — m2/¢*)(M'w — M + M'v/w? —1). The scalar functions 7, and x4
can only depend on masses and the scalar product (k' - pg), where &’ is rebuilt in terms of

Pa - P(w, 813))] s (3.12)

w and s13. The contribution independent of the tau-polarization vector reads

«/m2+k’2 A/m3+ pa — —pd|

- 3.13

= 20 F— g .
2H (z —2y)H(1 + % — 2) )

Nd=pi, = g [3:(3 —2x) —y“(4 — 3x)] , (3.14)

- 12 —



where HJ...] is the step function and = = 2(p,, - k’)/m?2 (muon energy in the 7 rest frame,

3
except for a constant) in the lepton mode case. Note that S\/ﬁ”d is normalized to 1,

and the integration on ds;z reconstructs dl'gy/dw. A further integration on dw will give
the expected result I'y = I'st, B4. The term proportional to the polarization vector, which
contribution vanishes when one fully integrates over d®pg, reads

2m§_ q/?”n2 k:/2 umd ~|—pd |k‘/—pd|

Xd=m,p = Gd (3.15)
r (m2 — m3)? o |k —
4H(z —2y)H(1 + y* — 2) )
b = 1 —2z], 1
Xd=pir, Wmif(y) [ + 3y ‘T] (3 6)

with ag—r = 1 and aq—, = (m% — 2m2)/(m2 + 2m?), as defined above.

The d®py integrals in the expression for the I'y decay width in eq. (3.12) can be further
worked out analytically thanks to the invariance of the integrand under proper Lorentz
transformations. There are different choices as to what variables to integrate and in
what follows we give the result for two different kinematics of the visible product after
the 7-decay.

An analogous calculation for the antiquark-driven Hy — HeT (n¥y, pir, jiv, U7 )vy de-
cays leads to the same expression as in eq. (3.12). This is to say the pion/rho/muon
distributions are the same for b — ¢, and b — é7v, processes.

3.3 Pion/rho/muon variables in the T rest frame

If the momentum of the 7 lepton is detected, the direction of the outgoing visible particle
after its decay can be referred to the plane formed by the tau and the final hadron. Taking
K and (E’ x p') x K in the positive Z and X directions respectively, the Lorentz-scalar
(pd - P) can be evaluated in the 7 rest frame (P*# = A P, with A the boost which takes
the tau to rest)

(pa-P) = —]ﬁ;\[sin 0% (P)*((w, s13) cos ¢ + Py (w, s13) sin qbfl) + P} (w, s13), cos 9:‘5] (3.17)

2 2
ins) = (M5 ) 1) = T A (3.18)
with 07 and ¢}, the polar and azimuthal angles of p; in the 7—rest frame, and where the
scalar functions P¥ y ,(w, s13) determine the polarization four-vector in this system, which
is given by P*# = (0, P%, Py, P}). Note that these Cartesian components are obtained as
Lorentz scalar products (P} = —P* - np, P¥ = —P* - np and Py = —P* - npr) of the
polarization four-vector with spatial unit vectors in the positive Z, X and Y axis, which
by construction coincide with the directions of &, (K x §’) x k" and (K’ x §’), respectively.
These scalar products can be now evaluated in the original system with K #0 by using
A1, boost of velocity E’/k'o, and we find P} yy = —(P* -nprrr) = —(P:- Np771T), With

k'] KOk’ (k' x ') x k' k' x
Nlﬁ =\ nn ]’ N% =10, AN I N%T =10, —‘7 , (3.19)
me m |E| (R % 57) % K| k7 x|
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which allows to identify the Cartesian components of the polarization vector in the 7 rest
frame with the usual longitudinal and transverse components of the polarization vector
P} = Pp, P¥ = Pr and Py = Ppr in an arbitrary frame [54]. Now integrating over d|py|,
we obtain

d*T By d°T
e = S (g gB[Pr(w,s13) sin 0 cos

dwdsy3d cos 0% d ¢} T dwdsis
+ Prp(w, s13) sin 0 sin ¢ + Pr(w, $13) cos 9;]),

1+y

P =1, g = f( ], Va? — 4y? (z(3 — 22) — 24— 3z)) dz,
y
2 1+y2
95’ = ar,, gor = f (2® — 4y*)(1 + 3y* — 22)dx . (3.20)
f(y) 2y

After integration, g"’» = 1 and géﬁp" = —(1—y)° (1 + 5y + 15y + 3y3) / [3f (v)].

Appropriate 6 and/or ¢} asymmetries can be used to determine the longitudinal
and the two transverse components of the tau-polarization four vector, which are two-
dimensional functions of the variables w and sj3 [54]. The observable Prp is of great
interest, since it is given by the CP odd term Ny, of the P* decomposition in eq. (2.16),
which to be different from zero requires the existence of relative complex phases between
Wilson coefficients. This component, transverse to the plane formed by the outgoing hadron
and tau, could be obtained integrating over cos 6’ and looking at the ¢} asymmetry

™ %  d°Ty 27 d3 _d’ g
2¢¢ §o dog dwds13dgT —{ doj dwds13ddT

d us % d3Fd 2T d31"d :
9p So dog dwds13de% + S doy dwds13ddT

Prr(w, s13) = — (3.21)

The projection Prr is invariant under co-linear boost transformations, and thus it is the
same in both CM and LAB systems. Measuring a non-zero Ppp value in any of these
sequential decays will be a clear indication of physics BSM and of time reversal (or CP)
violation. One can proceed similarly to obtain Pr and Pr,.

Upon integration on s13, the semileptonic dI'sy,/dw differential decay width can be
factorized out in eq. (3.20) by replacing the two-dimensional polarization components
P,(w, s13) by averages on the s3 variable weighted by the semileptonic distribution

dls,\ d*Tg,
Pa(w, 813) — <Pa>(w) = doo d813 dwdslg Pa(w, 813), a = L, T, TT. (3.22)
The d3T4/(dwd cos 0%de%) distribution thus obtained coincide with the results given in
ref. [50] for the CM frame (center of mass system of the 7v; pair).

Both the two-dimensional and the averaged polarization components in the CM and
LAB frames were detailedly studied, in ref. [54], in the presence of NP involving only
left-handed neutrino operators. Results were obtained for the Ay — A7y, B, — NeTVr,
B. — J/¢7i, and B — D® 7y, decays, and in the case of the baryon decay, an special
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Prr Ry model (Im[Cr (1 TeV)] > 0)
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Figure 1. Results for A, — A.70, evaluated with the Ry leptoquark model of ref. [39], for
which the two nonzero Wilson coefficients (C7; and C¥,) are complex. The unconstrained sign
of Im [Cp(1TeV)] is taken to be positive. The alternative choice Im [C'p(1TeV)] < 0 would not
change the absolute values of the observables shown in this figure, but only their global signs. Top:
two dimensional CM/LAB Pprr polarization (eq. (3.21)) as a function of w and the CM cos 6,
variable. The polarization component is obtained using the central values for the form factors (see
details in section 4 below or in ref. [54]) and Wilson coefficients. Bottom: Fy(w) (left) and Gy (w)
(right) scalar functions entering in the definition of the CP-violating N3, term of the differential
decay width (egs. (2.12) and (2.13)). The error inherited from the form-factor uncertainties is
evaluated and propagated via Monte Carlo, taking into account statistical correlations between
the different parameters, and it is depicted as an inner band that accounts for 68% confident-level
intervals. The uncertainty induced by the fitted Wilson coefficients is determined using different
1o statistical samples configurations by the authors of ref. [39]. The two sets of errors are then
added in quadrature giving rise to the larger uncertainty band. Note that uncertainties on Gy (w)
are largely dominated by the errors due to the form-factors.
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attention to BSM signatures derived from complex NP contributions was paid. We com-
plete here the analysis of section 4.2.1 of ref. [54] for the A, — A .7, decay by showing
in figure 1, the CP-violating observables Prr(w, cos ;) <= —P- NITJ?B/CM) Fy(w) and
Gn(w) (see egs. (2.12) and (2.13)) obtained within the leptoquark model [39] employed in
that section, and which predicts complex Wilson coefficients. The polarization (Prr)(w)
displayed in the left-bottom plot of figure 10 of subsection 4.2.1 of ref. [54] can be obtained
from the average indicated in eq. (3.22) using the two-dimensional Ppy shown in the top
plot of figure 1, and which could be measured by looking at the azimuthal asymmetry pro-
posed in eq. (3.21). This average (Prr)(w) will be a linear combination of the Fp/(w) and
Gy (w) scalar functions, also displayed here in figure 1, which encode the maximal informa-
tion contained in the CP-violating Ny, term of the Ay, — A 70, differential decay width.
One cannot determine Fy(w) and Gy (w) only from (Ppp)(w). Therefore, to extract both of
them, it would be necessary to analyze the dependence of the d*T'y/(dwd cos 0-d¢};) sequen-
tial decay distribution on ¢7, which will allow to obtain the two-dimensional Prr (w, cosb;)
polarization component.

