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Abstract Inspired by the recent hints of lepton flavor uni-
versality violation in b — s¢f and b — c{v transitions,
we study lepton flavor violating exclusive A, — AETE;
(€1 # £>) decay, which is forbidden in the Standard Model.
Starting from a general effective Hamiltonian for a b —
sﬁfﬁz_ transition that includes vector and axial-vector oper-
ators, and scalar and pseudo-scalar operators, we derive a
two-fold decay distribution of A, — Af{¢5. The distri-
bution helps us to construct the differential branching ratio
and the lepton-side forward—backward asymmetry, which are
studied in a vector leptoquark model. The parameter space
of the vector leptoquark model is constrained by low energy
observables.

1 Introduction

Though an O(1) signal of new physics (NP) is still at large,
the recent results by the Belle and LHCb Collaborations in the
neutral and charged current transitions of b-flavored mesons
are intriguing hints of lepton flavor universality (LFU) viola-
tion, whichis absent in the Standard Model (SM). In the flavor
changing neutral current transition b — s{¢ the observables
that probe LFU are

BB — K®utu)
B(B — K®ete™)

The LHCb Collaboration has measured Rx and the most
recent result is [1]

ey

RK(*) =

Ry = 0.846+0'060+0'016

Z00sa—0014 1= q*> < 6.0GeV?, ()

where ¢2 is the invariant mass squared of the final state
dilepton pair. This result is lower than the SM prediction
RM = 1.00 £ 0.01 [2] by about 2.50. On the other hand,
the most recent measurements of Ry by the LHCD [3] in
the two dilepton invariant mass squared bins
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0.66%1, £0.03,  0.045 < ¢? < 1.1GeV?,
R+ = ‘ 3
0.69%01, £0.05, 1.1 <¢? <6.0GeV?,

deviate from the SM predictions R%{l = 0.906 £ 0.028 and
ng\f = 1.00 £ 0.01 by 2.30 and 2.50, respectively. Belle
has also presented [4] their results of Rg and Rg+ which are
closer to the SM predictions but has large uncertainties.

Independently of the results in the b — s££ transitions,
hints of LFU violation have also been found in the charged
current transition b — cfv. The observables in which devi-
ations from the SM predictions have been observed are Rp
and R D*»

B(B — D™rtv)
B(B — D®¢gy)’
Rp+ has been measured by Belle [5-7] LHCb [8] and BaBar

[9]. The new measurement by Belle [10] using semi-leptonic
tagging gives

RD(*) = E =e, [L (4)

Rp =0.307 £0.37 £ 0.016, 4)
Rp« =0.283 £0.018 £ 0.14. 6)

HFLAV has combined the most recent results and their aver-
ages [11] exceed the SM predictions R%M = 0.299 £ 0.003
[12] and RM = 0.258 + 0.005 [13] by 2.30 and 3.40,
respectively.

A number of NP models with new particle content has
been constructed that can explain these deviations. Shortly
after the first hints of LFU violation were announced [14]
it was shown in Ref. [15] that LFU violation implies lepton
flavor violating (LFV) interactions. Despite several counter
examples to this observation [16,17], most models that gen-
erate LFU violation also generate LFV processes which are
strictly forbidden in the SM. Therefore, the observation of
LFV decay will be a smoking gun signal of NP. Some of the
LFV processes that have been extensively looked for are lep-
tonic decays T — 3u, u — 3e and £ — £'M, where M is
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a meson, radiative decays u — ey, and u — e conversion.
Interestingly, in the Higgs sector & — pt was studied and
an apparent excess was also reported by CMS [18], which
disappeared in subsequent measurements.

In this paper we discuss LFV baryonic decay A, —
AZTQ_ , which proceeds through a b — s[fﬁg transition
where ET and ¢, are charged leptons of different flavors.
Though its SM counterpart A, — A€ has been measured
by the LHCDb [19,20], to the best of our knowledge currently
there are no experimental data on A, — AE;FZZ* . Unlike
Ap — ALL, the advantage with A, — AETE; decay is that
it does not suffer from long-distance QCD and charmonium
resonance backgrounds. The A, — AETE; decay was ear-
lier discussed in [21] in the context of scalar leptoquark model
where only vector and axial-vector type effective operators
were considered. In this paper we include in addition scalar
and pseudo-scalar operators and present a double differen-
tial distribution. From this distribution we study the differen-
tial branching ratio and the forward—backward asymmetry.
These observables are studied in a vector leptoquark model
U = (3,1)2/3. We use several low energy observables to
constrain the model parameters.

