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Abstract

The measurements of several lepton flavor universality (LFU) violating observables in the decays induced
by the quark level transition b — ¢t provide an inkling of plausible physics beyond the standard model of
electroweak interactions. Such new physics would also impact other sectors. In this work, we estimate the
leverage of new physics in b — c¢tv on Ay, — ptv decay in the context of U; leptoquark model. In this
model, the new physics couplings in b — utv transition can be written in terms of b — ctv couplings and
hence the extent of allowed new physics in A;, — ptv would be determined by b — ¢tV transition. Using
the new physics parameter space obtained by performing a fit to all » — ctv data, we obtain predictions
of several A, — ptv observables. We find that the current b — ctv data allows two times of magnitude
enhancement in the branching ratio as well as in the LFU ratio. The other observables such as convexity pa-
rameter, lepton forward-backward asymmetry, longitudinal polarization of final state baryon and tau lepton
are consistent with the SM value.
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1. Introduction

The standard model (SM) of electroweak interactions can be considered as a baronial theory
of fundamental interactions of nature. Ever since the discovery of weak neutral currents in 1973
in a neutrino scattering experiment in the Gargamelle bubble chamber at CERN, SM has been
substantiated through a fecundity of experimental observations. The discovery of the Higgs Bo-
son marks the culmination of the particle spectrum of the SM. Though SM may flare out to be
an irrefutable theory, there are several other observations which propel us to clamor for physics
beyond the SM. These include disappearance of anti-matter, existence of dark matter and dark
energy. Further, gravity is excluded from the SM. Therefore the nonpareil theory of fundamental
interactions of nature is still far away from the bay.

The evidence of physics beyond the SM has already started burgeoning at several fronts.
These include observables related to the decays of B mesons. These anomalous discrepancies
can be classified into two categories: decays induced by the charged current transition b —
clv (£ = e, u, t) and neutral current transition b — s€£ (£ = e, ). In this work, we rivet on
decays induced by the b — cfv transition which occurs at the tree level in the SM. A series of
measurements by the Belle, BaBar and LHCb collaborations over the last decade have provided
several enthralling hints of new physics in this sector.

The BaBar [1,2], Belle [3—5] and LHCb [6-8] collaborations measured the following flavor
ratios

I['(B— D™ )
I'(B— D™ (e, p)v)’

The average values of these measurements differ from their respective SM predictions at the
level of 3.20 [8]. These deviations are inklings of lepton flavor universality violation. All of
these experiments were based on methodologies where the 7 lepton was identified through kine-
matical information rather than reconstruction. The reconstruction technique was emplaced by
the LHCb collaboration using the 37 decay mode of the t lepton [9]. This resulted in a distinct
measurement of Rp=. Including this measurement, the incongruence of the Rp-Rp+ data with
SM predictions escalated to 4.10 [10]. In 2019, Belle collaboration announced a new measure-
ment of Rp and Rp+ [11], which is consistent with the SM prediction. Very recently, on March
21, 2023, the LHCb collaboration updated the value of Rp=. By including these measurements,
the discrepancy with SM reduced from 4.10 to 3.20.

Apart from Rp s, the LHCb collaboration measured the following ratio in B, — J/¥ £v
decay modes

ey

Rpw =

I'(B.— J/ytv)
Rypy = =

L(Be — J /Y nv)
They found that the measured value is Ry gy = 0.71 £0.17 £ 0.18 [12]. This decay is also gener-
ated by the same quark level transition which induces R . The measured value is 1.80 higher
than the latest SM prediction of 0.2582(38) [13]. These dissension with the SM can be imputed
to new physics in 7, u or e sectors. However, in [14] it was shown that new physics only in
W or e sectors cannot accommodate these measurements. This is mainly due to measurements
of the ratios Rg/e =T'(B— Duv)/I'(B— Dev)=0.995 £ 0.022 (stat.) £ 0.039 (syst.) and
ReD/*“ =I'(B— D*ev)/T(B — D*uv)=1.04+0.05(stat.) £ 0.01(syst.) [15,16]. The mea-
sured values of these ratios are in agreement with their SM predictions. Hence new physics
only in b — cuv or b — cev will blight this agreement. Therefore new physics in b —
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ctv is imperative to accommodate the current measurements of flavor ratios in these sec-
tors.!