3.4 Visible pion/rho/muon variables in the CM frame

When the tau momentum cannot be fully reconstructed experimentally, the previous ex-
pressions are no longer useful, since the kinematics of the decay-product is referred to the
7 direction. It is therefore suitable to construct observables directly from final-state kine-
matics of the visible decay particle 7, p, i, without relying on the reconstruction of the tau
momentum, which needs to be integrated out (s13). We take the energy of the charged
particle in the 7—decay, E4y and its angle 6; with the final hadron H., both variables
defined in the CM frame (¢ = 0, W boson at rest). This kinematical set up has been ex-
tensively used in the literature to analyze NP signatures in B — D)7 (7v;, pvy, 172817
decays [48, 51-53, 69], although these studies have not considered BSM right-handed neu-
trino fields. Moreover, a similar polarimetry analysis for the A, — A.7v, reaction has not
be done yet, despite the good prospects that LHCb can measure it in the near future, given
the large number of A, baryons which are produced at LHC.
Following the notation in ref. [70], we introduce

P +m? A1 P -m By
Y= 57 /3 - = 75 2 é.d = ) (323)
2mr-+/q Y q° +mz7 mery

with v and 8 defining the boost from the 7 rest frame to the CM one. In addition, the
dimensionless variable &; is the CM ratio of the energies of the tau-decay massive product
and the tau lepton. Let us call now 0%\/[ € [0, [, the angle formed by the p; and py in the
CM reference system. We have

28— 1+

7 — (7, p)vr = (cos GTCM)(W,fd) = ’
‘ 200163 — v

27v8q — x /7

260/ — 2

T — vy = (cos 0N (w, &g, 1) = (3.24)
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where we have used y = mgy/m, for all decay modes. For the hadronic channels cos 6?%\4,

obtained in that case from the condition (k' — pg)? = 0, is totally fixed by w and the
energy of the tau-decay massive product, while for the lepton mode it also depends on the
additional variable z = 2(p,, - k')/m2 introduced above. Next, requiring (cos 05)1)2 < 1, we

obtain the allowed region for the energy of the pion or rho mesons®

1-8 1+ 148 1-
T_’(W,P)VT:TﬁﬁLTByQ:&<§d<§2=TB+TBQQa (3.25)

or bounds that the variable x should satisfy in the lepton mode,
T e = <z <y, T = 2760 % 2B/ — o2 (3.26)

Also for this latter case, the maximum allowed value of &; is still &, which corresponds
to EF® = (¢? + m32)/(24/q?). However, in certain circumstances, £, can be as low as y/vy
for all reachable ¢?. This is to say a kinematics where the daughter massive lepton is at
rest in the CM frame, which would be compatible with the energy-momentum conservation
thanks to the other two neutrinos present in the tau-decay final state. In general, one finds

1-— T
y< ngxr/anz@yhgfd<§2> (3.27)
SN e L A AIIEY: (3.28)
y 1_’_5 \/qu 1 =X Qd X Q2- .

For the b— c semileptonic decays analyzed here, we have y =m,/m, and \/qi2 <(M-M') <
m?2/m,,, which corresponds to the range of eq. (3.27). Thus, the outgoing muon can exit
at rest for any ¢? value, fixing in this way the minimum reachable value for &; to y/vy
(Eq = my,) independently of ¢ (or w). In a hypothetical case, for which y? > (1—3)/(1+83)
(eq. (3.28)), the outgoing massive particle could not exit with zero momentum.

The bounds of eq. (3.26) should be combined with the product of step functions
H(x—2y)H (1+ y* — x) which appears in the definition of 74—,z and x4, in egs. (3.14)
and (3.16), respectively. While 2y is always smaller than the lower bound in eq. (3.26),
the combined use of (1 4+ y?) and the upper bound z, is more subtle and it leads to the
following available phase space

1-5

y < i ow, &g, x) = H(Eqg —y/v)H (& — &) H(x — v )H (v, —x)
+H(&g—&)H (& —&)H(x—a_)H(1+y* — ), (3.29)
y > ;g = P(w, &g, x) = H(Eg — E)H (& — E)H(z — z_)H(1 + y* — x), (3.30)

in agreement with the results of ref. [70] obtained for y = 0.

5The outgoing 7 or p hadron could exit at rest only for a single value /q2 = mi/md of the phase-space,
which is likely not accessible, since we expect my,, < m2/(M — M').
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Taking in this case the outgoing hadron momentum p” as the positive Z direction and
p’ x k' as the positive Y direction, one can write k’* = m.v(1, 8sin6,,0, f cosf,) and

CM
cost ;" —cos b, cosly

cos HTCC%VI =sin 6, sinf;cos ¢pq+cosb, cosfy = cospg = =20, (3.31)

sin @, sin 6y

with 64 and ¢4 the polar and azimuthal angles of the three-momentum p,; in the CM frame,
Dg = MirA /7253 — y2 (8in 04 cos ¢g, sin b, sin ¢g, cos B,). The variable zy above depends on w
and cos 0 for the hadron modes, while it also depends on x, through cos 9705\/[, in the lepton
channel. The condition (cos¢4)? < 1 limits the values of the cosinus of the CM 7-polar
angle to the range®

cos(Bg + 05 < cos b, < cos(By — HSM). (3.32)

In addition, we can express the scalar product (pg-P(w, s13)) in terms of the CM-variables as:

P
%T) =7 (75&1 - \/mcos 02}“) PM(w, cos 0,)
+ \/’m{PTC%A (w, cos 0;) sin B4 8in ¢

PSM(w, cos6,)

sin 6

[cos 0, cos 0 — cos Qd] }, (3.33)

where we have used P* = (P N} + PrNj. + PrrNyp) oy, With the vectors NN, }iT’TT com-
puted using eq. (3.19), the CM final hadron and tau four momenta and the relations
Prrrr = —(P-Nprrr) (see ref. [54] for further details). We recall that in eq. (3.33), the
definition of cos €M involves cos ¢4 (see eq. (3.31)).

Taking into account the dependence of (p- k), (p- Ngl}/[) and (q - NE%) on cos @, ones
finds [54] (the PSM term will not contribute after integrating in ¢)

Sap(w) + bai(w) cos B, + daz(w) cos? 0,
ap(w) + a1 (w) cos O + az(w) cos? O,

PEM(w, cos 0,) =

PEM(w, cosb;) py(w) + Pl (w) cos O (3.30)
sin 6,  ap(w) + a1 (w) cos b, + as(w) cos? b, '
where, for i = 1,2, 3, one has
da;(w) = aj(w,h = —1) — a;(w,h = +1),
ai(w) = a;(w,h = —1) + a;(w, h = +1), (3.35)

which are functions of Ay, By, Cy, Dy and &y and A, B and C respectively (see egs. (2.12),
(2.13) and (2.14) ). Besides,

M'vVw? —1 (2M Ay (w) M2 (W -1)

Pole) = MA/g? <1—m3/q2 M+/¢?

