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ABSTRACT: The semitauonic B, — J/¢7~ v, decay provides an ideal and clean mode to
scrutinize possible new physics effects in b — ¢77 v, transitions as indicated by the current
data on R(D™) anomalies. In this work, we use the spin density matrix method to obtain
the maximum information on the underlying physics of B, — J/¢7~ 1, decay with both
polarized 7 lepton and J/1¢ meson. Their subsequent decays, with J/v — pu*pu~ as well
as 7~ — 7w Vs, T — p vy and 77 — (T iyvy, are exploited to extract the energy and
angular distributions of the charged final-state particles in the processes. Starting with
the most general effective Hamiltonian relevant for the b — ¢7~ v transitions, including all
possible Lorentz structures of the dimension-six operators with both left- and right-handed
neutrinos, we first derive the five-fold differential decay rate in terms of the visible final-state
kinematics. From this distribution, we then construct in total 34 normalized observables,
among which nine refer to the CP-violating triple product asymmetries that vanish within
the Standard Model. We also construct five new observables based on the combinations of
these normalized observables that can only be attributed to the right-handed neutrinos.
On the other hand, considering the low statistics of the fully differential distribution, we
introduce some integrated observables with only one kinematic variable left, which are
more promising to be measured due to the largely increased statistics. The sensitivities
of all these observables to the different new physics scenarios are investigated in detail.
Finally, assuming an ideal circumstance, we give an estimate of the statistical uncertainties
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of the nine CP-conserving observables at LHCb and found that 7= — 7~ v, has the highest
analyzing power among the three 7 decay channels.
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1 Introduction

The semitauonic b — ¢7~ v, decays have raised considerable interest over the last few years
in both testing the Standard Model (SM) and searching for new physics (NP) beyond it.
Many processes induced by the b — ¢7~ v, transitions at the quark level have been measured
by several experiments, showing some degrees of deviations from the SM predictions [1-13].!
Particularly, the current world average performed by the Heavy Flavor Averaging Group
(HFLAV) [15] shows that the measured ratios R(D™)) = B(B — D7) /B(B — D))
(with ¢ = e, p) deviate from the SM predictions by about 3.20 [16]. These deviations

!As argued in ref. [14], once additional constraints are taken into account, the current experimental
data on R(D™) and R(A.) can be addressed neither within nor beyond the SM simultaneously. Therefore,
further refined measurements are required in order to reach a coherent pattern of all the experimental data.



could be explained consistently within both model-independent and model-dependent
frameworks (see, e.g., refs. [17-20] for a recent review). For instance, by performing a global
fitting analysis with dimension-six effective operators containing only left-handed neutrino
fields [21-30], it is found that some different combinations of these effective operators can
well explain the observed deviations. The case with right-handed neutrinos has also been
suggested as a possible alternative to evade some current phenomenological constraints on
the effective operators with left-handed neutrinos [31-35]. However, the masses of these
right-handed neutrinos must be small enough in order to be consistent with the measured
B — D™ 71, invariant-mass distributions [2, 4]. Therefore, the masses of both left- and
right-handed neutrinos will be ignored throughout this work.

The B — J/¢¥7~ 1, decay proceeds through the same quark-level transition as in
B — D®Wri, decays. This implies that the B, — J/¢7~ v, decay will also get affected by
the possible NP scenarios designed for explaining the R(D(*)) anomalies. In fact, a similar
observable R(J/v) = B(B; — J/yY17~v;)/B(B; — J/v¥u~v,) has been measured by the
LHCb collaboration [9], which shows a 1.80 discrepancy with the latest SM prediction
made by the HPQCD collaboration [36]. However, contrary to the R(D™*)) measurements,
the background contributions from partially reconstructed B, decays are significantly
reduced thanks to the strongly peaking p* ™~ spectrum and the clean muon final state in
B; — J/Y7~ v, decay [9, 19]. Furthermore, the B, lifetime is almost three times shorter
than that of the B, 45 mesons [37], which can be used to improve the separation of the B,
decay from the B, 4, decays, providing therefore an extra handle to discriminate against
the large background that originates from the B, 4 s decays [9, 19]. All these features make
the B, — J/¢¥7~ v, decay an ideal and clean mode to scrutinize the possible NP effects as
indicated by the R(D™)) anomalies.

However, as pointed out in refs. [38-52], the 7 three-momentum in these semitauonic
decays cannot be determined precisely since the 7 lepton is very short-lived and its decay
products contain at least one undetected neutrino. One way out here is to consider only
the visible final-state kinematics in the subsequent 7 decays, while integrating out all the
variables that cannot be directly measured. To this end, we shall make use of the three
subsequent decays of the 7 lepton, 7= — 7 v, 7~ — p v,y and 7 — £” gy, to construct
all the measurable distributions. These three channels account for more than 70% of the
total 7 decay width [37]. Moreover, the energy of the visible decay product (i.e., 7, p and ¢
for the three different decay channels, respectively) can serve as a 7 polarimeter [46-55].
In addition, by considering the subsequent decay J/v¥ — pu*p~, we can further extract
the spin asymmetries of the J/1 meson along with that of the 7 lepton. Therefore, the
full cascade decay we are considering is B, — J/¢¥(— ptu™ )77 (= 7 v, p v 0 Dpur ) Uy,
which includes three visible final states u*, u~ and {7, p~, ¢~ }, with their three-momenta
all being able to be measured.

From the theoretical point of view, the main obstacle for studying the semileptonic
B, — J/¢l"p (with | = e, p, 7) decays is the precise determination of the B, — J/v
transition form factors. In the literature, a wide range of different approaches has been used
to evaluate these form factors, such as the quark models [56-59], the QCD sum rules [60-63],
the Bethe-Salpeter equation [64—66], the relativistic constituent quark model on the light



front [67-70], the perturbative QCD calculations [71-74], as well as the nonrelativistic
QCD (NRQCD) approach [75-82]. Particularly, there exist high-precision lattice QCD
determinations of the B. — J/v vector and axial-vector form factors [83], which will be
adopted by us. The scalar and pseudo-scalar form factors, which are also needed for a full
description of possible NP effects in a most general model-independent framework, can be
directly related to the vector and axial-vector ones through the equations of motion [82].
However, we are still missing a direct determination of the tensor form factors from lattice
QCD, which precludes an accurate NP analysis. To this end, we shall follow the results
obtained in ref. [84], where the tensor form factors are related to the (axial-)vector ones
by using the NRQCD relations including the next-to-leading-order relativistic corrections,
and then determined in terms of the lattice QCD results for the latter. These form factors
are all parameterized in a z expansion to cover the full kinematic range of the dilepton
invariant mass squared ¢*, with 0 < ¢* < (mp, —m,;)? [82-84].

This paper is organized as follows. In section 2, we first define the various observables
in terms of the asymmetries of spins and/or angles with the help of spin density matrix
method [85-87], and then give the analytic results for the five-fold differential decay rate of
B = J/Y(— ptu )7 (= 7 v, p v, £ yry )Uy decays in terms of the visible final-state
kinematics. In section 3, we present our numerical results for the normalized observables
and discuss their sensitivities to the different NP scenarios. Some combinations of these
observables that can only be attributed to the right-handed neutrinos are also discussed.
Due to the limited experimental statistics, we also present the integrated observables with
only one kinematic variable left. In section 4, taking the LHCb experiment as an example,
we estimate the statistical uncertainty in extracting the spin and spin-angular asymmetries
from the full five-fold differential decay rate. Our conclusions are finally made in section 5.
For convenience, details of the calculation procedures of the three spin density matrices
along with the explicit expressions of the observables as well as the phase-space integrations
are presented in appendices A and B, respectively.

2 Energy and angular distributions

In this section, we begin by describing our method for calculating the full energy and
angular distributions of B, — J/¥(— puTu™ )77 (= 7 v, p Vs, £ Ugvy )0y decays.

2.1 Effective Hamiltonian

Assuming that the NP scale is much higher than the electroweak scale, we can integrate
out all the heavy degrees of freedom, and thus both the SM and NP contributions can be
described by a low-energy effective Hamiltonian. With both the left- and right-handed
neutrinos as well as all the possible Lorentz structures of the dimension-six four-fermion
operators taken into account, the most general effective Hamiltonian relevant for the
b — ¢7~ U, transitions can be written as [35]

4GV,
= o1 + Z Cip OXp| (2.1)

Hesr
¢ \/§ X=V,S,T



where G is the Fermi constant and V is the Cabibbo-Kobayashi-Maskawa matrix element
involved. The ten four-fermion operators are defined, respectively, by?

Olp = (&4 Pab) (T, Ppv-),
0% = (€P4b)(7Ppry), (2.2)
OZ;B = 0aB(co"” Pyb)(To,, Ppr,),
with Prpy = (1 F75)/2 and o = 4[y*, 4”]. All the NP effects are encoded in the
short-distance Wilson coefficients C§p, which are defined at the characteristic energy scale

@ = my, with mp being the bottom-quark mass. Within the SM, all C’fB = (0 and the only
non-zero operator comes from O, (i.e., the first term in eq. (2.1)).