In May 2022, the LHCb collaboration reported the first observation of the semileptonic b-
baryon decay A, — At~ v, with a significance of 6.1¢ [17]. This was obtained by collecting
a data sample corresponding to 3 fb~! of integrated luminosity at centre-of-mass energies of 7
and 8 TeV. The LFU ratio R(A.) was measured to be [17]

Br(Ap — A:r‘l:fv})
Br(Ap — Afpu—vy)
=0.242 4 0.026 (stat.) & 0.040 (syst.) = 0.059. 3)

R(A) =

Here the last error is due to the external branching fraction uncertainty from the channel A; —
Aj‘ 1~ Vy. The measured value is consistent with the SM prediction of 0.324 40.004 [18].

Barring these LFU observables, we also have measurements of few angular observables. The
Belle collaboration has measured the 7 polarization, PID*, in B — D*tv decay. The measured
value [5]

PP" =038 £ 0.51 (stat.) 702 (syst.), @)

is consistent with its SM prediction of —0.4974+0.013 [19]. In 2018, Belle collaboration reported
the measurement of D* longitudinal polarization fraction F LD* in the decay B — D*tv. The
measured value [20]

FP" =0.60 4 0.08 (stat.) + 0.04 (syst.) (5)

is 1.60 higher than the SM prediction of 0.46 &= 0.04 [21].

The possible new physics effects in b — ctv decay can be analyzed in a model independent
way using the language of effective field theory. There are many such analyses, see for e.g.,
[22-35]. These analyses identified Lorentz structure of possible new physics. However, there
are no unique solutions. Depending upon the adopted methodology and assumptions, there are
multiple new physics operators with specific values of corresponding WCs which can provide
a good fit to data. A unique determination of the new Lorentz structure of new physics would
require measurements of additional observables in b — ctv sector [37].

The allowed model independent solutions can be realized in specific new physics models.
There are a good number of such models. In context of some of these models it would be in-
teresting to see whether some correlations exist between the observables in b — ¢ sector and
other sectors. In other words, what implications measurement in b — ¢ sector have on other
sectors. In this work we explore such correlations in b — u sector in the context of U; lepto-
quark (LQ) model. The U; leptoquark is extensively discussed in the literature in the context of
B-anomalies [38—44]. In particular, we study imprints of » — ¢ measurements on several observ-
ables in Ap, — ptv decay mode. The baryonic decay mode A, — ptv is studied in the literature
[45,46].

The quark level transition » — utv induces decays such as BT > tv,B— ntd, B— ptv,
B — wtv and Ap — ptv. Out of these decays, currently, the only observed decay chan-
nel is the purely leptonic decay BT — tv [47]. The measured value of its branching ratio is

I In [36], it was shown that new physics only in muons can accommodate the entire b — ¢/ v data using a different set
of combinations of new physics operators.
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(1.09 4 0.24) x 10~* which is consistent with the SM value (9.89 & 0.13) x 10~ [35]. Fur-
ther, the Belle collaboration provides an upper bound on the branching ratio of the semileptonic
decay B — . At 90% C.L., the branching ratio of B — w7 can be as high as 2.5 x 107
[48]. Thus due to lack of enough measurements, any model independent analysis would allow
a large new physics effects in some of the observables in b — utv transition. In other words,
given the current experimental situation in » — utv sector, a model dependent framework will
engender more meaningful analysis as compared to the model independent analysis in the sense
that it would allow for additional constraints coming from other sectors. In the context of U;
leptoquark model considered in this work, we show that the necessary couplings in b — utv
decay are all related to the couplings in b — ctv sector. Given the fact that we have relatively
accurate measurements of number of observables in this sector, it would be interesting to see
the extent up to which the new physics effects are allowed in b — utv sector. In particular,
we study the impact of b — ¢tV measurements on several observables in Ay — ptv decay
mode.