Now, we are in conditions to address the integration of the ¢4 and cos, (or s13),”

+chﬂ<w>), () Culw). (3.36)

®Note that, cos(dq — 8S31) — cos(Bq + 6531 = 25in M sinh, > 0.
"The pair (w,cos ;) fixes s13 and dwdsiz = MM’ (1 — mf/qZ) Vw? —1dwdcos;.
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e For the hadronic modes, the 14—, and x4=up, functions contain an energy conser-
vation Dirac delta function, which can be used to integrate d¢g,

5[\/m_ m + 5 — K — Pl 6 (cosdg — 20) (3.37)
& — Bl ||| sin 6, sin 6 '

with zp introduced in eq. (3.31). Now, we use
fﬂ dgaq d (cos ¢4 — 20) g (cOS ¢, sin ¢g) = 1 dzm [9 (Z, V1- 22>
0 -1 V122
+g (z, Vi- z2>] (3.38)

to carry out the ¢4 integration. As a result, we find that the Pprp contribution
vanishes and considering sin 6, sin 6, in eq. (3.37), we obtain a common factor
1 1
S _ = . (3.39)
sin 0 sin Og+/1 — 23 \/[COS(Qd —6SM) — cos O] [cos 0, — cos(Bg + OS]

Now, the integration over cos #, can be easily done using the analytical integrals com-
piled in eq. (F.6), which appear when the factor from the above equation, the longi-
tudinal and transverse polarization components given in eq. (3.34), the expression for
the CM d?T's1/(dwd cos6,) in eq. (2.14) and the limits of eq. (3.32) are considered.

e In the leptonic mode, the 74— Ly and xg4— 1, functions do not contain any Dirac delta.
However, many of the results of the previous case can also be used here. To fix the
OXZ plane, it is necessary to detect both the hadron and tau momenta, and given
the expected experimental difficulties to reconstruct the 7-trajectory, we integrate
the azimuthal ¢4 angle. It holds

[ dss tostusinon = [ o’ Covi=ad) oo Vi)

2

Here, we see again that the contribution of the CP-violating polarization component
Prp cancels out, and some kind of ¢4-asymmetry, similar to that of eq. (3.21), would
be needed to isolate this term. In addition, zp = zp(x) and the change of variables

B dx B dx
|02/020 2713 7253 — y2sin 6, sinf,

dZ() (3.41)

completes the reconstruction of the factor of eq. (3.39). Altogether, we can integrate
dcosf; in a similar way to what we have shown above in detail for the hadronic
channel. The main difference is that to obtain the d°T'y/(dwd€yd cos 64) distribution
of visible variables, we still have to integrate over the x variable, taking into account
the accessible phase-space ¢(w, &y, ) given in eq. (3.29).
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Thus, finally we obtain for y? < m2/4/q?

&y, dlsy
dwd€gdcosOy e

{Fg(w, &a) + Fld(w, &q) cos Oy + FQd(w, &q) P2 (cos Gd)}, (3.42)

with P, the Legendre polynomial of order two. The contributions of the different waves
for the hadronic modes read

1 arp (1+y*—2&) , cum
2501 ?) <” B >(“’)>’

Fg7p(w7£d) =

3 ajcosfM  q 1+y%2—2¢;  day
TP _ 7d P HCM
1" (w,8a) 25(1—y2){ 30+ s +1—y2 3 340+ cost
B — [Sineféw] Py | b
1 as Qr 1+y2—2§d das
FToP _ P QCM 4 P 901\/1
2" (w6a) B(1—y?) {3ao+a2 2(cosbrq )—i_l—y2 B 3ag+as 2(cosbrq)

2 3y
/ . pCM cM 1
/7263 —y2 I:Slng'rd ] cosf 3a0+a2> } (3.43)

For the lepton channel, for which we remind that cos 9%\/{ depends also on the integration
variable x, we have

By (w,64) = ,é’fl(y) f e p(u,&a.2){ G (@.9) +PEM) ()G (.9) .
FI (w,&q) = 5;)(3/) Jdm cp(w,id,a:){al(w)Gléﬁ;a;jZiz))GL(x’y) costra’

8 2¢2_ .2
K [sinefyfam,y)},

g 2 [ [a)Gies) Ha)Cey) o
P ) = s [ da o >{ g ) pyos )
\/m&m (35)/14(_“;)2 ™) [sin 0%\4]2 cos HSé\dGT(x,y) }, (3.44)

with the functions G1(z,y) = #(3—2z) —y*(4—3x), Gr(z,y) = (z — 2&q) (1 + 3y* — 22) /8
and Gp(z,y) = (1 + 3% — 23:). The integrations on the variable = are straightforward in
all cases since only polynomials are involved. The actual expressions, lengthy ones in
some cases, have been collected in appendix G where we also provide, more visual, two-
dimensional graphic representations of their (w,&;) dependence.

Note that G and G, provide the overall normalization

ﬂfz(y) fdfdfd:c@(W,fd7$)G1(ﬂf7y) =1, fdfdfdxw(w,fd,x)GL(x,y) =0, (3.45)

where the equivalent ones for the hadronic modes are trivially satisfied. Upon integration
on cos f4, and taking the massless limit y — 0, we recover the results of ref. [70] identifying
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2F¢(w, &y) here with f(q%,€) + Pr(¢*)g(¢% €) in that reference. Note that, besides some
differences in the notation, there is a sign change in the definition of the polarization terms
we provide here with respect to the ones in refs. [51, 70].

In the sequential T-decay distribution of eq. (3.42), all information on the b — c7v,
transition is encoded in the w-dependent functions a;, da;, pj and <PLC‘1\T/I> As already men-
tioned, they can be expressed in terms of the A, B and C and Ay, By,Cy, Dy and Ey
ones introduced here in egs. (2.12) and (2.13). The first set of three functions (or equiva-
lently ap,1,2) determine the unpolarized H, — H.7¥, semileptonic d*T's1,/(dwd cos 0,) dis-
tribution.® The helicity-asymmetry coefficients da;—q 1 2(w) involve only the second set of
functions, while p} only involves Cy. Finally, the angular weighted averages of the longitu-
dinal and transverse components of the tau polarization vector are exhaustively discussed
in ref. [54], where (appendix B) analytical expressions in terms of Ay, By, Cy, Dy and

&y and the combination (3ag + ag), can be found. Note also that (PSM) = %

and (PSM) = 4(3?:;7%. Thus for fixed w, the combined (&4, cosfy) analysis of the
d®T /(dwd€gd cos 04) distribution provides, in addition to ag, a; and ag, five independent
observables da;—p12(w), (PSM) and p}, which can be used to fully determine the five
Ay, By, Cx, Dy and &y w-functions, and that give the maximal information on NP in
the b — crv, transition, without considering CP-violation. CP non-conserving contribu-
tions, encoded in the Pppr component of the tau polarization vector, canceled out when
we carried out the ¢4 integration. As noted above, the measurement of such angle would
require to detect the 7-three momentum. Hence, the Fx and Gy functions, which are
responsible for CP violation, are only accessible by including additional information. For
B — D*, some CP-odd observables (triple product asymmetries), defined using angular
distributions involving the kinematics of the products of the D* decay, have also been
presented [41, 42, 45, 46]. These asymmetries are sensitive to the relative phases of the
Wilson coefficients, as are the Fy and Gy scalar functions.

We note that the expression found here for the visible distribution in eq. (3.42) re-
covers the results presented in refs. [51-53] for B — D) transitions, accounting in
the leptonic mode also for effects due to the finite mass of the outgoing muon/electron
from the tau decay. Thus, there is a correspondence between n(g?) and the asymmetries
App, P, P, 75,7, ,Zg and Ag introduced in eq. (1.1) of ref. [53] for the hadron modes,
and a;j—01.2, 6ai—012,p) and (PSM) (or A, B and C, and Ay, By, Cy, Dy and &) used
here. In fact, the relationships become apparent when comparing equations (3.12) and
(3.13) of [53] and the eqgs. (3.42)—(3.43) in this work,

n(q?)oc (3ag(w) + az(w)), Arp(d®) = Ma AQ(Q2) = 3(10(5)2(522(&))
Pu(g?) = —(PE™), 200 = g ey 20 = gy )
PJ_(qz) _ —<P79M>, ZJ_(QQ) _ & (3.46)

B 3ag(w) + az(w)’

8Note that ao,a1 and az could be obtained from the terms in eq. (3.42) which come from the nq4
contribution of eq. (3.12), since dI'sy,/dw oc (ao + az/3).
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Unpolarized 7 A, B, C n, Arg, Ag
Polarized 7 Az, By, Cayy Dy, Ex | (PEMY, (PSS, Z1, Zg, 7)1
Polarized 7, complex Wilson coeff. Fy Gu {(Prr), Zr

Table 1. For each row, the observables in the second column contain the same physical informa-
tion as those compiled in the third one. The quantities in the first row determine the decay for
unpolarized taus, while the ones in the second and third rows describe the decays for polarized
taus. Finally, observables in the third row are zero unless the Wilson coefficients are complex.

In addition, the remaining two asymmetries Pr (related to our {(Prr)) and Zr mentioned
in [53] should correspond to linear combinations of the 3 and Gy scalar functions within
the tensor formalism presented in section 2. As mentioned above, these CP-violating contri-
butions cancel out on integration over the azimuthal angle ¢4, which measurement would
require detecting both the hadron and tau momenta. These relations are schematically
shown in table 1 where, for each row, the observables in the second and the third columns
are equivalent in the sense that they contain the same physical information. In addition, we
show which quantities determine the decay for unpolarized (first row) and polarized (sec-
ond and third rows) final taus, as well as which of them require complex Wilson coefficients
(third row).