2.2 Spin density matrices

The cascade processes B, — J/y(— utu~™ )7~ (= 7 vr,p vy, €7 gy )0y can be broken
down into four successive decays of the B. meson and the three intermediate states.
Explicitly, the fully differential decay width can be written as

1 dq2
dlI' = —— dII ; ——dIls(q; pr, po
2mp, 2(ch,pJ/¢;Q) o 2(q; pr, Po, )
dp?
P dIl : .
2’ (pg _ m72_)2 + m72_1—172_ 2(3) (pTapd(’pl/g)vpl/q—) 25
dp?]/w 1 (2.3)
X 2 2Py Py Put)

27 (P —m3)? + M5,

T
X Ti (5,5 A N) (7 (550 @ 07770 N)

where pPe(s,s’, A\, \') denotes the spin density matrix [86] of the B — .J/17~ i, process,
while the decay density matrices for the 7 lepton and the J/i¢ meson are denoted by
p"(s,5") and p”/¥(\, N), respectively. The indices s, s’ = {1/2,—1/2} and X\, X' = {1,0, -1}
characterize the helicities of the particles 7 and J/1, respectively. Here, ¢ = pp, —pj/y =
pr + pp, denotes the momentum transfer to the lepton pair, and p, refers to the momentum
of the visible 7 decay product, with d = 7, p, £ corresponding to the three different channels
of the 7 lepton. Since the decay widths of both 7 and J/v are much smaller than their
respective masses [37], we can apply to eq. (2.3) the narrow-width approximation,

mI’

lim — = §(p? — m?). 2.4
Fo0t T (p? — m?2)2 + m?21? (p” —m’) (24)

This will put 7 and J/1 on their mass-shell, respectively. The two- and three-body phase
spaces in eq. (2.3) are all Lorentz invariant, and their integrations can be therefore performed
in any frame of reference without loss of generality. For convenience, we present the details
of these phase-space integrations in appendix B.

2Note that the tensor operators with different quark and lepton chiralities vanish identically, which can

be derived from the Dirac-algebra identity o*"~vs = —%e‘“"lﬁaaﬁ. We use the convention €p1a3 = —e123 = 1.



Since the polarizations of both 7 and J/1 in the decays are considered, the spin density
matrix pPe(s,s’, A\, \') is now a 6 x 6 Hermitian matrix and can be parameterized as [86-88]
B ! I
pe(s, s, \,N) 1 3 U 3. U
W_éhgl—i-iﬂ T® i+ 5T T ® (it + tts) .
L 3 3 '
+Poot @1+ P ot @t + \/QT;J-Uz @ (tit; + tit;) ]

! . . .
where o' are the Pauli matrices, with

. (01 (0 . (10
0_<10>’ U‘(i@)’ J_<0—1>’ (26)

and t; the three-dimensional traceless spin operators for a spin-1 particle, with

010 o [(0-1 0 10 0
tp=—=|(101], t,=—=|10 -1, t.=[000]. (2.7)
010 V2 01 0 00 -1

For a normalized 6 x 6 Hermitian matrix, there are in total 35 independent real parameters
which, in our definition, refer to the three components of the 7 vector polarization Pf]/, the
three components of the .J/1 vector polarization PV, the five components of the .J/v tensor
polarization Tg that is a symmetric traceless rank-2 tensor, as well as the (3x3+3x5) = 24
components of the mixed 7-.J/1 polarizations PZ-Z' and TZJ/

Note that all the four sequential decays in eq. (2.3) are given in the rest frames of the
corresponding decaying particles. Further details of the calculation procedures as well as
the explicit expressions of the decay density matrices p7(s,s’) and p’/* (X, N') can be found

in appendices A.1 and A.2, respectively.

2.3 Observables

Let us now introduce the spin basis to discuss the polarizations defined in the last subsection.
For the polarizations of the J/¢ meson, we choose

Dy I D1y X Dr) X D/ o Dy X Dr

ﬁL = 75 3 Y = — 9 T — 75 — |
|PJ/¢| |(pJ/w X Pr) X PJ/¢| |PJ/¢ X Pir |

(2.8)

where the subscripts L, 1 and T denote the polarization components that are longitudinal,
perpendicular and transverse to the J/¢) momentum, respectively. Particularly, in the J/¢
rest frame, 7ir, 77, and 7ir correspond to the Cartesian basis 7., 7, and 7i,, respectively.
For the polarizations of the 7 lepton, we choose

NL—(W, ETﬁI), Nt = (o, Pa P X Be ) e (o Paje X )
mr mT’pT’ ‘(pJ/z/prT)xpT’ |pJ/w XpT’

where the basis vectors are defined in a Lorentz covariant form for our later convenience.



Combining the parametrization of eq. (2.5) with the explicit expressions of p”(s,s’)
and p’ / w(A, )') as detailed in appendices A.1 and A.2, we can obtain

T [P 5/ AX) (7 (5259974 (0 X))

Tr[pBe] Tr [o7) Tr [p7/¥] -

N RN 200 mr 20 mr i/ A N
L8 i 350 25 8 = 25 AT O i )|

m2—m? m2

(2.10)

for the hadronic 7= — 7~ v, and 7~ — p~ v, decays, while

Tr [pBC (5,8, A, \) (pT(s,s’)®pJ/¢()\,)\’))T}

Tr [pBe] Tr [p7] T [p7/¥]

1 3 U/is oo i’ ~ mr+ 3 i’ i B S A = A

8 +\/;Tij (m-pm)(ng-pw)—pw pTPU(N i) — p— 5 1 (N* -pa, ) (iD= ) (7 pu)],
(2.11)

for the leptonic 7= — ¢~ iy, decay. Here we have already used the spin bases introduced
above, and the indices i, j,7 should be summed over the components {L, L, T}. As the
decay J/v — ptu~ is an electromagnetic process, where parity is conserved, we are unable
to extract the vector polarizations of J/1 through this channel [88]. Furthermore, since
>i(7i Py ) (i P, ) = 1, the three vector polarizations are not linearly independent. These
facts imply that we cannot extract all of these polarization coefficients from the decays. For

convenience, we can redefine

~ 2 ~ ! 2 -/ ;!
Ty = \/;+T}{, T = \@PZU + T (2.12)

Note that there is no information lost in this redefinition, since the tensor polarizations TZ[{
and T}, are all traceless, and we can regain the 7 vector polarizations through the relation
P(iJ/ =2 ilz//\/é

For the B, — J/vy7~ v, process, which is a three-body decay of a massive spinless
particle, there are only two independent kinematic parameters that can be chosen as the
dilepton invariant mass squared ¢? and the helicity angle 6,. Here 6, is the angle between
the flight direction of the 7 and J/1 in the centre-of-mass frame of the 7, pair. Since
the spin density matrix pP¢(s,s’, A\, \’) depends on 6, we can further consider asymmetries
with respect to this angle together with the spin asymmetries. To this end, we can define
the following spin and spin-angular asymmetries:

dF ’r .
deosf, — "t i
dq / €08 Tdq?dcosf, "’
dF i d*T
2.13
(/ / )dcos@ dq%icos@ U, ( )
dU' squ.ry ( {11} T (UL} (LT}
7 — Al (A{LL TL} / d cos 0 P3 (cos 0, )an‘ (T{LL,TL})’

where <4 W is the unpolarized differential decay rate. Explicit expressions of these observables
expressed in terms of the transversity amplitudes can be found in appendix A.3.



Figure 1. Definitions of the visible angles in the B, — J/¢(— pu"u~ )7~ (= 7 v, )v, decay.

2.4 Visible final-state kinematics

So far, we have been discussing all the successive decays in the rest frames of their parent
particles. However, as mentioned already in the introduction, it is generally not possible
to fully reconstruct the 7 momentum experimentally [38-52]. Therefore, the kinematic
variables that are defined in the 7 rest frame or referred to the 7 momentum direction are
hard to be reconstructed in practice. This requires us to build the angular distributions
based on a set of new frames of reference, which are illustrated in figure 1 by considering
the channel 7= — 771, as an example. Here, 0/, denotes the polar angle of 1~ in the
J /1 rest frame, while Ey, 4 and ¢4 represent the energy, the polar and the azimuthal angle
of the visible product d, with d = 7, p, £, as viewed in the 70, centre-of-mass frame.