Plan of work is as follows. In Sec. 2, we provide theoretical framework of this work. Starting
with the effective Hamiltonian, we provide all necessary theoretical expressions in this section.
This includes various observables in b — ¢t v sector and Ap — ptv decay. In the next sec-
tion, we first provide constraints on b — ¢ T v couplings by performing a fit. Using the allowed
parameter space of these couplings, we obtain predictions of several observables in Ay, — ptv
decay. The conclusions are discussed in Sec. 4.

2. Theoretical framework
2.1. Effective Hamiltonian

Within the SM, the effective Hamiltonian for the quark level transition b — g T v withg = u, ¢
is given by

HM — 4Gr
eff — NG

where Oy, = (qy, PLb) (Ty* Prv). In the presence of new physics, the effective Hamiltonian
takes the form

Vgb Oy, + h.c., ©6)

4G
Hefr = T;th[(l +Cy,)Ovy, +Cy, Oy, +Cs, Os, +Cs,Osp +CrO1] + hec., (7)
where
Ovy = (qyuPrb) (Ty" Prv), 3
Osz = (qPrD) (TPLV), )
Os, =(qPLb) (TPLv), (10)
Ot =(qo"" PLb) (Toyy PLY) . (11)

The interactions between the vector singlet U; LQ and the SM quarks and leptons can be
written as [49,50]

HY' = b0y, Ul PLL + Wy, U Prly + hc., (12)
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where Q; and L; are the SM left-handed quark and lepton doublets and d;e and l{e are right
handed quarks and leptons. Here hle and h 5. are the 3x 3 matrices in the flavor space. This LQ

contributes to b — ¢t at the tree level. As we only require ¢v Uy and bt U; couplings to be
non-zero, we have

00 0 00 0
hb={0 0 n|, =10 0 o0 (13)
0 0 hl 0 0 ¥

Assuming mixing in the up-type quark sector, the interaction Hamiltonian in the physical quarks
can be written by rotating them with the CKM matrix and is given as

Heff = |:(Vush%3 + Vubhgg,) u_LVpLVL + <Vcbh?i3 + Vcshég,) cL YurVL

+h%3§LV,u.TL + h3L3l;LVMTL + h?e3BRVMTR:| U{L + h.c. (14)

It is ostensible from the above Lagrangian that only Oy, and Og, contribute to b — ctv and
b — utv processes. Also, the same couplings appear in both decay modes. The relevant WCs
for b — ctv decay can be written as

1 (Veph%s + Veshis) his

b—c __

= , (15)
Yo T 0 2G Ve M}
L L\pR
boe_ 1 (Veoh3s + Veshys) h3s (16)
¢ = .
R V2GF Ve M,
The WCs for b — utv decay are
L LYjL
bsu _ 1 (Vuphzs + Viushys) his a7
Vi — 2 ’
2V2G Vb Mg,
S T 2 :
V2GFVup Mg,

Thus we see that the b — ¢ couplings can determine the new physics contributions to b —
u. Therefore we need to analyze observables in the b — c t v sector. The new physics scalar
effective Wilson coefficients are affected by the QCD running from the TeV scale down to the
my, scale and it is considered in our analysis. It should be noted that the considered U; leptoquark
model is non-renormalizable and hence it requires a UV completion.

In the next section we provide theoretical expressions for b — ¢ t v observables used in our
analysis to constrain the new physics parameter space.

2.2. Observables in b — c Tt v sector
We consider following observables in our analysis:

o the flavor ratios Rp, Rp+, Ry/y and R(A.),
e tau polarization in B — D*tv decays,
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e D* longitudinal polarization fraction in B — D*tv decay,
e branching ratio of B, — tv.

The theoretical expressions for Rp, Rp+ and Rx, in terms of WCs are given as [51]

R ~ RYM |14 Cy, > + 1.54Re [(1 + Cy,)Cs, ] + 1.09[Cs, 7}, (19)
RY. ~ RYMI1+ Cy, > +0.13Re [(1 + Cy,)Cs, 1+ 0.05|Cs, 17}, (20)
R ~ RM{|1 4 Cy, > +0.50Re[(1 4 Cv,)Cs, 1+ 0.33|Cs, |*}. 1)

We used the form factors computed in the full ¢ range using Lattice QCD [52] and obtained
the theoretical expression for R,y in terms of the NP WCs which is given by