The paper is organized as follows. We begin by describ-
ing in Sect. 2 the effective Hamiltonian for a b — sﬁf‘éz_
transition. The differential decay distribution of the exclu-
sive Ap — AETKZ_ is calculated in Sect. 3 followed by a
numerical analysis in Sect. 4. We summarize our discussions
in Sect. 5.

2 Effective Hamiltonian

We start with the following effective Hamiltonian for the
lepton flavor violating b — sﬂi"ﬁz_ transition:

1 o ,
R R Z(c,-o,~+c;oi), @)

where v2 = 1/(ﬁGF) ~ 246 GeV is the SM vacuum
expectation value, and i = V, A, S, P correspond to vector,
axial-vector, scalar, and pseudo-scalar operators, which read

OV =[5y Priryb][€2yut1 ],
O = [5y" PLwb][L2vuyst]. (8)
0Y = [§Prawyb][2tr]. O = [FPryb][aysti].

Here «, is the fine structure constant, V;;, V,% are the Cabibbo—
Kobayashi-Maskawa matrix elements, Pr g = (1Fy5)/2
are the chiral projectors. The C i,/) A.s, p are the short-distance
Wilson coefficients that vanish in the SM but can be non-
zero in many scenarios beyond the SM. In the SM ¢y, £,
are leptons of the same flavor, say ¢, and it is customary to
denote the operators Oy 4 as Og 19 with the corresponding
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Wilson coefficients Co 0. Additionally, in the SM there is
also a dipole operator (7 that contributes to the b — s¢/
transition. The long-distance part of the decay is encoded in
the A, — A transition matrix elements (see [22] for defini-
tions) which are parametrized in terms of six g2 dependent
form factors ftf/()’ I ftf\O, | [23]. For our numerical analysis
the form factors are taken from calculations in lattice QCD
[24].

3 Exclusive A, — A€ ¢; decay

To set up the kinematics of the decay we assume that the A
is at rest while the A and the dilepton pair travel along the +z-
and —z-axis, respectively. We assign p, k, g1 and ¢» as the
momenta of the Ay, A, £1, and {2, and s, s; are the spins
of Ap, A on the z-axis in their respective rest frames. We
also introduce two kinematic variables; g* = g|' +¢5 is the
four-momentum of the dielpton pair, and 6, is the angle that
the lepton €1 makes with respect to the z-axis in the dilepton
rest frame. The decay amplitudes can be written as

ViV ,s Ao FSpSk 2
202 4x Z Z’“ vaa Liy

i=L,R s

A2, A
M2 sy, 1) =

L

+ HG SkLWl} . )

Here H\l,'g”’)'fk and Hsl;f”’sk are the hadronic helicity ampli-
tudes corresponding to vector and axial-vector (VA), and
scalar and pseudo-scalar (SP) operators, and the L)”2 A
Lik2 I are the leptonic helicity amplitudes. Here i = L, R
corresponds to the chiralities of the lepton current and the
A =1, £1, 0 are the helicity states of the virtual gauge boson
that decay into the dilepton pair. The A > are the helicities of

the leptons and n = 1, n+1,0 = —1. The definitions and the

expressions of HV 2% and HSP 7 in terms of Wilson coef-
ficients and form factors can be found in [25]. In the litera-
ture, instead of the hadronic helicity amplitudes, transversity
amplitudes AiL(II)u , Aﬂ_(”)o and As (), ApL()) are often used.
Following [22] the expressions of the transversity amplitudes
are collected in Appendix A.