As we have seen, the tensor scheme of section 2 allows to straightforwardly compute
the d3Tq/(dwdéqd cos §) distribution of visible variables for any Hy — H.7 (dv,)v, decay,
including left- and/or right-handed NP neutrino operators.

Each of the observables in eq. (3.46), which are embedded in one of the Fg’m(w,fd)
partial waves introduced in eq. (3.42), are affected by kinematical C,,Ca,p,...,Cz, co-
efficients. Specifically, one can write

FOd(wv gd) = Cg(wa gd) + de)L (wa éd) <PEM>((“))7
Fl(w, &) = C4,, (w, ) Arp(w) + CF, (w,€0) ZL(w) + Ch, (w, &) (P (w),
Fl(w, &) = Ch, (W, Ea)Ag(w) + CF, (w,€0) Zo(w) + CF (w,€0) 21 (w). (3.47)

Those coefficients are tau-decay mode dependent and in the case of the m and p hadronic
ones they can be easily read out from eq. (3.43). The corresponding expressions for the fully
pvy, leptonic mode are collected in appendix G. There, in figures 3 and 4, we also provide,
for all three tau-decay modes considered in this work, their (w, {;)-graphic representations.
What we actually show are the products of each of the coefficients times the kinematical
factor K(w) = vw? — 1(1 — m2/¢?)? that makes part of the dl's;,/dw semileptonic decay
width. The visual inspection of the different panels in figures 3 and 4 provides immediate
information on which regions of the available (w, {;) phase-space might result more sensitive
to (or adequate to extract from) each of the observables of eq. (3.46). Taking into account
the numerical values of the coefficients, the hadron channels, and in particular the pion
mode, seem, in general, to be more convenient to determine the semileptonic quantities of
eq. (3.46). Probably, the best strategy would be to perform a multi-parametric fit of the
d3T g/ (dwd€qd cos 0;) experimental data to the theoretical predictions of eqs. (3.42)—(3.43).
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4 Results for the visible pion/rho/muon distributions in the presence of
NP right-handed neutrino operators

We will consider three different extensions of the SM including right-handed neutrino fields,
that correspond to the more promising ones, in terms of the pulls from the SM hypothesis,
among those discussed in ref. [61]. We will show predictions for the observables collected
in eq. (3.46), extracted from the visible distributions of the tau-decay massive products,
for the baryon A, — A, reaction. We will compare these NP results with those obtained
in the SM, and within an extension of the SM determined by Fit 7 of ref. [33] constructed
only with left-handed neutrino operators. We focus in the baryon decay for the sake
of brevity, since some of the observables of eq. (3.46) with right-handed neutrinos were
already shown in [61] for the meson B — D) semileptonic decays, where the extensions
considered in this work were fitted. Moreover, B, — 0, J /1 transitions, studied in our
previous works, follow in general a similar pattern to that seen in the analog ones from
B-meson decays. In addition, we will not include results from Fit 6 of ref. [33], as we
did in previous studies [54-56, 65], since this NP scenario, which involves only left-handed
neutrinos, provides polarized tau-distributions more similar to the SM ones than those
obtained with the model Fit 7 of the same reference.

The Ay — A, form factors used here are directly obtained (see appendix E of ref. [56])
from those calculated in the lattice quantum Chromodynamics (LQCD) simulations of
refs. [19] (vector and axial ones) and [20] (tensor NP form factors) using 2 + 1 flavors of
dynamical domain-wall fermions. The NP scalar and pseudoscalar form factors are directly
related to the vector and axial ones and we use eqs. (2.12) and (2.13) of ref. [20] to evaluate
them. We use the errors and statistical correlation-matrices, provided in the LQCD papers,
to Monte Carlo transport the form-factor uncertainties to the different observables shown
in this work. For the model Fit 7 and the right-handed neutrino scenarios, we shall use
statistical samples of Wilson coefficients selected such that the y2-merit function computed
in refs. [33] and [61], respectively, changes at most by one unit from its value at the fit
minimum. Both sets of errors are then added in quadrature and displayed in the predictions.

The analysis carried out in refs. [33, 61] considers only input from the B — D) meson
transitions. Namely, the most recent world-average correlated values of Rp and Rp= from
the Heavy Flavor Averaging Group [1], the value of the ¢-integrated lepton polarization
asymmetry [Pr(D*) = {dq¢?(dUsy./dq?*)PL(¢*)/T'sr] and the longitudinal D* polarization,
FLD * . measured by Belle [71, 72], and the ¢? distributions of the D and D* mesons [73, 74],
together with bounds from the leptonic decay B. — 7.

The scenario 3 of ref. [61] induces exclusively b — cTv, g right-handed neutrino NP
interactions, and particularly the vector boson mediator only contributes to the vector
Wilson coefficient C%R. It trivially follows that for any H, — H. decay, the A, B and C
[A, By, Cay, Dy and &y functions will take the SM values scaled by a factor (1 + |CEp[?)
[(1 — |C¥R|?)]. Therefore, n(g?) and consequently the total semileptonic width in the
tau mode will be enhanced by (1 + |C}r|?) with respect to the SM result. No signa-
tures of NP will appear in the App(¢®) and Ag(¢?) pion/rho/muon angular asymme-
tries, while Pr(q¢?), ZL(¢%), Zo(¢*), PL(¢?) and Z,(¢*) will be scaled down by the factor
(1 —|C¥rl?)/(1 + |CEx|%) as compared to the SM predictions.
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The presence of a vector leptoquark at the high-energy scale leads to the scenario 5
of ref. [61], where both left- and right-handed neutrino operators contribute at the my,
scale. In Fit 5a, only right-handed neutrino fields are considered, which give rise to non-
vanishing C}p and C?, Wilson coefficients, though the latter one is determined in ref. [61]
with large errors. Including also left-handed neutrino operators does not improve the y?
and the left-handed Wilson coefficients are compatible with zero within one sigma.

A scalar leptoquark is considered in scenario 7a of ref. [61], where a solution dominated
by C%R, with an additional Wilson coefficient C}; r, compatible with zero within one sigma,
and C}%R A _SC}TZR’ is found. As in the previous case, adding the left-handed operators
that contribute in the presence of the scalar leptoquark leads to a solution compatible with
vanishing left-handed Wilson coefficients.

We note that none of these three possibilities with only right-handed neutrino fields
can generate values of the longitudinal D* polarization within its current one sigma ex-
perimental range. NP models, like Fit 7 of ref. [33], with a significant contribution from
C’gL reduces the tension with the F LD * measurement. We should also mention that for the
right-handed neutrino scenarios 3, 5a and 7a, the Wilson coefficient C’KR is found to be in
the range 0.3 — 0.5, taking into account uncertainties, and such relatively large values are
challenged by mono-tau searches at LHC [64].

In figure 2, we show predictions for (3ag+as),(PF™), App, Z1,(PS™), Ag, Zg and Z,
defined in eq. (3.46), for the SM, the NP model Fit 7 of ref. [33] and for scenarios 3, 5a and
7a from ref. [61], which incorporate NP operators constructed using right-handed neutrino
fields. All these quantities can be obtained from the S, P- and D- wave contributions
(F‘f172(w, £4)) to the d®T g/(dwd€ad cos 04) differential distribution, associated to any of the
Ay — At (mvr, pvr, pvy vy )vr sequential decays studied in the previous section. As already
stressed, in the absence of CP-violation, this set of observables provides the maximal
information (scalar functions A, B,C, and Ay, By, Cy, Dy, Ex in egs. (2.12) and (2.13))
which can be extracted from the analysis of the semileptonic A, — A.70; transition,
considering the most general polarized state for the final tau (see table 1).

The (3ap + ag) oc dl'sr,/dw distributions displayed in the first panel of the figure lead
to the results for the integrated widths compiled in table 2, and it cannot disentangle
among the three right-handed neutrino scenarios examined in this work. However, these
distributions are useful to efficiently separate between the SM and any of its extensions
fitted to the violations of LFU observed in B-meson decays. Moreover, for relatively large
values of w > 1.15, neutrino left-handed and right-handed NP models predict significantly
different dI'gy,/dw differential decay widths.