R!f1y 20258111 + Cy, [ +0.027Re [(1 + Cy, )Cs, ] + 0.01|Cs, (22)

Tau polarization in B — D*tv decay, PTD *, in the U1 LQ model is given as [51]

-1
D*th Rgl* 2 2
e {—0.49|1+CVL| +0.05|Cs| +O.13Re[(1+CvL)CSR]}. (23)

D*
The expression for D* longitudinal polarization fraction, fLD *,in B — D*t¥ decay is [51]

. Rt h*
o= (@) {0.46|1 + Cy, |* 4+ 0.05|Cs, |* +0.13Re [(1 + CVL)CSR]}. (24)
We also consider the constraints coming from the purely leptonic decay B, — tv. The
branching ratio of B, is used to check the consistency of the fit results. This decay mode is not
affected by the helicity suppression provided the transition is induced through the pseudo-scalar
operators. The branching ratio of B, — tv in the U; LQ model can be written as

fB.
0.43GeV

2

2
B(B, — 1) ~ 0.02( ) )1 +Cy, +43Cs,| . (25)

2.3. Observables in Ap — ptv decay mode

In this section, we provide theoretical expressions for various Ay — ptv observables used
in our analysis. These observables can be defined with the help of angular differential decay
distribution of this mode. The two-fold angular differential distribution for A, — plv can be
written in terms of ¢ and cos #; where g2 is the momentum transfer squared and 6; is the angle
between the daughter baryon and the lepton in the di-lepton rest frame. The two-fold angular
differential distribution can be written as

d2T(Ap — plb 2\2 i 4
M:N(l—ﬂ) [a+ZLp+20+ D], (26)
q

dg?dcosf, q> 2 Vq?
where
2 2 2 2 2 2 2
A =2sin OI(HI + H", )+(1—cos@1) Hj +<1+cos€1) H 227)
3200 =20 3.1 -2l

B=2cos?0 (H} + H2, ) +sino (K} +H2, ) +2(HE, +H2, )
2° 2 2> 2 2° 2
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—4cos6) (Hl Hi g+ H_i H_ 0) (28)
2 2 2 27
SP 2 SP 2
C=(H5P) + (15 ,)" (29)
10 -10
_ sP sP sp sp
D= cos@,(H%’OH%’O—i—Hi%,OH_%’O)—i—(H%JH%’O—i-Hi%JH_%’O). (30)

The differential decay rate for A, — plv can be obtained after integrating out equation (26)
over the cos §; variable [53]

dT(Ap — plb) 8N ( m7\2 m? 3 3my
—_— = — 1——) [E+—F+—G+—H]. 31
dg? 3 q* 2q2 2 /42 (3D
2 2,215
Here N = “ERECLlM, [5y) = \[A(m},.m3.2)/(2ma,) with Aa.b.c) = a® + b + ¢ -
b
2(ab + bc + ca). Further,
E=H{ +H’, +H +H, . (32)
50 -10 11 -1-1
F=Hi +H* +Hi +H*,  +3(H{ +H*)), (33)
50 —50 51 —5—1 5t —5t
G=(Hi)* + H ), (34)
0 -0
SP sP
H=H%IH%O+H7%IH_%O. 35)
The differential branching fraction can then be written as
dB(Ap — plv) dar
—2 = ‘L’Ab —2 . (36)
dq dq
One can also define the following LFU ratios of the differential branching fractions as
dT(Ap — ptd)/dg?
Ry(g?) = e (37)
dT'(Ap — puv)/dq
The lepton forward-backward asymmetry is defined as
fol(d2r/dq2dcose)dcos9 — ffl(dZF/qudcose)dcose 38)
B = .
fol (d?T'/dq? d cos0)d cos 6 + fi)l (d*T'/dg? d cos0)d cos 6
Moreover, the longitudinal polarization of final state baryon and t lepton is given by
L_ dFAp:l/Z/dqz_dFAP:—l/Z/qu 39
p dFk,,:l/Z/qu+dr)»p=fl/2/dq2
drkr=l/2 d 2 dl-*)ur=—1/2 d 2
/dq /dq (40)

T = dT=172/dq? & dTr=1/2/dq?
The convexity parameter, which is the measure of curvature of the cosé distribution, is defined
as

1 d*W ()
[dcos® W(H) d(cosb)?

