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ABSTRACT: We study the four-fold angular distribution of the semileptonic A, — A (—
AnT)¢~ 1y decay and find out analytical expressions for various asymmetric and angular
observables in the standard model (SM) and the relevant new physics (NP) scenarios.
Using the available inputs on the form factors from the lattice, we predict the values with
uncertainties of all these observables in the SM. We have considered NP effects only in
b — cr~ v, transitions, and constrain the Wilson coefficients of the model-independent
beyond the SM operators from the available data on B — D™)¢y, and A, — AF 0~ vy decays.
In this study, we focus on analysing the contributions to these decays in one- and two-operator
scenarios. Furthermore, we test the new physics sensitivities (one or two-operator scenarios)
of the different angular and asymmetric observables in A, — Al (— An")77 v, decays and
discuss the phenomenology. We observe that it will be possible to distinguish the different
NP effects from one another by measuring these observables.
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1 Introduction

Over the past few years, the flavour changing charged current (FCCC) decay b — ¢/~ v
(¢ = T, u, e) has been extensively studied in both experimental and theory fronts and particular
attention has been given on the exclusive semileptonic decays of B-meson [1]. The semileptonic
B — DW= or B— D®™e 1 decays are useful for the extraction of Cabibbo-Kobayashi-
Maskawa (CKM) matrix element |V| [2-10]. In addition, we define the ratios of the decay
rates R(D™) = T'(B — D™+~ 0)/T(B — D™ u~(e”)v) which are potentially sensitive to
NP interactions [3, 10-26]. In the SM, these ratios conserve the lepton flavour universality
(LFU). Therefore, the ratios R(D) and R(D*) could be useful for testing LFU violating
NP scenarios. The measurements of these ratios show discrepancies with the respective
SM estimates [1, 27-37], for a recent study see the refs. [10, 38]. Apart from R(D™)),
measurements are available on a few angular observables, like the D*- and 7-polarisation
asymmetries FP" [39] and P7(D*) [33], respectively.



The baryonic decay Ay — A~ v will provide complementary information. We can extract
|Vep| from the measurements of the rates in Ay, — A.u~ (e7)v decays. At the same time, we
could define the ratio R(A.), similar to those defined in B — D¢~ decays, which are
sensitive to the interactions beyond the SM [38, 40-52]. The Large Hadron Collider beauty
(LHCD) collaboration has produced copious amounts of Ay, which provide information on its
semileptonic decay. For instance, LHCDb has already measured the semitauonic branching
fraction and R(A.) which are given in ref. [53]. We can obtain more information as more
data will come in the subsequent runs. Hence, it is an appropriate time to study a full
4-body angular distribution for Ay — A ¢~ vy followed by A. — A, in both standard model
(SM) as well as in the presence of new physics (NP). From a complete angular analysis,
we can define many observables other than R(A.), which could be potentially sensitive to
new interactions beyond the SM. Hence, the precise predictions of those observables in the
SM are very relevant. In addition, we need to test their NP sensitivities. Furthermore, the
correlations among those observables in different NP scenarios could have distinct features, a
comparative study of which might help distinguish the effect of one NP operator from the
others. More broadly, such a study could help distinguish the effects of different NP models.

In this article, we have done an angular analysis for A, — Al (— An")¢~ 1, decay and
obtained different angular and asymmetric observables. Using the lattice inputs on the form
factors [40], we have predicted all these observables in the SM integrated over the full-¢?
region or integrated a few small ¢>-bins. Furthermore, we have tested the sensitivities of these
observables to all the beyond the SM (BSM) independent set of effective operators relevant for
b — ¢~ v transitions. For this test, we need benchmark values of the Wilson coefficient (WC)
for each BSM operator. We have obtained the values of these WCs from a simultaneous analysis
of the available data on R(D™), R(A.), FP" and the branching fraction B(Ay — A7 vy).
We have done a frequentist analysis considering one or two operator contributions at a time.
The fit results give us an estimate of the order of magnitudes of the allowed values of the
WCs. The two-operator scenarios could explain all the data quite comfortably as compared
to the one-operator scenarios. In addition, we have studied the sensitivities of the observables
to all these one- or two-operator BSM scenarios, and we have found some exciting outcomes.
Finally, we provide the predictions of all the observables in all the scenarios integrated in a
few small ¢? bins and have predicted the full ¢? integrated observables.