With the above setup of the kinematics, we can then write the scalar products appearing
in egs. (2.10) and (2.11) explicitly as

cos by — cos B, cosbf,y

| E pa|E
:|pT| d _ [Pl T cos b4, N+ pg= |l : ’
- o~ sin 0 (2.14)

NT . pg = — |Pal sin g sin(pg — br),

for the leptonic, and

Nt pg

AL - Py =cosbypy, ML Py =sinby,cosgr, iy p,~ = —sinb;sinor, (2.15)

for the hadronic side. Here 6, and ¢, denote the polar and the azimuthal angle of the 7
lepton relative to the z-axis, while 6.4 and ¢,4 characterize the direction of the charged
particle d produced from the 7 decay. They are related to each other through

cos 0, = cos 0y cos b5 — cos ¢rqsin by sin 0.4,

€08 0,q 8in ¢gsin Oy + (cos P4 cos Oy sin ¢g + sin ¢4 cos ¢g) sin b4 (2.16)

sin ¢, =
or V1 — cos? 0,

For the 7= — 7~ (p~ )v; channels, the angle 6,4 can be expressed in terms of other visible

variables as ) )
2E,Eq —mz —m;

- , 2.17
AT (217)

cosO,q =



while for the 7= — ¢~ pyv; channel, it is an independent variable that cannot be measured.
For our later convenience, we introduce the variable

2= W - 722 (EaBr — |allfr] cos Bra) (2.18)
which is the energy of the charged particle d in the 7 rest frame up to a constant, and will
be integrated out in our final result. In addition, for all the three 7 decay channels, the
angle ¢,4 is also an unmeasurable variable, and hence will be integrated out too. After
performing the phase-space integrations, details of which could be found in appendix B,
we can get the normalized five-fold differential decay rate of the process B, — J/i{(—
ptu )~ (= d~(vg)vy)vr, which reads

o a0
dq*dEqdcos04dggdcost ., " dg?

— NV [( <Tfl>+[1i — Afp+2c080-4P1 (cos0a) 27 |
+ % (3¢08?0,q—1)Pa(cosy) (AY | +AY)
— 3(3 cos0-q—1) Py (cos0q) (cos2¢a(AY | — ATp)+sin2¢y <TET> )) sin’ Oar
— (% cos 0,4 P} (cosfy)(cos pg <TEL> —singq <TII“JL> )
+ % (3cos?B,q—1) P} (cosby) (cos $aZY; —sin ¢dZ¥L)> sin 26y
+ ( <T5L> +2¢080,qP1(cos03) ZY; 4 (3cos? 0,q—1) Py(cos 9d>AgL) cos” HJ/w]
_NL [( <Tb_>+/~li_ — AL 42c080,4P (cosby) ZE |
+ % (3cos?0-q—1)Pa(cosby) (AT | +Aly)
1305”0~ 1) PR(cos ) (cos 20a( A | — k) +sin20a (THr)) ) sin® 6,
— (% cos0,4P} (cosfy)(cos dg <TfL> —singg <TTLL> )
+ % (3 cos?0,q4— 1)P21 (cosBy) (COS ¢dZ£L —sin ¢dZ%L)) Sin29J/1z)

+ ( <TfL>+2 0804 P (cos0g) ZF; +(3c0s®0,4—1) Py(cos Qd)flﬁL) cos? 0(]/4

+ Nt (— ; sin? 0,4 Py (cosOq) <Tf¢> + <TCIJ’_T> )

3 - -
— 5 cos 0,qsin% 0,4 Ps(cosfy) (ZfL + Z%‘T)



2 -~ 3 -
4080, 4sin? 0,.qPs (cosby) (= cos 2¢4 <TrfT> 5 sin 2¢deT)> sin? 01/
7r
.2 1 =T L . =T L s
- (Sln 0-aPf (cosfy)(cos ¢d(<TTL>+§ATL)+Sm ¢d(<TLL>+§ALL))
3 ~ -
+ 5 €08 0,asin? 0,4 P; (cosf4)(cos pg AL, —sin qﬁdA%L)) sin 260/,
4 ~ -
- (— sin? 6,4 P; (cosfy) <T5‘L> +3¢080,45in? 0,4 P> (cos Od)Zi‘L) cos? 9]/¢:| , (2.19)
T

where we have introduced the abbreviations,

6m? 6a,m2E-|p, o | E
NY = q\fn? 5 N = {aTm; T|p‘;’2 (‘]iT d—cosGTd),
167|p-|(m? — m) 87|pr|(m? —mg)? \|pa|E7 (2.20)
1 _ V6arm?|py|
Sl (mZ — m3)?’
for the hadronic 7= — 7~ (p™ ), channels, and
/d V6 01+ y? — ) [z (3 —22) —y? (4 — 32)]
87| Py | 1—8y2 +8yb —y® —24y*Iny ’
6|5l Er 0(1+y* — ) (1+3y*—2 o |E,
N = da;‘ﬂpj’j Aty —o)(1+3y —2) <|1f| d —cosOTd> . (2.21)
drm2|p-| 1 — 8y? + 8y6 — y® — 24yt Iny \ |p4|E-

Ni:/dm V6lps| 01+ y* — ) (1+ 3y? — 22)
drm|pr] 1 — 8y? + 8y6 — y® — 24y Iny’

for the leptonic 7= — ¢~ vyv, channel, where 6(z) denotes the step function and the
integration over the variable x is implicit. Explicit expressions of the observables that can
be extracted from the differential distribution given by eq. (2.19) are listed in appendix A.3.
It should be noted that some observables can only be extracted from eq. (2.19) in a
combination way. We also find the following interesting relations among the observables:

1/ U,L UL UL “{U,L UL UL

~{L,T ~{L,T 3T 5 T,L S{L,T S{L,T 8 ~{T,L
1/~ 1,7 1T (T, 1 1/~ T 1 I 1 (1T

2 <11{_L }> ‘1JJL_L J :l:Z’}L }’ 9 <1}L }> A;L ' :l:ZJ{_L }7

(2.22)
which hold in the presence of any of the ten NP operators in eq. (2.1). Therefore, these
relations can provide no extra information for searching and distinguishing the different NP
effects, and have already been used in eq. (2.19) to get a more compact result.

3 Numerical results

In the previous sections, we have defined various asymmetries of the spins and/or angles that
can be extracted from the fully differential distribution of the visible final-state kinematics



in the B, — J/(— uTu™ )7~ (= 7 vr, p vr, £~ gy )0y decays. In order to get a general
idea about the sensitivities of these asymmetries to the different Wilson coefficients C-p
in eq. (2.1), we shall select in this section some best-fit values inferred from the R(D®))
resolutions as the NP benchmark points, and study how these observables will be affected
by these NP scenarios.

3.1 B, — J/v transition form factors

For the B. — J/1¢ (axial-)vector form factors, V(¢g*) and Ag12(¢®), we shall use the
high-precision lattice QCD results obtained in ref. [83]. As a direct determination of the
B. — J/ tensor form factors, T123(q%), from lattice QCD is still missing so far, we
shall adopt the results presented in ref. [84], where the tensor form factors are related to
the (axial-)vector ones by using the NRQCD relations including the next-to-leading-order
relativistic corrections, and then determined in terms of the lattice QCD results for the
latter. In this way, we can parametrize all the B, — J/v transition form factors in a z
expansion to cover the full ¢ range in the decays [82-84].

3.2 NP benchmark points

Since we include both the left- and right-handed neutrinos, the most general effective
Hamiltonian given by eq. (2.1) contains in total ten four-fermion operators. The large
number of free parameters makes it difficult to perform a global fit to the full basis of
these operators, and it means little to have a complete discussion about all the possible NP
scenarios. Therefore, for the NP scenarios with purely left-handed neutrinos, we choose
only the following four benchmark points as discussed in ref. [30]:

BP1: C}; = 0.02+i0.43,

BP2: C5; = —0.58 +10.88,
(3.1)
BP3: Cf, =0.06+i0.16,

BP4: Ck; = 4i0.68,C%; = +8.4CT; =0.04 7i0.65 for the Ry leptoquark.

Let us first consider the NP scenarios where only a single Wilson coefficient C-Yp; is present at
a time. The case with a SM-like C}; equals to a global modification of the SM prediction by
the factor 1+ C’XL at the amplitude level, and thus its effect on the normalized observables
is completely cancelled. Therefore, we are not going to discuss this scenario even though
it can well resolve the R(D™)) anomalies [22, 24]. The BP1 contains only Ck; that is
naively suppressed by the small factor v*/A*, with v and A denoting the electroweak and
the NP scale respectively, because the corresponding operator can only be generated at
tree level starting from a dimension-eight operator in the standard model effective field
theory (SMEFT) formalism [22, 89, 90] (for a recent review, see ref. [91] and references
therein). This means that a sizable contribution from C%; would indicate an effective
field theory with non-linear realization of the SM gauge group SU(2) x U(1)y [92, 93].
The scenarios with a single scalar operator Of 1, or (915% 1, like BP2, are already ruled out
by the LEP data on the leptonic B, — 77 v, decay rate [94-97]. However, as pointed
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out in refs. [25, 26], there is a sizable charm-mass dependence of the B, lifetime (which
is also confirmed later in ref. [98]) and the transverse momentum pr dependence of the
fragmentation function f(b — B.) extracted from the Tevatron and LHC data has been
entirely overlooked when applied to the LEP Z-peak analyses [97]. Therefore, a more
conservative bound, with B(B, — 77 1v,) < 60%, is obtained and the scenarios with a
single scalar operator are still revived at present [25, 26]. Finally, the scenario with a single
C’ZL gives unique predictions for some observables like the D* longitudinal polarization
fraction [10], which can be used to distinguish it from the other NP scenarios [22, 24, 30].