Ch(gh = (41)

with



S. Khan, N.R.S. Chundawat and D. Kumar Nuclear Physics B 991 (2023) 116211

Table 1
Experimental values of observables used in the fit. The third error in Ry, is due
to the external branching fractions measurements.

Observable Experimental Values
Rp 0.356 4 0.029 [8]
Rp+ 0.284 4 0.013 [8]
Ry/w 0.71£0.17 £ 0.18 [12]
Ra, 0.242 & 0.026 (stat.) = 0.040 (syst.) = 0.059 [17]
PP" ~0.38+0.517041 [5]
P 0.60 == 0.08 (stat.) = 0.04 (syst.) [54,20]
wey=2[as ™ p a0y My
®)=3[A+25B+20+ 2D,
9 Va4

The helicity amplitudes defined in terms of the form factors are given in Appendix A.1l.
3. Results and discussions
3.1. Fit results

From Sec 2.1, it is apparent that in the context of U; LQ model, the WCs in b — u transition
can be written in terms of b — ¢ couplings. Therefore the observables in b — u sector are
expected to have strong correlations with b — ¢ observables. In other words, the extent up to
which the new physics effects can be generated in b — u observables would be determined by
the allowed parameter space of couplings by the current » — ¢ data. Given the fact that we
have relatively large number of measured observables in this sector and moreover, some of them
are accurately measured and predicted fairly well within the SM, it would be interesting to see
possible deviation in A, — ptv observables allowed by the b — ¢ data.

The theoretical expressions of observables Rp, Rp+, Ra,, PTD " and fLD " as functions of the
relevant WCs are given in Sec. 2.2. By fitting these expressions to the measured values of the
observables, we obtain the values of WCs which are consistent with the data. The corresponding
x2 is defined as

Xz(Cieff) — Z (Oth(ci) . Oexp)m (V)n_zrlz (Oth(ci) . 0exp>n

m,n=Rp,Rpx

| (RGw(C) — Ry (RE(C) — RYY)?

2 2
O—RJ/\II ORA(;
pD*th .y _ pPrexry2 D*th(c.y _ fP"expy2
+( o 1)2 T ) +(fL ( 1)2 /1 ) ’ 42)
GPr O—fL

where V = VP 4 VSM Here 0" (Cfff) are the theoretical predictions for Rp and R p+ whereas
R’Jh/q,, RX’C, PP th and fLD*’h are theoretical expressions for Ry, Ra,, PP and fLD*, respec-
tively. These expressions depend upon the new physics WCs Cy, and Cs, which in turn are
functions of h§3, h§3 and h§3 couplings. O°*" are the corresponding experimental measurements.
Ve and VM are the experimental and SM covariance matrices in the Rp, Rp+ space, respec-
tively. The matrix V7 includes the correlation in the combined experimental determination of
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h3*=0.5,My, =1.5TeV

10 region
« 20 region

10 region
« 20 region

10 region
« 20 region

o Bestfit + Bestfit 3.0 + Bestfit

4 -0.6 2.0
: -0.2 0.0 0.2 0.4 0.6 0.8 1.0 0.05 0.10 0.15

X 0.20
e hp hp?

0.25 0.30

Fig. 1. The 1o and 20 allowed parameter space are shown in orange and blue color. The region with cyan color is the
excluded region by imposing the constraint from B(B; — tv) < 30%.

Table 2
Best fit values of new physics couplings by making use of data of Rp, Rp+, Rj w. Ra,,

PP " and flf)* in the fit.

2

Best fit value(s) Xmin
SM Ci=0 28.14
sl hiy=042+0.18, h¥, = —0.06 £0.18 8.93
52 hiy=043£0.17, h% =-0.06+0.14 8.93
53 h%y=0.15£0.03, hly =2.64£0.10 1155

Rp and Rp-+. In eq. (42), ok, jus ORp.» OP, and, oy, are the uncertainties in the measurements
and theory (added in quadrature) of Rj,w, Rx,., pp “and f LD 5 respectively. The measured values
are given in Table 1.