In the other seven panels of figure 2, we show tau angular and polarization asymmetries,
as a function of w. Relative errors in these observables are smaller than for (3ag+ a2), since
they are defined as ratios for which the form-factor uncertainties largely cancel out. None
of these observables are useful in distinguishing between the three scenarios with right-
handed neutrinos taken from ref. [61]. Furthermore, the angular asymmetries Arp(g?) and
Ag(q?), and to some extent the longitudinal polarization average (P, do not distinguish
between SM and these latter NP models either. The predictions from Fit 7 of ref. [33] are
significantly different from those obtained within the SM and the right-handed neutrino
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Figure 2. Predictions for the semileptonic observables (3ag +az), (P™), Arp, Z1,(PS™), Ag, Zg
and Z, introduced in eq. (3.46), as a function of w, for the Ay — A 77, semileptonic decay. We
show results obtained within the SM, the NP model Fit 7 of ref. [33], which involves only left-
handed neutrinos, and other three ones taken from ref. [61], where all included NP operators use
right-handed neutrino fields. Error bands account for uncertainties induced by both form-factors
and fitted Wilson coefficients (added in quadrature). The right-handed neutrino scenario 3 and the
SM lead to the same results for the App(¢®) and Ag(¢®) angular asymmetries.
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SM L Fit 7 [33] R S3 [61] R S5a [61] R S7a [61]
2.15 + 0.08 - —~
I, | 0715+0015 089+0.05  0.81+0.04 0.81+0.04  0.81 +0.06
Ra. | 0.332+0.007 041+0.02 0.378+0.017 0.378+0.017  0.38+0.03

Table 2. Total decay widths I'; = I'(Ay — Ac7v;) and Iy = T (Ab — ACB(/L)ﬂe(H)) [units of
(10 x [Vep[*ps™!)] and ratios Ra, = I' (Ay — A7) /T (Ay — Ace(p)Pe(,,)) obtained in the SM,
the NP model Fit 7 of ref. [33], which involves only left-handed neutrinos, and other three ones
taken from ref. [61], where all included NP operators use right-handed neutrino fields (see text for
details). Errors induced by the uncertainties in the form-factors and Wilson Coefficients are added
in quadrature.

models in all cases, except for Zj,, where all the extensions of the SM give similar results.
The D-wave polarization asymmetries Zg and Z| seem quite adequate to distinguish the
left-handed Fit 7 and the right-handed neutrino models, since the first type of NP extension
produces an increase in the prediction of the SM, while the latter NP scenarios reduce the
results of the SM.

5 Summary

We have given the hadron and lepton tensors and the semileptonic differential distributions
in the presence of both left- and right-handed neutrino NP terms, and the most general
polarization state for the final tau. The formalism is valid for any quark ¢ — ¢l or
antiquark ¢ — §'fvy charged-current decay, although we have usually referred to b — ¢
transitions. This framework is an alternative to the helicity amplitude one to describe
processes where all hadron polarizations are summed up and/or averaged. The results of
the first part of this work complete the scheme presented in ref. [56], where only left-handed
neutrino fields were considered.

In section 3.3, we have discussed the d°Ty/(dwd cos6.dcos@%dg}) sequential decay
distribution in the 7 rest frame, and how it can be used to extract the LAB or CM two di-
mensional Pr,(w,cos8;), Pr(w,cosf;) and Prr(w, cosf,) components of the T-polarization
vector. These observables, together with the unpolarized d?T'/(dwdcosf,) distribution,
provide the maximum information from the H, — H. semileptonic decay with polarized
taus [54], including the CP-violating contributions driven by the F3 and Gy scalar func-
tions (egs. (2.12) and (2.13)). These latter functions are non zero only when some of the
Wilson coefficients are complex, and are extracted from Ppp(w,cosf;), the polarization
vector component transverse to the plane formed by the outgoing hadron and tau. We
have detailed how Prr could be obtained integrating over cos @, and looking at the ¢}
asymmetry defined in eq. (3.21). Results for the CP-violating contributions in the baryon
Ay — A.7v; reaction are shown in figure 1 within the Rs leptoquark model of ref. [39], for
which the two nonzero Wilson coefficients (C5; and C7,) are complex. If the tau momen-
tum is not determined, the 7 rest frame cannot be defined and the former results cannot
be experimentally accessed.
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Reconstructing the 7 momentum in the final state poses an experimental challenge,
because the 7 does not travel far enough for a displaced vertex and its decay involves
at least one more invisible neutrino. Direct 7 polarization measurements are even more
complicated to perform. Therefore, the maximal accessible information on the b — crv,
transition is encoded in the visible decay products of the 7 lepton. For that reason, we
have studied the sequential Hy, — H.T (wv;, pvy, pi/,vr) v, decays.

Without relying on the reconstruction of the tau momentum, we have derived the so-
called visible decay particle 7, p, u, distributions [51-53], valid for any H, — H,. semilep-
tonic decay. We take as visible kinematical variables the energy FE; (or the variable &g,
which is proportional to the energy) of the charged particle in the 7 decay and the angle
f; made by its three-momentum with that of the final hadron H,., both variables defined
in the CM frame (W boson at rest). The scheme allows to account for the full set of
dimension-6 semileptonic b — ¢ operators with left- and right-handed neutrinos considered
in ref. [61].

In the absence of CP-violation, the analysis of the dependence on (w,&y) of the S, P-
and D-wave contributions (F&172(w,§d), d = mvr, pvr, pivyvr) to the d3Ty/(dwd€ad cos 0,)
differential distribution provides the maximal information, which can be extracted from
the analysis of the semileptonic Hy, — H.7v, transition, considering the most general
polarized state for the final tau. This exhaustive information (scalar functions A, B,C,
and Ay, By, Cy, Dy, E in egs. (2.12) and (2.13)) can be rewritten in terms of the overall
unpolarized normalization distribution dI'sy,/dw, and seven angular and spin asymmetries
[see table 1 and eq. (3.46)] introduced in ref. [53] for B-meson decays. We have found
that, in general, the hadronic tau-decay channels, and in particular the pion mode, are
more convenient to determine the Hy, — H.7v; semileptonic observables than the lepton
T — puvuv; channel. For this latter mode, we have provided, for the very first time,
expressions where the muon mass is not set to zero.

We have considered three different extensions of the SM, taken from the recent study in
ref. [61], that include right-handed neutrino fields, and we have shown predictions (figure 2)
for the semileptonic observables defined in eq. (3.46), for the Ay, — A. decay. We have
compared these NP results with those obtained in the SM, and within an extension of the
SM determined by Fit 7 of ref. [33] constructed with left-handed neutrino operators alone.

None of the semileptonic decay asymmetries turned out to be useful in distinguishing
between the three scenarios with right-handed neutrinos. The predictions from Fit 7 of
ref. [33] are, however, significantly different from those obtained within the SM and the
right-handed neutrino models in all cases, except for Zr,, where all the extensions of the SM
give similar results. The D-wave polarization asymmetries Zg and Z| seem quite adequate
to distinguish the left-handed Fit 7 and the right-handed neutrino models.

We are aware that the measurement of these observables is rather difficult. At present,
Ay’s are only produced at the LHC, where the corresponding 7 decay modes are difficult
to reconstruct. However the LHCb collaboration has already published semileptonic decay
results where the 7 has been reconstructed through the 7 — pv;v, decay mode [2, 75].
It is reasonable to expect and extension of this selection strategy to A, semileptonic de-
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cays.” The other two 7 decay modes, mv, and pv,, analyzed in this work have a lower
reconstruction efficiency and are not being exploited at the moment.
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. . S,P,V,A,T
A Wilson coefficients C,~; 7

We compile in this appendix the coefficients that enter into the definition of the hadron
operators in eq. (2.10). For left-handed neutrinos (x = L), we have

CX =1+ CI‘,/L + CEL% Cf =1+ CXL - C‘éL%

Cf = (CLL + CRr), CL = (CiL — CRy); CL = Clr, (A1)
while for right-handed neutrinos (x = R),

Ck = (CYr + Ckp), Cf% = —(CYr — Ckp), Ch = (CLr + C3p),

CII; = _(CER - CI%R)? 0173: = C;’;R? <A2)

where CffB (X = S,V,T and A,B = L,R) appear in the BSM effective Hamiltonian of
eq. (2.1), taken from ref. [61].