For the NP scenarios with purely right-handed neutrinos, on the other hand, we choose
only the following two benchmark points as obtained in ref. [35]:

1 ~
BP5: CkL,= g(]ng = 0.054 for the Ry leptoquark,
3.2)
1 (
BP6: ChLp=0.422,ChLy = —gC}%R = 0.022 for the S; leptoquark.

Here the benchmark points BP4-BP6 correspond to the scenarios with different leptoquarks,
and the values of these Wilson coefficients have already run from the NP scale down to the
my, scale. Following the same treatments as in refs. [36, 49, 99-101], we consider only the
central values of these best-fit results to qualitatively discuss the influence of these different
NP scenarios on the observables.

3.3 CP-violating observables

Among all the observables that can be extracted from the fully differential decay rate
given by eq. (2.19), some are related to the triple products (TP) of the kinematic variables
involved or, to be more specific, to the sine of the azimuthal angle sin ¢4. Since the TP get
a minus sign under time reversal, the corresponding observables may serve as a powerful
tool for displaying the CP-violating effects [102-104] according to the CPT theorem.

From the explicit expressions listed in appendix A.3, we can see that these kinds of
observables are all proportional to Im[AiA}‘], where A; and A; are two different transversity
amplitudes that can be written in general as

A = |Aleie . A = | Ajleie (3.3)
with ¢;(;) and d;(;) denoting the weak and strong phases respectively. With these definitions,
we can get

Im[A; A7) = [Al|A;] |sin(p; — ¢;) cos(d; — d;) + cos(p; — ¢5) sin(d; — d5) | (3.4)

CP-odd CP-even

where the first term in the bracket is non-zero and hence a clear signal of CP violation only
when the weak-phase difference between A; and A; is non-negligible. The second term is,
on the other hand, non-zero only in the presence of a strong-phase difference between A;
and Aj, regardless of whether there exists a weak-phase difference or not. Therefore, it is
in fact not CP-violating and usually dubbed as the “fake TP” [102-104]. Strictly speaking,
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Figure 2. The CP-violating observables as a function of ¢2, predicted both within the SM and in
the four complex NP benchmark points. The black, cyan, red, orange and purple curves represent
the results of the SM, BP1, BP2, BP3 and BP4, respectively. The band of each curve is induced by
the theoretical uncertainties of B, — J/1 transition form factors [83, 84].

we should compare these observables with the corresponding ones of the CP-conjugated
process to get a true TP. However, we shall assume here the strong-phase difference to be
zero, because B, — J/1 is the only hadronic transition in the decays considered and all
the transversity amplitudes will have approximately the same strong phases [105-107]. For
simplicity, all these observables will be simply called the CP-violating ones from now on.

Since there exist no direct constraints on the imaginary parts of the NP Wilson
coeflicients Cff’ p from the current experimental data, the complex NP benchmark points
can only be fitted up to a two-fold ambiguity, as indicated by eq. (3.1). Here, for simplicity,
we choose the imaginary parts to be positive for BP1-BP3, whereas for BP4 a positive
C¥; and a negative C7; will be assumed. The numerical results of all the CP-violating
observables as a function of ¢? are illustrated in figure 2. Since the weak-phase difference of
the processes considered is zero within the SM, any observation of these observables being
different from zero will be a definite signal of CP-violating NP. It can also be seen that
these different NP benchmark points can be distinguished from each other through these
CP-violating observables. This makes the measurements of them very promising at the
future experiments like the LHCb [108].
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Figure 3. The nine CP-conserving observables as a function of ¢2, predicted both within the SM
and in the six NP benchmark points. Here, compared with figure 2, two more NP benchmark points,
BP5 and BP6, are considered, which are represented by the magenta and blue curves, respectively.
The other captions are the same as in figure 2.

3.4 CP-conserving observables

The CP-conserving observables can be constructed even in the absence of any NP contribu-
tion. In order to demonstrate the NP contributions to these observables, we should compare
the experimental measurements of these observables with the corresponding SM predictions.
There are in total 25 normalized CP-conserving observables that can be extracted from
the fully differential decay rate given by eq. (2.19). Here, as an illustration, we only pick
up the nine most interesting ones and show in figure 3 their sensitivities to the different
NP scenarios.

From figure 3, we can see that all these nine observables can serve to distinguish
the different NP scenarios. Specifically, among all the six NP benchmark points given
by egs. (3.1) and (3.2), the BP3 has the largest effect on the selected observables except
for <T7r L> + %fl? 1, which is found to be mainly affected by the BP2. Furthermore, the

observable <Tf L> can receive a comparable BP2 contribution with respect to that of BP3,

but is more sensitive to BP2 at low ¢® region. On the other hand, the observables ZJL_ I
and Ai 1, can receive a large contribution from BP6 that is comparable to that of BP3, but
are more sensitive to BP6 at large ¢ region. In addition, the observable fli 1, is sensitive
to, except for the BP1, all the remaining five NP benchmark points. However, the BP1
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2\j 2\j GV2
), (q e
Ha) (@) 3GV {3.16,5.47}  {5.47,7.79} {7.79,10.10}
Observables
Zv’ 0.00529(10)  0.03336(29)  0.04770(58)
A7 0.00421(13)  0.02988(60)  0.04619(71)
——
<Th> —0.0329(19)  —0.2250(43) —0.3245(48)
ZL 0.0501(18)  0.1244(36)  0.0782(25)
L’ —0.02596(51) —0.09282(84) —0.1013(12)
i
(TE) + (Tt —0.1752(66)  —0.442(12)  —0.2641(65)
AL/’ —0.02538(50) —0.08651(78) —0.0893(11)
ZE’ 0.01997(65)  0.0771(16)  0.0864(13)
~7j _ .
(T, ) + 1A%, —0.0137(14)  —0.0383(34) —0.0246(21)

Table 1. The SM predictions of the nine CP-conserving observables in three different ¢ bins. The
uncertainties come from the B. — J/4 transition form factors [83].

can be well distinguished from the SM by the observable <T s L> + %flg ;- Therefore, this
CP-conserving observable can be used to search for the non-SMEFT realization of the SM
gauge group SU(2), x U(1)y [92, 93].

Besides the ¢? distributions presented in figures 2 and 3, it is also interesting to consider
the integrated values of these observables in different ¢? intervals from an experimental
perspective. To this end, let us define

&5 1 () o dl’

i = O;, 3.5
L' Jig2)i qdq2 (3:5)

where O; are the different normalized observables and {(¢%)7, (¢%)7} refer to the different
q? intervals. As an illustration, we divide equally the full available ¢ range, m2 < ¢* <
(mp, —m J/w)Q, into three bins, and present in table 1 the SM predictions of the nine
CP-conserving observables in these three different ¢ bins. This information may serve as a
reference point for the future LHCb measurements.

3.5 Observables specific to the right-handed neutrinos

We also find that some combinations of the observables can only be attributed to the
right-handed neutrinos. To this end, let us define the following observables R,,:

dar dar

ap = g (Zio+ ZE) = —2VBNG*Re | A7 AR |
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Figure 4. The observables R,, defined by eq. (3.6) as a function of ¢2, predicted both within the
SM and in the two NP benchmark points with right-handed neutrinos. The other captions are the
same as in figures 2 and 3.

dl’
a2
dI’
P
dI’
apt=
dl’
d2

1

gz (P = 210 = 280) = Vo7 {amiRe [ Ao Al | + e [Az 45, ]
9 (M) + df,+ L (11))

_\f/\/{mz (\Ag”( + ]AE,JQ) -2’ (‘AR,H’ * ’AR’L‘Q)}’

(G (at) + L () + i)

\fN{mg (’AE |+ ‘AEAF) 2 (’AR i+ ‘AMF)} ’
PICTCARE I CARHUARE S %)

dq
YO wtm L Awl? + | g [ [} (3.6

where explicit expressions of the abbreviation N and the transversity amplitudes A; can be
found in appendix A.3. It is interesting to note that any observation of these observables
will be a clear signal of NP with right-handed neutrinos. Notice that the observable Rs
can only get a non-zero contribution from a scalar coupling C’f; r through the interference
with the vector coupling CXR or the tensor coupling CER, whereas the observable Ry can
be non-zero even with the pure C% r NP scenarios. On the other hand, the remaining
observables R 34 cannot get any contribution from these couplings.