The Lﬁ’h and L;\Z’M amplitudes are defined as

L% = (L02)6 )6 (1Fy5)61[0),
L, = @ 000026 )16y, (1550110, (10)

where € is the polarization vector of the virtual gauge boson
that decays in to the dilepton pair. The details of the calcula-
tions of L?‘ZA’)” and L?z’)" are given in Appendix B. Based on
these calculations we obtain the differential branching ratio
of Ap — ALy as
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dB 3 .
m = E(Klss Sln29[+K]CCC0529[+K150059[>. (11)

Each of the angular coefficients Ky, 10¢,1¢ can be written in
the following way:

_ VA SP int
K]ss,lcc - K]ss,lcc + Klss,lcc + Klss,lcc’ (12)
where KYA KSP are contributions from VA

Iss,1cc,1c> " 1ss,1cc, 1c
and SP operators, and K i‘;ﬁ lee.1¢ includes their interference
terms. In terms of the transversity amplitudes the expressions

VA SP
of Klss lee,lc? Klss,lcc,lc read

K\iy = (2|A“0|2 +1AR P +21A8 12+ 148 P+ (R L})

m+—|—m r 12
T i (e + |t [+ r oy

- (\Amzﬂm ||})}

m%_ —m2_ r

+T2Re AR Atk + AR Attt (Lo}
m2+m R 2

- )A”l‘ + 4% |

+{R < L}) +20Ap 17 + 2|AL,|2} , (13)

m3 +m?
442

[(‘Auo‘ ‘Anl) +(Af0\2—\A§l‘2+{ReL}>

2 2 ’"i —m? R %L
— *
+<\AL,| + Al >:|+T|:2RG(AJ-OAJ-O

+Af AL 4 le ||}>]

2
VA R
KYA = ((A“l‘ +|ak | +{R<—>L}>+

2

_%[OA”O' +‘Af0‘2+{R<—>L}>
+|A”,|2+|AL,|2], (14)
ﬁeﬁg<A if— (k< L))

+ pupy = Re(A”OAW,JrAiO j,), (15)

Ky = (|Asﬂ2 +14pL 2 + (L 1))

2
—*2(|As”|2 +1AsLI?)
2
m_
7(|AP|||2+|APL| ). (16)
KS% = 5 (14pLP 4 14sLP + (Lo 1)

2
~ 2 (1Ag 2 + 1451 P?)
22 sl sL

m2 2 2
—472(|AP||| +1ApLI7). (17

K —0. (18)

The interference terms read
Kint — —Re(
ARy 2\/?

+ =R <
—FRe
2\/42
m

242\/>

Ay Apy + AJ-IA;;L)

A As) + AJJAEL)

T Re (A A% + ALAS) )
2
m4
2q2fR6<
2\/(721%, (Awap +Auap,)
+ LRe(
2ﬁ
2612\/>Re<
my 2
2q2\/>Re<A”tAP” + AJJAPL) (20)
IBUS[

2/q?

BeBy
+ —LRe <AP”AH0 + APJ_ALO AP”Afo*

2VE

ApApy + AL,APL) (19)

Kit =
ApAg) + AL AL, )

A As) + AltAu)

Ki‘(n = Re (ASHA‘?O* + ASLAﬁ + ASHA\TO* + ASLAf:;)
— ApLafy).
(21)
We have defined m4+ = m & my where m, m, are the
masses of £1, £, respectively, and the factors é/) are defined

in Appendix A. From the differential decay distribution we
define two observables [22]; the differential branching ratio

dB

W = 2Ky + Kice, (22)
and the forward—backward asymmetry
3 K
P/ S La— (23)
2 Kiss + Kiee

The available phase space in the dilepton invariant mass
squared g2 is

(my +m2)? < g* < (ma, —mp)*. (24)

4 Numerical analysis

Among many leptoquark models proposed to explain flavor
anomalies, the vector leptoquark U; = (3, 1)2/3 has emerged
as an excellent candidate that can simultaneously alleviate the
tensions between theory and experiments in both the charged
and the neutral current sectors. In fact, U; can accommodate a
large number of low energy data and high- pr searches with-
out too much fine-tuning of the model parameters [26]. Early
work reconciling these anomalies by coupling the U; with
the third generation quarks and leptons can be found in Refs.
[17,27]. The UV completion of this model has also recently
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been discussed in Ref. [28]. The SM gauge symmetry allows
couplings of the U; leptoquark to both left- and right-handed
fermions and the Lagrangian reads

UMT /= . o )
L5 ﬁ[ 7 (0hvatd) + i (Tevath) } (25)
Here the QiL = (V;‘iu{ di)T and LiL — (”2 eiL)T are