B Lepton tensors

From eq. (2.6), in the limit of massless neutrinos, we obtain (h, = +1,h = £1)

1 h
J(Lag)(k,k/; hth)[Jé)A)(k7k/;h7 I = §T1"[(%/ + mz)r(aﬁ)PsXk’YOFIpA)’YOPh]- (B.1)

9A private communication with M. Pappagallo (deputy physics coordinator of the LHCDb experiment)
confirms that a measurement of the B(Ay — Ac7(pv-v,)v,)/B(Ay — Acpiv,) ratio is already ongoing.
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The different I'(, gy and I'(,y) operators give rise to the following lepton tensors (we use the
convention €p123 = +1 and the short-notation €,prg = ea(;,,ok"sk"S", etc.)

Llk K3 hohy) = © 5 [k K = mehh (k- 9)]. (B.2)
Lo(k, Kb, hy) = k —ﬂ(k’ kS — Sakk —ihyeauns) (B.3)

;A(k?y k' h, hx) = p)\(k7 K'; hx) - hthpA(k%mZSa hx)7 (B.4)
Lap(k, K3 by hy) = Lap(ky ks hy) + Bl Lap(k, meS; hy), (B.5)
Lopa(k, K by hy) = ’;" (Garky — Gapk — ihyeap) + 1x {k’ (S, kx — Sxk,)

+ ka(Spki\ - S/\k;) + Sa(kpkg\ - k)xk;)) + (k ’ k,)(gaps)\ - ga)\Sp)
+ (S k) (gark), = gapkh) + ihx[(k - K )eaprs + Sxapk'k — Sp€ark’k

+ ka€prsk — k,aep/\kS] }7 (B.6)

1 hh
Laﬂpk(ka kl; h, hx) = 5 Laﬁpk(l@ kl; hx) - TXLoeﬁp)\(ka myS,; hx)a (B7)

which correspond to (T’ (o )= (1, 1), (Yas 1), (L, 000), (Yar Vo) (Ya, 0px) and (o, opy),
respectively, and in egs. (B 5), (B 4) and (B.7)

1

B (k‘/ k‘ + ko k gapk K — ihxﬁapk’k) )
) .

= (k‘ K\ — k)\k‘; — zhxep,\k/k) )

Lop(k,K's hy) =

:)A(k‘" k/; h )
Lagpr(k, K hy) = gﬁp(kakA + kAk/a) - Qﬁk(kak; + kpk:l) - Qap(kﬁkg\ + kAk,/B)
+ gax(kpk), + kpkis) + (k- k') (gapgpn — 9argsp)
—ihy (kaepnok — Kjarpk + Kp€aprir — kxeagpir) - (B.8)

C Hadron tensors

We collect here the hadron tensors that should be contracted with the corresponding lepton
ones, compiled in the previous appendix, to obtain >|M|? 7o X = L, R. The tensorial de-
compositions, for a given set C’f PVAT of NP Wilson coefficients (see egs. (A.1) and (A.2)),
are taken from ref. [56].

e The spin-averaged squared of the Oj‘_f,x operator matrix element leads to

WeP(p,q,Cy,C2) = > (He; ol v/|(CY V + hy CLA®) [ Hys p, )

x (Heypl 7' [(CY VP + hy CYLAP) [ Hy; p,r)*, (C.1)

with (C}{V"‘ + hXC'fAO‘) = E(O)’ya(C’;c/ + hXC';?%)b(O). The sum is done over initial
(averaged) and final hadron helicities, and the above tensor should be contracted
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with the lepton one L, (k, k'; h, hy) (eq. (B.5)) to get the contribution to Y. \M!W ,
x = L, R. The tensor can be expressed in terms of five SFs as

PopP ~ W
14 A PP 3x
Wer(p,q,Cy ,Cy) = —gapVVlX e —Woy —ihe apd "pgqn2M2
4“9’ = g’ + pPq*
+ S Wt g Wax (C.2)

where all Wlx72x,3x74x75x( 2 C’V CA) SFs are real. Following the notation in ref. [56],

Wlx,2x,4x,5x() |CV| 1245( )+|CA| 1245((12),
Wsy () = Re(CY CL* YW (). (C.3)

The diagonal contribution of the tensor operator O}'flﬁx gives rise to

W0 (p,q, CT) = |CTI?Y [(He; p/,1712(0)7ap (1 + hyys)b(0)| Has p, 7%

rr!
x (He;p/, T/|E(O)O'p)\(1 + hyv5)b(0)| Hp; p, )", (C4)
which contracted with the lepton tensor Lagpx(k, ks b, hy) in eq. (B.7) provides the

L or R contributions to the differential decay rate. The total tensor can be expressed
in terms of four real SFs,

WT
WA = |t I2{W1T [9""’9‘3A — g**g"P + ihy P ] T [90")10510A 9> p°p”

— g% pp* + gPppP + ik, (EpA“‘sme P ‘Sp"‘pa)]
T
2P — d%°q%* + 67 g%

Wi
-+ 9*°P P — g

el
T
+ihy (e"m‘sqﬁ a5 — e”w‘sq“qzs)] + 275 [ga" ¢ +p*e%)

— P + p°d%) — P (0 + prg®) + PP + )

+ i (22 (0P a5 + "ps) — NP (505 + ¢ ps) )| } o
The WlT 9.3.4 SFs are found from (W;éip A W‘ﬁfj} ) [56] and accomplish the constraint
2MPWT + p* Wy + Wy +2(p- )W =0, (C.6)

which can be used to re-write Wi in terms of Wg: 34+ In any case, the contraction of

the W{ -part oithe tensor with Lagpx(k, ks h, hy) is zero, and thus the contribution

of W2PPX to YIM[2, is given only in terms of W, Wi and W{. The common
X

factor |C’;€|2 was absorbed in [56] by introducing WlTx,?x, = \C’;{|2W17:27374.

3x4x
The diagonal contribution of the operator Op, leads to the real scalar SF

Wy(p,4) = Wspx(a”) = |CF Y [CHes o', ' 2(0)b(0) | Hs p,

r,r!

+1Cy | QZKHc,p r'[€(0)75b(0) | Hy; p, )/, (C.7)

7‘7’

which should be multiplied by the scalar lepton term of eq. (B.2).
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o The Of, and Opy interference contribute to E|M|§ex as QRe[La(k,]g/;h,hX)x
W(p, g, C¥7A’S’P)], with the lepton tensor defined in eq. (B.3) and

Wi (p, q, C;/’A’S’P) = Z<Hc;p’,r'\(C¥V°‘ + hXC;?AO‘)]Hb;p, ryX

rr!

x (He; pl,7'[€(0)(C5 + hy CL~5)b(0) | Hy; p, m)*

1 7 a | T o
= 7 (Wrp® + Wiz (C3)
where V[N/HX, 12y are obtained as
W12y (6%) = CY OF* Wi (a?) + CL O Wil (), (C.9)

with all four WK%; P real functions of ¢2 [56].
e The Op, and Of{)‘x interference contribute to E\M&X as 2Re[L;/\(k:,/~c’ s hy by ) x
W;f)‘(p, q, CE’P’T)], with the lepton tensor defined in eq. (B.4) and

Wi (p, q, COPT) = CT*Y (Hes pf 7/ [6(0)(C + by C 45)b(0) | Ho; p, 7%

r,r!

x (He; p',r'[€(0)0” (1 + hyy5)b(0)| Hy; p, )

_WBX o N A py PAST
DYVE [Z(p q" —p"q") — hye p5Q77]a (C.10)
with [56]
W 2 :CT* CSWST (42 CPWPpT 2 C11
13(q7) X Wi (¢°) + C, W™ (q7) (C.11)

and W%T’Pp T real scalar functions of 7.
o The Of, and O/’H)‘X interference contribute to the decay width as 2Re [LapA(k, k' h)x
W;pk(p, q, CX’A’T)], with the lepton tensor defined in eq. (B.6) and

WP (p, q, CY4T) = CL*Y (He pl v/ |[(CY V' + hy CLAY) Hy; p, )

rr!