The sensitivities of these observables to the NP benchmark points BP5 and BP6 are
shown in figure 4, from which we can see that these two benchmark points can be well

distinguished from each other through these observables.
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3.6 Integrated observables

Although the observables discussed above can be used to discern the different NP scenarios,
their extractions from the fully differential distribution given by eq. (2.19) may suffer from
low experimental statistics. A way out is then to consider possible statistically enhanced
distributions, which can be obtained by integrating eq. (2.19) over one or more of the
related kinematic variables. The resulting integrated observables can still be used to study
possible NP contributions, as discussed already in refs. [51, 109]. In this work, we only
discuss the distributions with only one visible kinematic variable left.
We start by integrating eq. (2.19) over the variables ¢4 and 6/, to get

a’r ar 46
dquEddcosﬁd/dq 3 {(NU N <P§>)

+ {2 cos brq (NUAFB - NLZ[?) - % sin? 0, N+ <P(}>

Py (cosby) (3.7)

+ [(3 cos® 0,4 — 1) (./\/UAQ - /\/LA(L]) — 3¢cosf,4sin’ HTd/\/LZ[ﬂ P, (cosby) }

Since the spin of the J/1¢ meson has already been summed over in this distribution, we
can use the relations Y, T}, = \/GP{JI and 3, T = v/6 to regain the 7 vector polarizations.
This allows us to define the following observables:

dl’ 1 0 d*T
—ArB = — dcos Oy ————,
dg? rB (/0 /— 1) o8 dq?d cos 0

qu;AQ :2/_11dC0897P§(COSGT)cWiI;SHT’
51*2 <PU / dcost, dq232c£sﬁpg’ (3.8)
</ / )dcosé’ dq2jl -y U’
5;2 / d cos 0, Py (cos 6 )dq2;l(32897PL’

which are consistent with that derived in refs. [49, 52], but given with different notations.
Then, the distributions dI'/d cos 4 and dI'/dq? can be easily derived after performing further
the integration of eq. (3.7) over the other kinematic variables with the ranges specified in
appendix B. On the other hand, to obtain the E; distribution, one should firstly perform
the ¢? integration for a given E;. This requires to invert the limits of E, presented in
appendix B, and the resulting ranges of ¢* for the 7= — 7~ (p~)v, channels are given by

4 2.2 2 2 4
Part I oMt o g MM e g 5002 < g2 < g2

2m2./q2 2m., my

2 2 2 (3:9)
Part II: ; < By < Rl (Eq+154)* < ¢* < ¢,

m. NN
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2
with ¢2 = (m B, —M J/w) being the upper limit of ¢?. Similarly, we can get the allowed

ranges of ¢* for the 7= — ¢~ yv, channel as

4 2.2
ms+m
Part I: mdSEdg%, m?2 < q* < ¢, r_<z<zy,
2mzN
44,2 2 2,2 4
m-+m ms+m m N
Part I My o, (M MG o2 Mg 152 g <a<ay,
2m2./q2 2m, my
44,2 2 2,2 4
mz+m m m
Part I el < p, <M T <<l ao<a<iiyh
2m2./q2 2m, mg
2, .2 2., 2
mIi+m ma+ o
Part IV: T dcp,<—d q“, (Ed+\pd|)2 < ¢’ qu, z_<zx< 1—|—y2.
2m; 2\ q2
(3.10)

We then study the distribution of the decay rate with respect to the azimuthal angle ¢q,
which can be written as

o = [ 40" [ a5 {6 (W - (r))
— | (8cos?0ra — 1) (WY (AT, — A7) - A" (A, - Afr))
— %cos 0. gsin2 0, Nt <TfT>} cos 264
~ [ (8cos?0ra — 1) (WY (Tr) = N (Thr))
+ 6 08 g sin? 0rgN - Z17 | sin 2¢d}. (3.11)

Since ¢g4 is defined as the azimuthal angle between the decay planes of 7 and J/t, this
distribution contains the spin information of both 7 and J/¢. As discussed already in
section 3.3, the coefficients of sin 2¢, <TET>, <TfT> and ZjT, are all referred to the
CP-violating observables, which can be non-zero only under the NP scenarios with weak
phases being different from the SM.

Finally, the differential distribution dI'/d cos 6/, is given by

dcocigj/w /d 2\2655 [2 cos? 9]/1/; <T£]L> + sin2 HJ/TZJ (<TJ[_]J_> + <T7[“JT>)} , (3.12)

where the spin of the 7 lepton has already been summed over. The J/v longitudinal

FI

polarization fraction , which is the analogue of the usually discussed FP" [10, 110], is

given with our notations by

Ay/p=0 2
I ( o\ _ AUV dgt 1y =0\ /AU
Y (%) = B R ((TV.) + (T4 ) - (TL)) (3.13)
Our numerical results of these integrated observables with only one visible kinematic

variable left are illustrated in figure 5. Since the integration over some kinematic variables
will sometimes result in a loss of information on the spin and spin-angular asymmetries,
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Figure 5. The single differential decay rates with only one kinematic variable left, predicted both
within the SM and in the two NP benchmark points, BP4 and BP6, where they contain only the left-
and the right-handed neutrinos respectively. The other captions are the same as in figures 2 and 3.

these observables are not as sensitive to the different NP scenarios as are the ones discussed
before. Therefore, we only show the sensitivities of these observables to the two different NP
benchmark points, BP4 and BP6, where they contain only the left- and the right-handed
neutrinos respectively. However, one should notice that, by accumulating events with all
allowed values of the kinematic variables but providing the distribution with respect to
only one variable, we can largely increase the statistics [109]. This makes these observables
much more promising to be measured with sufficiently high statistics in the future.

4 Sensitivity of the observables at LHCb

In this section, we examine what experimental precision can be achieved when extracting
the spin and spin-angular asymmetries from the fully differential distribution given by
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eq. (2.19). Since a detailed simulation of backgrounds and detector effects is beyond the
scope of this work, we shall only give the statistical uncertainty under an ideal experiment
with unlimited resolution in all the five kinematic variables ¢2, Eg, 04, ¢4 and 60 T

For brevity, let us denote the 34 normalized observables as O with the corresponding
coefficient for each observable O; designated as foi(qz,g), where E refer to the rest four
kinematic variables Ey, 04, ¢q and 6;,,. Then, the decay distribution can be written as

- /ﬂ_if (¢*,)0; (4.1)
dq2dEddCOS 9dd¢ddCOS HJ/w dq2 - Pt o;\q (R .

Here we only consider the SM case, and thus the condition Cp = 0 is implied in eq. (4.1).
Assuming that there were N(g?) sample events {5} for a fixed ¢2 but with different &, the
true values of the observables O will maximize the likelihood function £ (6 ’{5 }) and are

then the solutions of the following equations:

Y B
o ) (2*,&) —o. 4.2
00; o ( ‘{&}) lzzl ?4:1 ij(q27§l)Oj | )

The covariance matrix is then given by

(A o2 -
o™ (O>@-j T 90,00, In £ (O‘{fl}) ’5:57 (4.3)

where O denote the true values of the observables 6, which are taken to be the central
values predicted with the lattice QCD input for the B, — J/1 transition form factors [83].
In this work, for simplicity, we are not going to discuss the correlations among the different
observables, and estimate the experimental sensitivity of each observable individually. The
statistical uncertainty of an observable O; can then be estimated as [47, 48, 111]

00;

(4.4)

1
VN (@) So,(¢?)]
with the sensitivity So,(¢?) given by [47, 48, 111]
28\ A
52‘ 2 :<< foi(qag)_)A > >: d4£ Oz’q’ S— 4.5
v =g wan) )~ s e, Y

Similarly, the statistical uncertainties of the binned observables defined by eq. (3.5) can be

estimated as

. 1
) _
00;" = W, (4.6)
with ey
- 1 [l ar
(SOi]) 2= T @) dq2d7€1250i2(q2)- (4.7)

Here N7 is the number of events in the full sample for the ¢? interval {(¢?)’, (¢%)’}, and

Sioi] the corresponding averaged sensitivity. In the following, we consider only the averaged
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observables integrated over the full ¢? range, which constitutes a single bin for the analysis,
and denote these averaged observables simply as O;.
The expected number of events N for 7= — p~ v v, decay at LHCD is estimated as

N =" Lxoy(n')x fe(pp)B(B; = J/u” 0) X R(J /)X By X By X €u(1', pp) Z (4.8)
i,

where £ ~ 300fb~! is the expected integrated luminosity of the LHCb experiment until
2035 [108], and o,5(n’) is the bb cross section as a function of the pseudo-rapidity bin
7', which sums up to be about 144 ub in the covered n range [112].> Product of the
hadronization factor fc(p]f) and the branching fraction B(B; — J/v¥u~v,), which is given
in different bins of the pseudo-rapidity n and the transverse momentum pr of the B_ meson,
together with the corresponding signal efficiency e, (1, p]T), can be found in ref. [113]. Notice
that fc(p{p) depends only marginally on 7 and hence can be regarded as a single function of
pr. Then, we can use the measured R(.J/v) and the ratio of the signal efficiencies €, /¢, [9]
to connect the number of events between B, — J/¢7~ vy and B, — J/¢u~ v, decays.
Since the LHCb measurement [9] uses the decay channel 77 — p~v,v, to identify the 7
lepton, we can estimate the number of events for this channel to be about 2.7 x 10°. On the
other hand, there exists no LHCb measurement of these factors by using a single hadronic
7 decay channel yet, but the number of events for B — D7, at Belle is roughly the same
for the three channels 7= — 7~ v, 7~ — p v,y and 7= — ¢y, [114]. Therefore, as an
approximation, we shall assume that a similar circumstance is also applied to the LHCb
experiment and roughly set the number of events for 7= — 7~ (p™ )v; channels to be twice
as that of 77 — p~v,v, channel. In addition, we shall not consider the electronic channel
T~ — e~ e, due to the poor reconstruction efficiency at LHCb, which results from the
high bremsstrahlung rate for electrons [115].