We now consider three different scenarios by fixing one of the couplings and varying the
remaining two. These scenarios are as follows:

e SI: hf =0.5, My, = 1.5 TeV and varying h%3 & h?f.
o $2: 77 =0.5, My, = 1.5 TeV and varying h3> & h¥.
o S$3: 13 =0.5, My, = 1.5 TeV and varying h}°> & h?.

The best fit values for these three scenarios are shown in Table 2. It is evident that the SM
doesn’t provide a good fit to the data as Xiin ~ 28.14 whereas for the U; LQ model, the fit is
significantly improved as indicated by the Xéin value which is ~ 8.93 for S1 & S2 and ~11.55
for S3. The 1o and 20 allowed regions of the new physics couplings are portrayed in Fig. 1.
The region in cyan color is the parameter space which is excluded by imposing the additional
constraint of B(B, — tv) < 0.3 [55]. One can see that the entire parameter space is excluded
from B(B. — tVv) constraint for the S3 scenario.

Using the allowed values of the new physics couplings obtained in this section, in the next
subsection, we predict several observables in the decay of A, — plv for benchmark scenarios
NP(S1) with 77° = 0.69, 13 = 0.09 and NP(S2) with 43> = 0.67, h3> = 0.12 which correspond
to the maximum deviation from the SM predictions in the 1o favored new physics parameter
space.
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— SM ~
0.8 — NP(S1) 2.0 " e
N NP(S2)
+ 06
=
g% 0.4
0.2
0.0
7 :
-02 .
— SM o
0.4
-04 =) o
NpGs2) 02 \\\ NP(S2)
Ng -0.6 N; - |
: 3
: & -02
-0.8
—-0.4
- _
B 0.6
e -0.8
5 10 15 2 ’ ’ ) i
7 :
. 0.00
— SM
-0.05
—//»él)
0.2 g
— SM -0.10 e
< — NPSD || g -0
2 00 :
:’ =
: NP(S2) | & _g20
B ~0.25
-0.30
-04 -0.35
5 10 13 B ) ]5 20

Fig. 2. Predictions for various observables in A;, — plv decay. The band corresponds to the SM uncertainties. The
lines in blue and green correspond to the maximum deviation from the SM predictions in the 1o favored new physics

parameter space.

3.2. Predictions

We consider following A, — plv observables in our analysis:

LFU ratio R, defined in eq. (37)

; l
convexity parameter C, defined

in eq. (41).

differential branching ratio d B/dg?, defined in eq. (36)

longitudinal polarization of final state baryon, defined in eq. (40)
longitudinal polarization of 7, defined in eq. (40)
lepton forward-backward asymmetry A rp, defined in eq. (38)

The SM prediction of these observables along with new physics benchmark scenarios NP(S1)
and NP(S2) are illustrated in Fig. 2. From the left panel of the top figure, it is luculent that the

10
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new physics can ameliorate the branching ratio by ~ 2 times the SM prediction. Thus the current
b — c data does allows an enhancement in the branching ratio of A, — plv. This roseate feature
is also toted to the LFU ratio R(A ) as can be seen from the right panel of the top figure where
about 2 times of magnitude enhancement is allowed. Therefore A, — plv decay mode can serve
as an important channel to probe LFU violation in the b — u sector.

The predictions of the longitudinal polarization of the final state baryon as well as the t
lepton in A, — plv decay are shown in the left and right panels of Fig. 2. For ¢ < 8 GeV? & >
17 GeV?, PPL (g®) is consistent with the SM prediction whereas for 8 GeV? < ¢% < 17 GeV?,
there is marginal deviation from the SM. On the other hand, the predictions of tau polarization
are consistent with the SM value in the entire g2 region. The same is true for lepton forward
backward asymmetry and convexity parameter as can be seen from the left and right panels of
bottom figure, respectively.

4. Conclusions

In this work we anatomize new physics effects in A, — ptv decay in U; leptoquark model.
This decay mode is induced by the quark level transition » — utv. A model independent analysis
of new physics in b — utv can lead to large effects due to the fact that, as of now, we only have
one measurement in this sector. However, in the context of U; leptoquark model considered
in this work, the new physics couplings in b — utv transition can be expressed in terms of
couplings in b — ctv decay along with a suitable combinations of elements of the CKM matrix.
Therefore, one expects a strong correlations between these two sectors. Given the fact that, unlike
b — utv sector, there are measurements of a number of observables in decays induced by b —
¢tV transition, one expects that meaningful constraints on new physics parameter space can
be obtained. It would then be interesting to see whether such constraints can allow for large
enhancements in some of the observables in A, — ptv decay.