X <Hc;p’,7“'|5(0)0p)‘(1 + hyv5)b(0)|Hp; p, 7)*

P Wray + ¢*Wisy T 5
= DI [Z(p” ¢ —pq") = hye” ”paqn]

Wrey + a5Wirry [
L b 16x2MQ5 I7x [Z(gapgm g gPty — hXepM‘s] . (C.12)

where the SFs are obtained from [56]

- 2 T Vi VT 2 Ay ApT 2
W14X,I5x,16x,l7x(q ) = CX* (CX W14,15,16,17(q )+ Cx WI4I,)I5,I6,I7(q )) ) (C.13)

; vT ApT . 2 . . .
with W5 16,17 and Wiy'p5 16 17 real scalar functions of ¢, which are given in terms
of the form-factors used to parameterize the hadronic matrix elements.
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D <IM| + \M]3£R> in terms of the W SFs

VoL

In this appendix we collect the expressions of the A, B and C and Ay, By, Cir, Dy, Eir, Fr
and Gy functions introduced in eq. (2.12), and that describe, respectively, the semileptonic
decay for the cases of unpolarized and polarized outgoing charged leptons. They are com-
binations of the hadronic W SFs and receive contributions from both neutrino chiralities
(symbolically Wx = C,W). For A,B,C and the CP-violating Fy and Gy, it always ap-
pears the combination (L + R), i.e. (WZL + WiR), while for Ay, By,Cx, Dy and Ey the
structure is (L — R) : (Wz L — W, r)- The explicit expressions, for any semileptonic decay
driven by a ¢ — ¢'¢vy transition, read (M, = M — M'w)

2 _ 2 ~ ~ M, ~ ~ ~ 8¢° ~
Aw) = T ) S oWy = Way + — =Wy + Wy + 8WS, — —L W
x=L,R

_ 16M, =
M

~ ~ AM. .~ ~
eRe [W[QX +4 WI4X + WWWISX + 12 WI7X]

4Mw -~ m2 ~ ~
+ Rl Wisy ] + 105 (Way — 16W4, ) }

2 4M.,, ~
B(w) = Z { 2 <W3X + 4Re[W[3X]) (sz 16 WQTX>
x=L,R
2m M ~ 4 2 ~ ~
+ —Re {WIIX WI4X q2W[5X + 12 WIGx]

2m2 [~ ~
+ Sk (W — 32 ) }

wy=—4 Y] (I%X 16 WQTX) (D.1)
x=L,R
2
7 AM,, ~ ~
Ay (w) = 2M2 Z h {Re {an “ar Wisx — 4W]6x}
x=L,R
£ (Way + Way — 4Re[ Wi\ ] + 32, ) - —Re[me] }

ﬁ
M, ~ AM,, ~ ~ My
ZZL {MRG |:W[1X + WWIéLX — 4W]6X:| — M (2 WlX

W

M, ~ ~ ~
— Way — —Wsy — Wapy — 8W5, + 12 Vo~ —ap Wi

M

m? ~ ~ ~ m3
+ b Re | Wiay = 4 Wiay — 4 Wi, | + = L (Wi + 16 W2 ) ¢

om Am2 o~
Z h { Re[Wiay] — 2my (sz + 16W2X> fRe[WMX]},
x=L,R
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~ 12M,~ ~
DH(w) = 2 hX{Re [Wllx + TWHLX — 4W16x]
x=L,R

- Mf <W3X — Wiy — 32W,[ — 4Re[W13X]) + MfRe[me]},
En(w) =—8 > hyRe[Wis], (D.2)
x=L,R

~

W My~ M, ~ m? ~
Fu(w) =4 Z Im{ x4 MZWBX + ﬁwWMX + ﬁéme - WIGX}

x=L,R 4
On(w) =—=8 > Im[Wya]. (D.3)
x=L,R

with hy—r = 1 and h,—; = —1. Finally, expressions for the f/IV/iX SFs in terms of the Wilson
coefficients and the form-factors, used to parameterize the genuine hadronic responses W;,
can be obtained from the appendices E of ref. [56] and B of [65] for the A) — AT¢~ 7, and

Py, — (;(*)E_Dg decays, respectively.'’ In fact, replacing
Cvas,pr — CyASPT (D.4)

in these last works, all Wix SFs are obtained. Furthermore, using the appropriate form-
factors, the results of refs. [56] and [65] can be used to describe any 1/27 — 1/27 0~ — 0~
or 0 — 17 semileptonic decay, regardless of the involved flavors (see also the last comment
in appendix E).

E Antiquark-driven semileptonic decays

The hermitian conjugate terms of the effective Hamiltonian of eq. (2.1), not explicitly
written in that equation, can be used to evaluate the semileptonic decay

Hy — Halty, (E.1)

driven by the antiquark b — &t v, transition, and obviously this reaction can be related
to that involving b and ¢ quarks. Looking at the M|y, and M| 7, @mplitudes, and using
charge-conjugation transformations of the hadron operators and states [67] we first find,

7 X(aB _ afs
Heip', 1/ O el Hyspyy = CHes1'le O Wi b)) qviar _, _ (cvaryr s (B

X
o~ (O
hy — —hy

with O Hy = ’YOOLX’YO- For the leptonic part of the amplitude, we use now the properties
of the charge conjugation matrix in the Dirac space and its action on Dirac spinors and

OHere P, and P. are pseudoscalar mesons (BC or B and ne or D) and PE(*) a pseudoscalar or a vector
meson (1., D, J/i or D*).
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matrices [67] to get

Ty 1 —h
T ey Kby ) = ﬁu,,e(k)PS X000 007 (K5 h)

- (_1)%“\}5@(14; )P a3y P50, (K)

= (1) TGS (ke K by —hy), (E.3)
with ny = 1 for I'(w) = (Ya,0ap) and ny = 0 for ',y = 1. This factor (—1)"% com-
pensates the relative signs between C’f’P and CX AT in eq. (E.2), while the extra minus
sign in eq. (E.3) is of no consequence in evaluating the amplitude squared. Taking the
complex-conjugate of the Wilson coeflicients has no effects when calculating their squared
moduli or the real part of the product of two of them, but it does produce a minus sign
when the imaginary part of the product of two of them is considered instead. All together,
from egs. (E.2)—(E.3) and (D.1)-(D.3), we conclude that A, B and C are identical for both
quark and antiquark decays, while the Ay, By, Cy, Dy, Ex, Fu and Gy antiquark func-
tions get a global sign. The first five because they are proportional to h,, while in the case
of F3 and Gy, they are proportional to the imaginary part of the product of two Wilson
coefficients.!! Hence, we obtain

23 |M|? s
Zj\|4'2| Hy—H; :N(w,p~ k) - h{ (pM )N’Hl(wap'k)
. S Sk'qp
2 o 0+ S Nl fo (B

with the N and My, ,, scalar functions identical to those that appear in the H, — H.
decay, and the charged-lepton produced in the polarized state WS (K'; h) that satisfies

V5807 (K h) = hop (K's h). (E.5)

Note also that eq. (E.3) and the results for W SFs compiled in appendix C, for NP oper-
ators involving both left- and right-handed neutrino fields, can be straightforwardly used
to describe quark charged-current transitions giving rise to a final 7y, lepton pair (e.g.
c — sl*yy). From eq. (E.3) it is clear that left/right leptonic currents for fv, production
are related to right/left leptonic currents for ¢v, production.

F Phase space integrations

Here we give several results and formulae used in the integration of the available phase
space in the sequential Hy, — H.T (nvy, pvr, pv,v7)v; decays.
First, we note
5* (¢ —k — Pa)
2
[(q—k)? =m2]" + (¢ — k)°T7 [(¢ — k)?]

= Jd‘*k’a‘*(k/ —(q—k))x

2 pI2\S4(1.) _ &
[a2 B 0 g
(22 —m2)” + 22T2(z2)

HNote that A, B and C and Aw, By, Cx, Dy and £y involve only squared moduli of Wilson coefficients
or the real part of the product of two of them.
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with pg the total four-momentum of all decay products of the virtual 7 (e.g. pg = pr + pu,
for the pion mode). Now using 6(2%—k'%) = §[k'O—V/22 + k2 1/(2k'?), since £'% = 59 > 0,

0" (a — k — pa) :f dz’ )
(72— m2P+ 2 [52] ) (2= m2)® + 22T2(:2)
A3k
xJ‘qéﬂq—H—kﬁﬂH—ﬁ@, (F.2)
20/ 22 + K'2

with /0 = /22 + k2. Finally, the narrow width approximation of eq. (3.9) leads to

3 (g —k— h) f &K
) ;

[ﬁ?l - ] 2F2 A/ m2 + k:’2

In the second place, we find for the (v,,7,) phase-space integration of the muon po-

k)3* (K" — pa), (F.3)

with the 7 on the mass shell.

larization sum Rz, (eq. (3.6))

dgpu d? by, 4 Wmd

T R —
J 2 |pVT | 2 |pl/# Q pVT pl/u ) /Ll/u 3
2

—H(l+y —fﬂ)[Gl(ﬂE Y)

(PuP)

T

+ (1+3y° - 2x)] (F.4)

with Q = k' — py, © = 2(p, - K')/m2, y* = m?/mZ, Gi(x,y) = 2(3 — 2z) — y*(4 — 3x) and
H]...] the step function. This result is obtained by using that for massless neutrinos

J d3p,,7_ &3 by,
2‘pl/7 | 2|pV;J,

2 anNp
@ = i, = T (o7 4250 ) M@ 9

Finally, in section 3.4, and in order to perform the cos #, integrations in the CM frame,
we make use of

1 (° to+tia+taa? to
- 0+ 10+ b =to+ — +t1 cos S cos@d—k?Pg(cosO M)Py(cosby), (F.6)

a«/(b—a)(oz—a 3

with a = cos(f4 + 0SM), b = cos(y — 0CM) and Py, the Legendre polynomial of order 2.