In such an ideal circumstance, we take as an example the nine CP-conserving observ-
ables discussed in section 3.4, and illustrate in figure 6 the estimated relative statistical
uncertainties of these observables at LHCb. Furthermore, the relative statistical uncer-
tainties of the corresponding averaged observables are given in table 2. We can see that
7~ — 7 v, has the highest analyzing power among the three 7 decay channels.

5 Conclusions

The observed R(D™) anomalies may indicate possible NP in b — ¢7~ 7, transitions. In this
context, the B, — J /17~ v; decay, which is also induced by the same quark-level transition,
provides an ideal and clean mode to search for these possible NP effects. However, since the
7 lepton is very short-lived and its decay products contain at least one undetected neutrino,
the 7 three-momentum in the decay cannot be determined precisely. Therefore, in this
paper, we have proposed to extract the maximum information from the visible kinematic
distributions of the cascade decays B, — J/v(— ptu™ )7 (= 7 vr, p~vr, £ Dpvy ) s by
considering the polarizations of both 7 and J/1 at the same time. We found that there
are in total 34 normalized observables that can be extracted from the fully differential

3Here, as a good approximation, the bb cross section measured in pp collisions at 13 TeV center-of-mass
energy is adopted.
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Figure 6. The relative statistical uncertainties of the nine CP-conserving observables at LHCD,
estimated for the three 7 decay channels 7= — 7~ v, 7~ = p~v, and 7~ — p~ V,v,, which are
illustrated by the blue, orange and green curves, respectively.

decay rate given by eq. (2.19). Starting with the most general dimension-six effective
Hamiltonian including both the left- and right-handed neutrinos, we can express these
normalized observables in terms of 14 independent transversity amplitudes.

To illustrate the sensitivities of these observables to the different NP scenarios, we
have calculated their numerical results by considering six different NP benchmark points,
which include four scenarios with purely left-handed neutrinos and two ones with purely
right-handed neutrinos. We have also used the latest lattice results for the B. — J/¢
(axial-)vector and the lattice+NRQCD results for the tensor form factors. The observables
considered can be divided into two parts: the CP-conserving and the CP-violating ones. It
is found that the SM contributions to the CP-violating observables vanish to a very good
approximation. Therefore, any non-zero measurements of them would be a smoking-gun
signature of NP. Although the CP-conserving observables are non-zero within SM, they
can also serve to distinguish the different NP scenarios by comparing the experimental
measurements from the SM predictions. As an illustration, we have picked up nine of these
kinds of observables to show their potential role in distinguishing the different NP scenarios.
Finally, we found that some combinations of the observables, which are defined by R,, in
eq. (3.6), can only be attributed to the right-handed neutrinos.

On the other hand, considering the low statistics of the fully differential distribution, we
have also studied the integrated observables with only one kinematic variable left. Due to
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T ST U, T = p U T = WU Vuls theoretical

67Y,/127,| 0.030 0.044 0.071 0.008
647, /|47, | 0.043 0.063 0.095 0.016
o(TE )/ [(TF,) 0.003 0.010 0.013 0.017
§ZE 125, 0.008 0.025 0.038 0.029
§ZE, 1\ ZE, 0.014 0.056 0.073 0.007
@ 0.006 0.016 0.019 0.027
L)+ {Tr)|
04,/ |4ty 0.017 0.044 0.066 0.007
674,/ |74 0.025 0.061 0.092 0.017
(G 0.046 0.113 0.156 0.088
(TrL)+3 A7,

Table 2. The relative uncertainties of the averaged observables O;. The first three columns refer
to the relative statistical uncertainties under an ideal experiment, estimated for the three 7 decay
channels 7= — 7~ v, 77 = p v, and 7T — pu~ v,v;, respectively. The last column refers to the
relative theoretical uncertainties for the SM predictions, which come from the B. — J/v transition
form factors [83].

the largely increased statistics, these observables are much more promising to be measured
in the future with certain precision. In addition, assuming an ideal circumstance, we have
estimated the statistical uncertainties of the nine CP-conserving observables at LHCbh, and
found that, among the three 7 decay channels, 7= — 7~ v; is the most sensitive one to
measure the 7 polarizations.

As a final comment, we would like to emphasize again that, in order to confirm the
presence of NP effects and to further distinguish the different NP scenarios, it is essential to
go beyond the purely total decay rate measurements. The high statistics required to extract
the whole energy and angular distributions may be achieved in the future high-luminosity
LHCDb [108] and Belle II [116] experiments, and then provide a definite answer to the
currently observed R(D®™)) anomalies.
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Figure 7. Definitions of the angles in the B, — J/¢(— utp~ )7~ (— 7~ v;)0; decay. Here all four
successive decays are analyzed in the rest frames of the corresponding parent particles.

A Calculation of the spin density matrices

In this appendix, we detail the derivations of the three spin density matrices appearing in
eq. (2.3). Taking the hadronic decay 7=~ — 7~ v, as an example, we illustrate in figure 7 the
frames of reference chosen in this appendix. Note that they are different from that adopted
in section 2.4, and we use the superscript “*” to characterize the angles in these specific

reference frames.

A.1 7 decay density matrix

The 7 decay density matrix p™ (s, s’) is calculated in the 7 rest frame with the z-axis chosen
to be the direction of 7. We denote the solid angle of a particle p relative to the z-axis as
(0, #,). With these notations, we can write the spinors of the decaying 7 and its decay

product v, respectively, as [117, 118]

1 1
ur <2> =v2m; (1, 0, 0, )7,  w, (—2) =2m, (0, 1, 0, 0),
1 05 e . O 05 e . 05 N\T
Uy, (2> =/|pv, | <cos ;T, ¢’ sin ;T, cos ;T, ¢! sin ;) , (A1)
1 o O o, O s\
Uy (—2> =/|pv, | <—el¢"7 sin ;T, cos %, e "r sin ;’, — cos ;) :
The helicity amplitudes for the 7= — 7~ v, decay can be written as
My (17 =1 v) = i\@GFVdeWp# Uy, Y Prur(Ar), (A.2)

where f is the pion decay constant. Similarly, for the 7= — p~ v, decay, we have

MY (17 = pvp) = V2GRV fmoE () T, v Prus (M), (A.3)
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where f, and é*p‘()\p) are the decay constant and polarization vectors of the p meson. With
our notations, we can write &4 (\,) explicitly as [117, 118]

1 g
gh(£1) = \ﬁeﬂd’ﬂ (0, F cos B, cos ¢, +isin ¢, —icos ¢, F cosd,sin ¢, +sin 9;) ,
. 0 0 0 (A4)
er) = 15| Py sin 0% cos ¢’ P2 ging* sin o Po o507 ).
p m,’ m, p ”m, p ”m, p

The normalized 7 decay density matrices for these two channels can be written as [86, 88]

14+ar cos 0% o sin 0% ;ox

p7(s,8) 5 ) 20"

[r[p7] | arsin®® g« 1—ar cos0* ’ (A5)
[p] T 3 de*“ﬁd T d

where d = {r, p} and o, = {1, (m?2 — Qm?)) /(m?2 + ng)} are the polarization asymmetries
for the two channels {7~ — 7 v;, 7~ — p~v;}. We can then easily get the decay rates for

these two channels, which read respectively as

1 |ﬁﬂ'| TI'[ 7—] — G%f7%|vud|2 <m2 _m2)2

-~ _ 1
L™ = mvr) = 22m. 4tm
T T

167mm., T 4
11 [f) Gy S| Vual? 2 A0
D™ = p700) = G g e BT = =g (2 =) (2 2m3)
The helicity amplitudes for the leptonic decay 7=~ — ¢~ iy, are given by
Mi‘; (17 = 0 gr) = i2V2G p iy, v Prus(Ar) (M) Y, Prvs,, (A7)

from which we can then write the corresponding normalized decay density matrix as [86, 87]

14-cos 0% sin 6% o
pT(s,8") _ 7 e (A.8)
Tr [pT] sin29;£ eiid)ge 1—cos 9;;4 ) .
with the normalization given by
Tr [p7] = 128G (pr - o) (Pt - Do) - (A.9)

After performing the phase-space integration, we can get the corresponding decay rate as

T(r — (7 _GEE (1 g S au A.10
wr) = 1053 Yy +8y —y y“lny), (A.10)

where y = my/m..