SU (2) doublets, and the B, g are 3 x 3 Yukawa matrices. To
address the flavor anomalies we assume the following flavor
ansatz:

0 0 0 00 O
=10 8" B, Br=]00 0 |. (26)
0 IBZM lbf’ 00 'th

With the couplings to the first generation set to zero the exper-
imental limits on atomic parity violation, u—e conversion on
nuclei, and B(K — mvv) are evaded. An important feature
of the vector leptoquark model is the absence of the tree level
b — svv transition evading the current experimental con-
straints coming from B — K*vv [29]. There is also a “fla-
vor protection” mechanism in the Uy loops due to which the
purely leptonic processes T — 3, T — pvv and b — svv
have little phenomenological significance [26,30,31]. These
processes aside, we consider a number of low energy flavor
observables to constrain the flavor structure (26).

The Lagrangian (25) generates the following VA and SP
operators for b — SETZQ_ :

2
TV
clite — _olitr _ —ﬂszz (ﬁbel> ’ 27)
4 A 2Vsz[§“emLQ
2
C/€|Zz — C/€1€2 — _Lﬁsb (,Bbel) y (28)
v A 2Vip V,’EaemLQ
2
ol _ _ohts _ ”—”,3“2 (ﬁbel) (29)
§ thvmaemLQ
2
C/€|Zz — 6/6162 — N—Uﬁsez (51161) . (30)
§ P Vszf;“emLQ

For the given flavor ansatz (26) Ry receives the following
modifications [32] through the NP Wilson coefficients C’\f’i‘

RIOIGV? 1 4 0.46C1, 31)
RUOIGVE oy 4 0.47¢0 32)

Global fits to the most recent b — suu data have been
performed by several groups and we take the range —0.59 <
Cylt = —CL" < —0.40 [33,34] in our analysis. For a large
B;" there are additional flavor-universal contributions to the
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— s€¢ in the direction of C},"* due to the off-shell photon
penguins [31]

2 2
v ST m
————B (B 10g( ) (33)
omioVip Vi m

Experiments yield ACy = —0.73 4+ 0.23 [33,34].

While the contributions of U; leptoquark to b — suu
processes are through vector and axial-vector operators only,
in the presence of a right-handed coupling ,Bzf scalar and
pseudo-scalar currents can contribute to b — sTT processes
By — tTt~ and B — KtTt~. The By — 77 branching
ratio reads

ACy ~

BB - tt17) =BBy - vt )sm
nvZ ﬁzr

2V Visami o, R

2
bt __ M br
) (ﬂL et ) PR )

) 2
+fi- 4mr w02 m%}yﬂf (ﬂ%r)*
my

2V Visami o Cio" me (ms + myp)

The present experimental upper limitis B(B; — t717) <
0.0(3.4) x 1073 [35] and the SM prediction read B(B; —
1T17) < (7.734£0.49) x 1077 [36]. The SM branching ratio
of B— Kttt is B(B — KtTt™) = 1.44(0.28) x 1077
where we use hadronic inputs from [37], and the experimental
upper bound is B(B — Kt7t7) = (1.36 £ 0.71) x 1073
[38].

The leptoquark also contributes to the LFV observables
B(BT — K*tr*u¥) and B(r — u¢). Following the sim-
plified expressions given in [39] we get

X

1+

2

(34)

BBt - Ktttp)

NT4Q<050|;3 (6r7) P
R leeE). s

2
050‘,3 57)*

+2.83|p% ( )|2,
—139R[

BB - KTt uh) ~

36
=, (36)

The experimental upper limit is B(BT — KtrTpu™) <
2.8 x 1075 and B(BT — KTutr™) < 4.5 x 1079 [40).
Forthe r — ¢ decay, following [41] we get after neglecting
the mass of the muon

2 2
f 1 m>2 m
-2 (1+2-2
327th L16my ms mz
2

) (37)

B(t — u¢) =




Eur. Phys. J. C (2019) 79:1005

Page 5 of 10 1005

The experimental upper limit from Belle [42] is B(t —
uep) < (0.0+5.1) x 10~8. In the presence of right-handed
coupling, T — py is also induced:

;63;41”;mmh o (). o

B(t — py) =

The experimental upper bound is B(t — uy) = 0.0(3.0) x
1078 [11].