G C,,Cp,,CapyyCz,,Cp,,Cyyy, Cz, and Cz, coeflicients and their
dependence on (w, &y)

The numerical values of the different coefficients introduced in eq. (3.47) are shown in
figures 3 (for the 7 and p hadronic tau-decay modes) and 4 (for the p, channel). We
display the coefficients multiplied by the kinematical factor

2

K(w) = Vw? — 1 (1 - ?)2, (G.1)

which makes part of the dI'sy/dw semileptonic decay width (eq. (2.14)). The overall nor-
malization n(¢?) = (3ag(q?) + a2(g?)), that also multiplies the asymmetry coefficients,
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Figure 3. Two dimensional (w, ;) dependence of the coefficients (multiplied by the kinematical
factor K(w) = Vw2 — 1 (1 — m2/q¢?)?) introduced in eq. (3.47) for the 7 and p hadronic tau-decay
modes. Each of the coefficients affects one of the observables introduced in eq. (3.46), within the
corresponding Fgl; (w, &q) partial wave contribution to the d*Tq/(dwd&qd cos 0) differential decay
width of eq. (3.42) (see text at the end of section 3.4 for further details). The used (w,&y) ranges
correspond to those available for the Ay — A.7(7wv,, pv; ), sequential decays. Note that dotted
contour lines correspond to negative values, while solid ones stand for positive (or zero) values.
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Figure 4. Same as figure 3 but for the uv, tau-decay mode.

provides a smooth w-dependence (see the top-left panel of figure 2). This latter dynamical
factor depends of the effective b — c70, Hamiltonian, but as mentioned, it should not
significantly modify the w-dependencies displayed in figures 3 and 4. The whole available
(w, &y) phase-space for the sequential tau decay from the Ay, — A, transition is explored in
the plots. From the figures one can easily identify which zones of the phase-space are more
appropriate to extract the different observables associated with each of the coefficients.
One can also infer that 7-decay hadronic modes are better suited for that purpose than
the purely leptonic one.

The coefficients C%(w, &) (eq. (3.47)) for the m and p hadronic decay modes can be
easily read out from eq. (3.43). Below, we collect the values for the pure d = uv, leptonic
mode (y < A/(1—B)/(1 + B) = m;/+/q?). Their expressions depend on the & value for
which we have to distinguish two different regions. We find (for simplicity, we omit the

subindex d in the variable ;).
Fory/y << &

O (.9 = 70 [ doGilay) = au@.).

O, = g7 | deGulann) = an, .9)

Ol .6) = i [ de Gl p) c0s0 = apy (0:).
OB (0, 6) = —Bf?() f 7 dn G, y) cos 69 = az, (,€),

C/Wu( £ = 8 Vﬁ;fcz — f dz Gr(z,y) [smﬁ ]2 = app(w,§),

- 37 —



Clir (. = s | da Gl Palcost) = aag (. 6),
CE (008 = =5 | o Gl ) Pleos 6 = azg ),
08,6 = S [ daGrtey) [sin 03] cos0 = az, (0.8, (G2
where we have introduced
o (w, &) = MW [/ (9 + (4 —167%) &) € + y* (99%¢ + 49* — 10)],
ap, .6 = 2 ](2;)2 (3 167%9) € + 4206 + 4],
) = PETE T 26 g g7
az, (w,§) = 1672(;;(5;_ v) [(4—8v%)&+1+3y%],
py (,€) = W (172 — 1 - 357].
0 8) = ~azg ) = ~ Lz, (w6 = —2n = (7€ —). (@)
Finally, for the other region of the phase-space &1 < € < &
Ot (w,8) = 570 | 151,2 daGr(ag) =2 {5y6+9 (172-5) "

+y? [—2471E (36 +4) +367%(£(E+4) +1) —45]
+472€% 32916 — 642 (4€+3) +9)] +5},

o 1 L+y? ap (w7£)
UV _ _ L
) =705 |, deGintan) =g +662f(y){

—3y° [49* ((29*—3) £(3¢+4) —1) +24£+ 3]

5y°+3y* (129°—8¢-9)

+472€% 32916 —6+2(8¢ +1) + 126 +9] —1},

_ 1+y? !
ot )= 52 [ G conght = e E) {3y8

Arn Bf(y) 2 67827/ 12E2—y2 f(y)
—10v26y% +6y" [471 (3¢ +2) —3v* (3¢ +8) +15]
—672Ey? [49* ((29°—3) £(6+4)—3) +24E+9]

—292¢ [5—472€% (16416 — 692 (46 +1) +6£+9) | +3},

— 38 —



— 1+y2
ngu<w,§):_2j deL<$;y)COSQSév{: aZL(wvg)

+ L {3y8
Bf(y) 2 6733/ =2 f (y)
—2y°[5 (v? +1) £~ 4] +6y* [47* (36 +2) ++2 (863 —27¢ —16) +9(£+1)]
—6y7 [€ (87°€(€+4) — 47" (€2 +166 +1) +37* (467 +86+3) 3)]

+2 (72 +1) €+169* (87— 1692 +9) €* —84% (291 =372 +3) 53—1},

_ 2022 rlty? 2
C’fﬁ;ﬂ (w, &) = —SWJ dx Gp(z,y) [sinGTCé\/[] _ opriWs) (;’5)

1 .
+ 3y® +10 [42(48 —20€) —40
37r72ﬁ3\/72£2—y2f(y){ v §=40)
—6y [8v* (3¢ +1)—29* (46 +9€+12) +15]
+12+26y° [87%€(€+2) — 492 (3E% +66+1) +12€ +3]

—128~v8¢ +3275¢3 (6¢ + 1)—487453(§+1)+472§—1},

7% 2 Ly? CM
CA;(W,g)zw(y)J dx Gy (z,y)Pa(cos0:;") =

OZAQ(W,g)
2

1
2002 22— 2] F(y)
+10y5 [87* (562 —9) +442 (562 +-27) — 45]

+30y" [647°¢ =8~ (9% +8£+3) +12+* (3¢*+2£+3) —15]

—5y? [5127%¢3 — 12807563 +487%¢? (362 + 86 +9) —8~7 (2762 +5) +25]

{633/10—53;8 [8v%(9¢—5)+25]

+10247'9¢% — 256075 +19207°¢° —807*¢? (962 —5) +407%¢ (56 —9) +63},

Iz 2 1+ CM
Chit() = =i | dnGile.g)Paleosth) -

OZg (wv g)
2

1
2409281 [122 =12 f(y)
+10y° [87* (567 —9) +4+2 (3562 —48£ +45) +48¢ —81]

+30y* [647596 —8~* (863 —9¢% +206 +1) +47? (=863 +9€% + 186 +5) —3(4€+3) |
+5y% [-51295¢% +12807°¢3 +48~1¢% (962 - 32¢ +3) + 872 (24€* +9¢% — 1) — 1]
+7207%¢1 =407 (292 +7) €2 +60 (242 +1) &
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sin 0C) ] cos M —M

1
TS0 ey ()
+10y° [87* (5% —126+9) +49* (567 +12€ —27) +45]

—30y* [32706 +8+* (463 —9€% — 46— 1) +12+2 (3¢2 +£+1) — 5]
+5y% [2567°€% — 6407063 + 48162 (3¢% +46+3) — 872 (9¢% +1) +5]

{211110 —5y® [47%(9¢—10) +25]

—51279'9¢5 +12807°¢° —960~°6° + 8012 (3¢ —1) +207*(3—2€)¢ —9}-

(G.4)

This is the first calculation which includes m,/m, contributions, though neglecting the

muon mass (y = 0) should be a good approximation for the above coefficients.
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