A.2 J/v decay density matrix

The J/1) decay density matrix p’/¥(\, X) is calculated in the .J /) rest frame with the z-axis
chosen to be the direction of J/1). We denote the solid angles of the p~ lepton relative
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to the z-axis by (0/y, ¢ / w). In this reference frame, the polarization vectors of the J/1
meson and the spinors of the massless y~ and p* leptons can be written as [51, 117, 118]

ey (0)=1(0,0,0,1), &}, (F1) = (0, F1, =i, 0) /V2, (A.11)

and

Y

0 0 0 5 05/0\"
cos J/w "0/v sin J2/w COS%, ew)"/wsin‘];/)) ;

’ 2 2 2

T
= mJ/w( e Z¢J/¢sm JQ/w cose‘]ﬂ efm*"/wsine‘]ﬂ —COSM> )

0 0 0;
cos 1/) 3/ sin J2/w’ —COSM, — e/ gin /1/)) ,

2

( , COs 5 > , COS 5 ,
(A.12)

respectively. Here we have used the Jacob-Wick second particle convention [119], which

Mg /4p (_eiqﬁ’}/w sin GJQM, 07/ o~ gin 05/ 014

defines the helicity states of a particle moving in the negative z-direction.
As the J/¢ — ptu~ decay is an electromagnetic process, we can write its helicity
amplitudes as

—8iramm iy

Ai/ -\ —
M,\H_,,\w (J/1/1—>/~L © )— 3w

&‘J/w (AJ/¢) (O ()‘AF) YUyt ()\,ﬁ) . (A.13)

where f;/,, is the decay constant of the J/1 meson, and apym = e?/(4r) is the fine-structure
constant. The normalized J/v¢ decay density matrix can then be written as

2 in2 .
) H—cos4 01/ cos HJ/QU,;H 05/4 ’Lgb]/w sin Gj/w e2z¢J/d)
p /¢'(>\,)\') _ cos 07/ 8005,y —zqu/w sin OJ/w _cosby/ysinby ., z¢J/w
Tr [p//Y] 2v2 2 ~ oz ©
sin? 07,y —2ip* cosfy/ysinby,y —uj) 14-cos? 07/
—Lte T/ T J/ —
(A.14)
and the total decay rate is given by
2 2
.11 ’pJ/zb’ 16magn £
DI/ = ) = 25—t LT [ /] = 22 (A.15)

3 2mj/¢ 47TT)’LJ/¢ 27mJ/w

A.3 B_ — J/v¢Y17 i, spin density matrix

In order to discuss the semitauonic B, — J/¢7~ v, decay, we can divide it into the two
successive processes B, — J/¢YN*~ and N*~ — 77 v,, where N* is a virtual intermediate
state that refers to the W boson within the SM. They can be discussed most conveniently
in the B. and N* rest frames respectively, with the z-axes both chosen to be the direction
of the J/1¢ meson. In the B, rest frame, the polarization vectors of J/¢ and N* can be
written as [117, 118]

& (0) = (|Brju], 0,0, Bypy) fmypy, 5, (1) = (0, 71, =i, 0) /V2,  (A.16)

— 95—



and

B )=/ e = (11.0,0,~¢") \Ja2, e ()= (0, %1, —i,0) /v,

(A.17)
respectively. Throughout this paper, all the polarization vectors with the symbol “ ~ “ are
defined in a moving reference frame, while the ones without “ ™ are given in the rest frame

of a vector particle; this explains our notations for the p, J/1 and N* polarization vectors,
as given by egs. (A.4), (A.11) ((A.16)) and (A.17) ((A.23)), respectively.

The helicity amplitudes for the hadronic part with different Lorentz structures are
defined, respectively, as [51]

Hif/f} <J/7/1()\J/w) ’(O}%{L,R} + C'f{L,pg}) cb + (C%LR} — CE{LR}) 5751)‘ B;> ,
BB, = 2t (0 (3007 (110} + Oy + Chgomy) @b

- ({L 0} + Clinmy — C%{L,R}) 57#755‘Bc_>7
Hif/f}“, = Ol11.rryEN-NER-(N) <J/¢(>\J/w) |Cioy (15 75) bl BE> ;

(A.18)
where the entry “1” refers to the SM contribution. For the parametrization of the hadronic
matrix elements in terms of the B. — J/1 transition form factors, we use the same
definitions as in our previous work [51]. For the scalar and pseudo-scalar operators, there
are only two non-zero hadronic helicity amplitudes,

HE" M = Ay 1 (A.19)

while for the vector and axial-vector operators, we have eight non-zero hadronic helicity
amplitudes,
L,R L,R
Hé = = Al Hé,o = A{L,ry.0,
{L . {L R} (A.20)
HIYW = (Amys + Awryy) V20 HES = (Apry s — Awryy) /V2

For the tensor operators, on the other hand, there are in total twenty-four non-zero hadronic
helicity amplitudes,

L,R L,R L,R L,R
Hi = iHé{—J——H{ b= Hél—{—A{LR}Oa

0,t,0
L,R LR LR L,R
Y = am{G = — a0 = sHTT = (A gy + ATmy 1) V2, (A.21)
L,R LR LR L,R
H{1 —{ = iH{ } = —H{ } :FH{1 —i 0= ('A{TL,R},H - A{L,R},J_) V2.

Here the non-zero hadronic helicity amplitudes are all expressed in terms of the transversity
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amplitudes, with the latter given explicitly as

V@G-
A?f:R},t == (CI%{L,R} - Cg{L,R}) Ao(qz)mb I me’

V@+Q-

Vi
mp. + mj/d,

2my @

A}/LIL,‘R},t =- ({17 0} + CI‘L/{L,R} - C}‘é{L,R}) Ao(q?)

AiLryo = — ({1,0} +Clinmy — C%{L,R}) [Al(’f)(m%c —m3y — @)

_ A2(q2) Q+Q— ]

(mp, + mJ/q/,)2 ’

AfLry L =~ ({1’0} +CliL Ry — C%{L,R}) V241(¢°)(mp, +mypy),

VE4+Q-
AfL,Ry)| = ({170} +Clipy + C}‘é{L,R}) \@V(qz)m7
1 0.0
AT =+0T To(¢*)(m% +3m%,, — ¢*) — T3(¢?) - ] ;
{L,R},0 (LLRR) 30 B T/ ——

mZBC - m%/w
N
VO Q-

Vo

where m; and m. are the current quark masses evaluated at the scale u© = my, and

A{TL,R},L = :I:C{TLLRR} V2T, (qz)

Aty = Clor.rryV2Ti(c%) (A.22)

Qe =(mp, £m J/w)2 — ¢%, with ¢? being the dilepton invariant mass squared.
The process N*~ — 771, is most conveniently described in the N* rest frame. In

this reference frame, the polarization vectors of the intermediate N* boson are now given
by [117, 118]

el (1) =(1,0,0,0), ek (0)=1(0,0,0, =1), eh.(£1)=(0, £1, —i, 0) /v/2. (A.23)

Denoting the polar angle of the 7 lepton relative to the z-axis by 6, we can write the
spinors of 7 and v, explicitly as [117, 118]

]. 97- . 97’ 9‘[‘ . 97’ T
Ur <) = (ﬁ+cos2, IB_A'_SIHE, B- cos 7 B- s1n2) ;

6 0. . 0, 6.7
= (—ﬁ+sm2, ﬂ+0085, b— sin -, —pB_ cos 2) )

(1) l*l( 6, 6, o, . 97>T
Vg - = COS —, SIn —, —COS —, —Sln —
Ur 2 p‘l‘ 27 27 25 2 ’

- . 07’ 97 . 07’ 07' g
= ]7](—81n2, COos —- —SHl?, 0052> J (A.24)
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where, as in eq. (A.12), we have also used the Jacob-Wick second particle convention [119],
and 3 = VE, £ m, with E. = (¢> +m2)/(2v/¢?). The helicity amplitudes for the leptonic
part with different Lorentz structures are defined, respectively, as [51]

L;{\f’R} = <7'7()\T)17 ’?P{L’R}V‘ 0> ,
Lif,’f} = ey (V) <T*(AT)I7 \?WP{L,R}V‘ 0> : (A.25)
L0, = —igh. (N ek (V) (77 On)7 [ P ryr|0) -

Combining the helicity amplitudes for both the hardronic and leptonic parts, we can
obtain the spin density matrix pB¢(s,s’, A\, \) introduced in eq. (2.3), and then work out
the explicit forms of the parameters defined in eq. (2.5). However, as mentioned already in
section 2.3, the parity-conserving J/v — utu~ decay cannot be used to extract the vector
polarizations of J/1, we list therefore the remaining parameters redefined in eq. (2.12) as