The charged current transition b — cfv also receives
contributions from the vector leptoquark. Here the flavor of
the final state neutrino in general may have flavors different
from the accompanying lepton. The most general effective
Hamiltonian for this transition is

Hb%c@f) _

b .
boelh _ _2”<left(l +Cy, right)Oy, + Cy, Oy,

+C§ Os, +C5, 05, + C Or>, (39)
where the operators are given by

v, = @Ly"br)Uryuvr), Oy, = (Ery" br)ELyuvL),
= (CLbr)(LrvL), Os, = (CrbL)(ERVL),
Or = (Cro™ br)(LROWVL). (40)

In the SM all the Wilson coefficients Cf = 0. In the U
leptoquark model the only non-vanishing Wilson coefficients
are

v2 * V.
C@ - bl bl S pst , 41
i’ 4mgQ(L)(L+VCbﬂL @b
* V.
¢ _ bt be 4 es
% =5 () <ﬁL VB ) “2)

The set of observables that we consider in this category are
Rp, Rp+ and the branching ratio B(B. — tv). The expres-
sions for Rp and R p+ are [43]

Rp ~ R%M{ 1405, [+ 154Re[ (14CF) (C5)"]
109 c5 |2 } 3)

Rpe ~ R;)hg{ 14Cy P +0.13Re[ (1 +CF,) (€5)°]
+0.05|c5, | } (44)

The HFLAYV averages that use the most recent measurements
of these two observables are Rp = 0.3404+0.030 and Rp+ =
0.29540.013 [11]. The SM prediction of R3M and R3M are
given in the Introduction section.

The B, — tv branching ratio reads

2 2 2
t8.mp. [ |Vebl 2
BB, — tv) = ———eBe 0 L2y M)y
167 v* m3
2 ab * 2
N v? b 2my B ( ["—1-& s,)
4me L me(mp +me) Loy, t
(45)

The most stringent constraint on B, — tv come from LEP
data from which Ref. [44] put the limit B(B, — tv) < 10%.
Another charged current observable in the b — u transition
that we consider is

2
B(B — tv) = B(B — TV)SM‘I + v
mLQ
2m 2 1% 2
bt CS ST
<'3L my(mp +mc)ﬂ ) (ﬂ Vub 'BL )
(46)

According to [45] B(B — tv) < (1.09 £0.24) x 10~*
and B(B — tv)sm = (0.812 4 0.054) x 10* [46].

We now perform a x 2 analysis to find the parameter space
allowed by the above low energy observables listed in Table 1.
The x2 is defined as

x2=Z(

i

(O?Xpt_ot_h) 2
N ) ; 47)

expt, (th)

where O; are the experimental (theoretical) values of

the observables and A(’):.:Xpt are the experimental errors. We
minimize the x 2 and choose a 20 region about Xéin. In this
analysis we set mass of the leptoquark my g = 1.5 TeV. In
Fig. 1 the obtained parameter space is shown. For this param-
eter space, the g2 distribution of the differential branching
ratio and the lepton-side forward-backward asymmetry is
shown in Fig. 2 for a set of benchmark values of the cou-
plings. The plots are obtained for the central values of the
form factors and other inputs. Due to our choice of the fla-
vor structure (26) the A, — pT1~ receives contributions
from VA type operators only while the A, — T~ mode
receives contributions from both VA and SP operators. Since
in our model Cy = —Ca, in the A, — ATt~ mode the
Af:B is independent of the couplings f; and the forward—
backward asymmetry is entirely determined by the form
factors and kinematic variables. Interestingly, the A, —
At~ mode has a Af;B zero-crossing which is absent in
the A, — ATt~ mode. For the obtained parameter space
we also calculate the maximum and the minimum values of
the branching ratio and Af;B integrated over the entire ¢>
phase space,

@ Springer
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Table 1 List of observables

included in the fit Observable

Experiment

SM

ACy!t = —Aach”
ACy

B(B; — t717)
BBt - KTttt)
BBt - KTtTu™)
BBt - Ktutto)
B(t — pé)

Rp

Rp-

B(B — tv)

B(t — py)

B(r — ug)

[—0.59, —0.40] [33,34]
—0.73 £ 0.23 [33,34]
0.0(3.4) x 1073 [35]
1.36(0.71) x 1073 [38]
2.8 x 1073 [40]