In order to obtain constraints on new physics couplings, we perform a fit to all » — ctv data.
For allowed parameter space of the couplings, we obtain predictions of the branching ratio, LFU
ratio, the longitudinal polarization of final state baryon and t lepton, lepton forward-backward
asymmetry and in the decay of A, — ptv. We find that

e The branching ratio as well as the LFU ratio can be enhanced by about 2 times over the SM
value.

e There can be a marginal deviation from the SM in the longitudinal polarization of final state
baryon for 8 GeV? < ¢2 < 17 GeV2.

e The longitudinal polarization of 7, lepton forward-backward asymmetry as well as the con-
vexity parameter is consistent with the SM.
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Appendix A

A.l. Ap — p transition form factors and helicity amplitudes

The ¢ dependence of the helicity form factors in the lattice QCD calculations are defined
as [56]:

1
fitg®) = T[a({ +af 2471, (43)
- mpole

where i = +, L, 0 and the expansion parameter is defined as

— — t —
2(q%) = Lt (44)
Viy—q>+ F
Here ty = (mp, +mp,)* and to = (mp, —mp,)*. The nominal form factor parameters af ¢ and

pole for Ap — p are taken from [56].
The decay A, — plv is considered to be through A, — pW™ and the off-shell W* decays to
[v. The helicity amplitudes for vector and axial-vector type current are defined by

4 A
Hyyow = Hy sy — Hip oy s (45)
HY sy =€ Ow) (P, 2p|Cubl Ap, Aa,) (46)
H ., =€ Ow)(p, hplyuysblAp, ha,) - (47)
Also, the helicity amplitudes for scalar and pseudo-scalar current are given by
H = (D, hpleblAp, ha,) (48)
HI = (p, hplcysblAp, An,). (49)
One can show from the parity argument or explicit calculation that HYA,,,—/\W = H/\‘;,st
A A N _ s P _ P
H—A AW H/\ o’ Hx,,,pr = H—Ap,—kNp and Hk,,,ANP = _H—Ap,—ANp‘
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The helicity amplitudes can be defined in terms of the helicity form factors as [53]:

Hy y=(+Cv, + CVR)—V%(mBI +mp,) (g%, (50)
Hi\y=(1+Cy, —CvR>—Vig<m31 —mp,)g+(¢?), (51)
HY | ==+ Cv, +Cv)v20-f1(47), (52)
Hi' ) ==(1+Cv, = Cr)V20+81(07), (53)
VO
HY =(1+Cy, + cvk)ﬁ;(mm —mg,) fo(q), (54)
HE, =0+ Cy, - cvR)—Vig(mBl T+ mag0(?), (55)
where
Q+=(mp, £mp,)* —¢°. (56)

The scalar and pseudo-scalar helicity amplitudes are defined as:

SP_ S _ P
H%’0 = H%O H%O, (57)
VO
H} = (Cs;, + Csp)————(mp, —mp,) folq™), (58)
2 np —my
r_ Jo- 2
H%,o =(Cs, — CSR)m(m& +mp,)go(q”). (59)

The helicity-dependent differential decay rates are required to compute the longitudinal po-
larization asymmetry of final state baryon and t and these decay rates are defined as

1
dr™»=2  mird, . > 2 8 (12 2 s
dq* 22[5(}]51+H%0+3H%J)]+§(H%,0+H%,])+4H%’O
8
+ﬂHl HSP
2 2

N7

1
drt* =2  mird, , ) ) 8 2
T "I (m2, +H?, 43H )]+—(H2 +H? )+4HSP
G P L R CHPE ) A

(60)

dg>  ¢?

(61)

2 2 2
L+ Hi%’()) T4H] Hié)]

SP
A %,0) (62)
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LM:_% _8 H} +H? +H* H? 6
i =5 gy iy ) ©3)
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