FAULY _ 1 <T4{,U’L}> + Zi{iU’L}PIO (cosb;) + A;{iU’L}PS (cosb;),

2 2 11
~{U,L 2 ={U,L 1 - UL
T{{lLJ}“L} i <T{{LL77}“L}> Py (cos ) — §Z§LL7;L}P% (cosbr),
Tigjll} = i <T£['1]’:L}> P22 (COS 97—) s (A26)
~cory 1=y (LT} LTy
T{LL,TL} 9 <T{J_L,TL}> + Z{LL,TL}PP (cosOr) + A{LLTL}PQO (cosb;),

PLTY 2 (LT p loqiry p
Teiiy = — <T{ii,J_T}> Py (cosb;) — §Z{ii,J_T}P2 (cosb;),

where P/ (cos 0;) are the associated Legendre functions. Meanwhile, the integration over
the unmeasurable kinematic variables will also cause a loss of some information. Thus, we
list only the observables that can be extracted from the five-fold differential distribution of
eq. (2.19). Explicitly, we have

% = 2;\/{ {mi (‘Az,o‘QJF‘AJLF,H‘2+‘AZL’2+3IAL¢I2>
2 2 2
1247 ()A;yo‘ + Az, +Az )]+(L—>R)},
e (20) = S { [ (AL + L [ +31407)

2 2 2
et (apazaf s [z e m ),

2, =3 o (e i s ) e 1] 0 ).
a0 o2 (ol s ) o (el )] s )
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o= {2 (2fago[ -[at [ ) - (2faco] - 4. )]+ @ m
Ty =2 { (2 [ A} Af =P A7 AL ] )+ R)
(1Y) =Y L2 (Re [Ap oAt |+ (2= R)
(vt ] ))
a2l = 5 { (mRe [ AL AT | —Re [ A o477 | ) 4+ B
BTy =Y L2 (1 [ Ay A | (L B))

—a* (Im [AL A7 |~ (L= R))

S 2 == { (w2t [Af o AL |~ [ 47 73] ) 42— B}
(M) =5 { [mz ( L""2+‘Az*’2) 20 (‘Ail ‘2+’Ale‘2>} HL%R)}’

ZLL VNG {Re [A7 | AL7 |~ (L—R)},

dl' ~y

a7 AL ="

L

ot

t-5{ [

N
NG

‘2+‘AI,L’2) —q’ <‘AL,|I‘2+‘AL,L‘2)] +(L—>R)},

e (

Ll

+
L,0

2 4 2 9
’AL |\‘ +3| ALl >

( ‘ALO‘ +‘ALH‘ +3] 47 ” (L R) }
)}
}

2m? (Re [ALiAf5] - (L= R)) —q

Ag| )““Ll’)*q ( zo| -4 “D

2 (Re g A7 | +(

|
-

slE

(L—R)
(L—=R)

Sl=

{
{
{
{

X {mz 2| Af,| )ALL‘>+q ( Az | |4z ]2)] L—>R},

(it A ] gt [ A 47 ]) - ).

—n N (Re [Ar A |- (L= R))
ez 2 )),

N

{(m2Re [Af A7 | +¢*Re[AL o477 )~ (L= B)},
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\/§N{

i (Th) =—m"

m? (Im [AMAZ"H} (L R))
+q* (m [AL o A7 |+ (L= R)) },

aroL _ N
dq2 TL — \/g

ity =2 |2
B 2h =N {Re[Ap A7 |+ )
st = {2 (oo (o)),
& (T) +(Ttr)) = —n Y, q2{4 (Re [Ap Az |~ (L= R))

(refip ] e [47 A7+ ) )

{(m2m [ Af A7 [+ @ [A7 A7) - (> B},

2 2 2 2
ol AL )_2q2 (‘Ail‘ g )}_(L%R)}’

2t == V@ { (Re[Af (ATG ] ~Re [ AL AT ) (- R)
G2t =Sem V@ { (m[AL A |~ [ AT ) - R,
Re [Af g A7’ | +Re | AT L ATH] )~ (L= R)},
2Re | Af gAL,| ~Re A7 L AT | )~ (L= R)},

At == meVE{ (m [Af oA | - [A7 AT ]) - (2= B}
DT ) =Y, @ { (Re [Af Ap7 | +Re [AF A7) (L= B},

i =g P { (Re [ A7 A3 [+ [AF LA ) - (2= R,
(T 43 AT) = Y, /{2 (1 [ Az ] - (L )
+[ (1 [Af A7 |~ [Af A7) +(L - B)| }

e (T 43 48) ==Y, /{2 (Re[AveAi ] - (L - 1)

+[(Re [ A7 A7} | +Re[AL ATS] ) + (L= R)] }
(A.27)
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Here the abbreviation A is defined as

Gy V| |7 22
N=-—L s (1 - mT) BBy, (A.28)

12873m? q?
with B and Bj/, being the branching fractions of the decay channels of 7 and J/%

respectively. Here the combinations of the transversity amplitudes are given by [101]

JE
A{+L,R} i = ARy + 4 A{L rRyir Ay = ALryi t 4\/>A{L RYi»
(A.29)

\/7
A{LvR}rt A{L R} t + A{L R} t

B Phase-space integrations

In this appendix, we detail the phase-space integrations in eq. (2.3). Firstly, for a generic
two-body phase-space integration, we have

d3E1 d3E2 A )\1/2(1)2 2 k:2)
My (p; k1, ko) = o)W (p — ky — ko) = 1720 (B
/ 2(pi k1, k) / (27)32E; (277)32E2( m) O P = k= k) sz (B
where the standard Kéllen function is defined by
Ma,b,c) = a® + b? + 2 — 2ab — 2ac — 2be. (B.2)

With the help of eq. (B.1), we can easily evaluate the integrations [ dIla2(ps,;py/y,q) and
J Ao (s Py ppt) ineq. (2.3).

For the phase-space integrations [ dIla(q; pr, pz,) and [ dllys)(pr; pal, po,), Pu, ), on the
other hand, it is convenient to perform the evaluation smmltaneously in the 7, centre-of-
mass frame. For the hadronic decays 7~ — 7~ v, and 7= — p~ v, we have [44, 45, 51]

1 d|p;
/ dls(q; pr,po, ) Ao (pr;pa, D, ) = \|prd6039 dd¢radEqd cos04doq

2E.E;—m? —m?l)

Sl |p—2—=Z 16 09—
" ('p' MT?) < T ATEA

where the kinematic variables ¢ and E4—r , are restricted, respectively, within the ranges

44 202 2, 2
m m m
m? < r +maq ata

2
2
=4q S(ch_mJ/w) ) WgEdSW'

(B.4)

For the leptonic decay 7= — ¢~ vyv,, we can firstly integrate over the momenta of the two
neutrinos by using the formula specific for massless particles [52]

d3p, 3Pz, Q2 Q*Q"
S 2 5D(Q — pu, — po )0C Do = g*% +2 0(Q*), (B5
2151 J 25,0 (@ P T PP = o )0(@). ®3

~ 31—



where @ = p, — py and 0 (Q?) is the step function. We can then get

T
T | pPe(s, o', A, X) (67 (s,8) @ p7/* (A, X))
/ m, T (1 — Lygv;) Tr [pBe] Tr [p//¥]

8 / d>py O(1 +y? — )
~ 3mm3 ) 2E; 1 —8y? +8yS —y® — 24ytiny

dll3(pr; pds Doy, Puy )

X {mT [1‘ (3—2x) —y*(4— 3$)}

B U= A = oA
2 5@, -pu->]

-/ -/ 3 s/ ;! — N — A
+2 (2:1: T 1) [PZ’](NZ -pa) + \/QTZJ»(NI - pa) (i - D) (7 'pﬂ—)l }

and

- 5 . 2 .2
dPa _ M7 d|p7|d:cd¢>7ddEddcos Oady 6 <|}5}\ -~ qu) - (B.7)

2B,  (8m)2) J@Z 2V¢?

The available range of ¢ in this channel is the same as in the other two channels, but

/ dlls(g; pr, o, )

the angle 0.4 is now a free variable and varies from 0 to 7. In terms of the parameter x
introduced in eq. (2.18), we have explicitly

2 .
r-<zx<xy, x4= poec (E;Eq £ |p7| |Pal) - (B.8)

Moreover, due to the simultaneous presence of two neutrinos in the leptonic 7 decay, the
visible product £ can be at rest in the 7v, centre-of-mass frame. Taking account of the
extra constrain # < 1+ y? from the step function (1 + y? — z), it is convenient to split the
region of integration in eq. (B.7) into the following two parts:

4 2.2
Part I: mdSEdgw, z- <z<uzy,
2m7/q?
(B.9)
m4+m2q2 m2+q2
Part II T < py<—4 = r_ <z <14y
mi\/q? 2/¢q?
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