4.5 x 1073 [40]
0.0(5.1) x 1078 [42]
0.340(30) [11]
0.295(13) [11]
1.09(24) x 1074 [45]
0.0(3.0) x 1078 [11]
0.0(5.1) x 1078 [42]

7.73(49) x 1077 [36]
1.44(0.28) x 1077

0.299(3) [12]
0.258(5) [13]
0.812(54) x 104 [46]

1.5
1.0
0.5

3

43 00

-0.5

-1.0

-1.5
-5 -1.0 =05 0.0 0.5 1.0 1.5

-5 -1.0 -05 00 0.5 1.0 1.5

St
L

Fig. 1 The parameter space (in blue) allowed by low energy observ-
ables for the vector leptoquark mass mp g = 1.5 TeV

(B(Ap — AtHp)) =[1.55 x 1072, 7.83 x 107°],

(43)

(B(Ap — Aptt7)) =[5.01 x 1072, 1.78 x 107°],
(49)
(Abg(Ap — AtHp7)) = [—0.2504, —0.003], (50)
(Abg(Ap — ApT7)) = —0.4040. 51)

The large branching ratios of the order O(107>, 107%) are
induced by the large ranges of 847 allowed by the current
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dB/dq’[108GeV 2]

10 15
7°(GeV?)

10 15
q°(GeV?)

—

Fig. 2 The ¢? distribution of the differential branching ratio and the
lepton-side forward—backward asymmetry is shown for a set (ﬁz" =

—0.031, B3 = 0.433, B2 = —0.112, Bo* = —0.957, B = —0.128)
of benchmark values of the U leptoquark model parameters that are
allowed by the low energy observables. The blue and the orange lines
correspond to A, — At~ and A, — Ap T~ modes, respectively

data. Such large ranges arise due to poor experimental bounds
on modes such as By, — ttt=, Bt — Krttt~. These
branching ratios are accessible in the LHCb.
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5 Summary

Lepton flavor violating decays are strictly forbidden in the
Standard Model and therefore any observation is a smok-
ing gun signal of physics beyond the Standard Model. In
recent years a number of lepton flavor universality violating
decays has been observed albeit of low statistical signifi-
cance. Many physics beyond the Standard Models that has
been constructed to explain the origin of flavor universal-
ity violating couplings can also give rise to flavor violating
decays. Motivated by these results, in this paper we have
explored lepton flavor violating b — SETEZ_ transition in
Ap — AETKZ_ decay. In this paper we have presented a dou-
ble differential distribution of the decay in terms of dilepton
invariant mass squared g2 and lepton angle 6. From this dis-
tribution we have obtained the differential branching ratio
and the lepton-side forward—backward asymmetry. We have
studied these two observables in the vector leptoquark model
Ui = (3,1)2/3. The parameter space of the model has been
constrained by low energy observables. Our predicted range
of the branching ratio in the vector leptoquark model may be
accessible by the LHCb.

Acknowledgements The author is supported by the DST, Govt. of
India under INSPIRE Faculty Award.

Data Availability Statement This manuscript has no associated data
or the data will not be deposited. [Authors’ comment: The study is
theoretical. No experimental data is generated for this work.]

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

Funded by SCOAP?.

Appendix A: Transversity amplitudes

Corresponding to the effective Hamiltonian (7) the expres-
sions of the transversity amplitudes read [22]

AL® = o ( ff,/ZsC\L,A(f)), (A1)
At =N (ff/EcL <R)>, (A2)
AL = VaN (fo (ma, + mA),/ éA‘f)), (A3)

A" =2 N(fo (mA,,—mA>\/7 “’”), (Ad)

AJJ = _2\/§thv(mA[, - mA)‘l ;_-’2_ (CA + CA) ’ (AS)
Aje = 2V2N [ (ma, +ma) | ;—_2 (Ca—Cy)

Here the normalization constant N (¢?) is given by

q%. | (m%\b, mi, q2>

BeBy,
15 5 ¢
2 mA]

/ 2
By = _ (my -cll-zmz) Bl =

where A(a, b, ¢) = a® + b% + ¢2 — 2(ab + bc + ca) and the
Wilson coefficients are

(A6)

thV

N(g* = G ERRL

T
_ (mp —mp)* mz)2

(A7)

Cofl = (CvFCa) + (CyFC) (A8)
Co = (CvFCa) — (CyFCh) .- (A9)

The transversity amplitudes corresponding to the SP opera-
tors are [22]

Asy = 2v2NfY PR A f (s 4 CY) (A10)
Asy = —2VaINSATM TN oo ). (Al
App = 2VaNFY R A o (Cr+CL). (A1)
Apj = 2foAw\/s—,(cp —ch). (A13)

Appendix B: Spinors in dilepton rest frame

We assume that the lepton £, is negatively charged and has
four-momentum is qg = (E1, q), while KT is positively
charged and has four-momentum qi‘ = (E1,—q)

af!|, = (E2. ~laacl sin6r, 0. ~lqze cos o), B1)
af| = (E1laal sin6e, 0, 1gzc] cos6y), (32)
with
lg2¢] = M (qz’m%’m%) E; = q2+m%_m%
2V/q* ' 2Vq* '
2 2 2
+m5 —m
E; = CI# (B3)

27
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The explicit expressions of the lepton helicity amplitudes
require us to calculate

o, (1Fys)ve,, € (Wite, vu(1Fys)ve, - (B4)
Following [47] the explicit expressions of the spinor for the

lepton £; is

e, () = VE¢+mgxs wo_ cos;%@
2 ZA\/E[ —mgx)’f ’ X+% sin ~ ’

O
—sin
x4, = ( 9422)' (B5)

For the lepton ET which is moving in the opposite direction
to £, the two component spinor x " looks like

X0 =6y, & =2xe (B6)

Hence we have

Ve (A) = VEg—mgx?, v sin%‘f
= oVEFmexy, ) T o

0,
Xv — <C0$92[>. (B7)

_1
2 Sin >

With these choices of lepton spinors we get the follow-
ing expressions of the lepton helicity amplitudes L2 L( R) ! and

Ak
LL(R)I,)»'

=a*(By+B). L

L,? 7= J;(ﬁé — Be), (BS)

222_ q* (By — Be) » L; =0, Lg =0,
2= = (B + 8. (BY)
I
LZfﬁ - ﬁ[ml (B + Be) +ma2 (B, — Be) Jsinéy,
(B10)
1_1 2
Lz,zﬂz = —\/%(ﬂé — Be) (1 —cosby),
141 P
Ly = 5 (Bi + Be) (14 cosby), (B11)
i1 1 / ,
Lot = —lm@G—po+ma@i+pol. - B12)
1.1 1
L;,Z-:iz = ﬁ[’”l (Be — Be) +ma (By + Be) i|Sil’19@,
(B13)

@ Springer

2

R.0

@ (B + Be) (1 — coséy)
\/7 ,34 (1 +cosby),

m1 (Be + Be) +m2 (B, — Be) }Sinw,

1
2[’”1 (BL + Be) +ma (B — Be) |,

q2
ey (B, — Be) (1 +cosby),
q2
5 (By + Be) (1 — cosby),
1
= 14

— Be) + m2 (B + Be) |sin 6y,

—[m1 (B + Be) —

q* (B, — Be) cos by,

ma (B, — Be) Jcos b,

7 =/q% (B + Be) cos b,
? ,3@) +ma (B + Be) Jcos b,
— Be) + ma (B, + Be) Jcos by,
q* (B, + Be) cos by,
%"‘% 2
=/a? (B; — Be) sinby,

(/3@ + Be) +ma (B; —

— Be) +m2 (B, + Be) |.
—Be) +m2 (B +Be) |

(B14)

(B15)

(B16)

(B17)

(B18)

=[m1 (B — Be) +m2 (B + Be) Jsin .

7
5 (Bi + Be) (1 + cos ),

7
=\V7 (By — Be) (1 — cosby),

|
—2[’”1 (Be + Be) +ma (B —

(B19)

(B20)

(B21)

(B22)

(B23)
(B24)

(B25)

(B26)

(B27)

(B28)

(B29)
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~
~ +

™~
= |
I— o=
|

o

,+,
272
o =0

Bl—

=L (B30)

09—

R
— [m1 (B, + Be) +ma (B — B)]- (B31)
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