The paper is structured as follows. In section 2, we have discussed the formalism used
to calculate the decay amplitudes. Furthermore, in this section, we have introduced the
observables that we will obtain from the four-fold angular distribution. Section 3 has outlined
the analysis for obtaining the ¢-shapes of the form factors. In section 4, we have predicted
all the angular observables alongside R(A.) in the SM. In section 5, we have tested the NP
sensitivities of all the relevant observables. Finally, We have concluded in section 6.

2 Formalism

In this section, we will derive the expression for the full angular distribution of the differential
decay rate of A, — A} (— Ant)¢~y. The angular coefficients in this rate will be written in
terms of helicity amplitudes, which are functions of the kinematical variables and hadronic
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Figure 1. The schematic diagram of the 4-body A, — AT (— AxT)¢ 7y decay.

form factors. With explicit expressions for the angular coefficients in hands, we will define
the relevant observables for further discussion.

The four-fold differential decay rate of Ay, — AT (— Ant)¢ Dy decay, with a unpolarized
Ay, baryon, is fully parameterized in terms of the di-lepton invariant mass square, ¢2, and
the three angles as introduced in figure 1.

e 0p: the angle between the leptons and the direction to the A, baryon in the virtual
W-boson rest frame.

e 0): the angle between the A baryon and direction of the A. baryon in the A, rest frame.

e ¢: the azimuthal angle between the two decay planes spanned by W*-£ and A.-A system
in the Ay rest frame.

Towards the end of this section, we will present the four-fold decay distribution and the
related angular observables. In the following subsections, we will discuss the theory framework
to calculate the amplitude of the decay rate in the SM and in the presence of the BSM
operators in a model-independent framework.

2.1 Decay amplitude and transition matrix elements
We can write the invariant amplitude for the Ay, — AY(— Ant){~ Dy decay as
i
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In this equation, we have used the Breit-Wigner formula to define the A, propagator, and

A, is the helicity of the A. baryon. In the appendix, in eq. (A.15), we have defined the

effective Hamiltonian HeAHS:l. Furthermore, in the subsection A.2 in the appendix, we have

given the detail of the calculation of the matrix element (Am|H5=!|A.).



The effective Hamiltonian Hgf? v for the semileptonic flavor changing charged current
transition b — ¢/~ vy can be written as [18, 54, 55]
4GFEVy
V2

In the above equation, the four-Fermi operators are given by,

Hog e = [(1+ Cy;)Ov, + C, Oy, + Cs,0s, + Cs,0s, + C7Or].  (2.2)

Ov, = (eLy"br)(Cryuver), Ov, = (erY"br)(CLyuver),
Os, = (eLbr)(Lrver), Os, = (¢rbr)(Crvir),
Or = (¢ro™br)(CrowviL).- (2.3)

and G is the Fermi constant and we use o, = i[y,,7.]/2. In the above equation, we have
parametrised the WC of each BSM four-fermi operator as C;. We will obtain the effective
Hamiltonian in the SM by letting C; = 0. In practice, all the information about short-distance
physics is contained in the WCs, which are calculable within a model-dependent framework.
However, in a model-independent framework like ours, these WCs are the free parameters,
and we either have to guess benchmark values for them or extract them from the data.
We have obtained the expression for the decay amplitude of the semileptonic A, — AF ¢~ 1,
decays in the SM and beyond using the effective Hamiltonian given in eq. (2.2). In the
absence of QED corrections, we can factorize the matrix element of the semileptonic operators
into the hadronic and leptonic parts, and the amplitude can be written as a convolution of
the hadronic and leptonic tensors. Therefore, following the helicity amplitude formalism, we
can express the decay amplitude Mﬁ;c in terms of leptonic and hadronic helicity amplitudes
which is as given below
TAr
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Here, (A, \') indicate the helicity of the virtual vector boson, Ay, and A are the helicities of
the A, baryon and ¢ lepton, respectively, and ny = 1 for A = ¢ and n), = —1 for A = 0, £1.
The semileptonic decay Ay — A.fvy can be considered as two subsequent 2-body decays, such
as the decay A, — AWV*, followed by a subsequent decay of the off-shell W* — fvy. The
off-shell W* has four helicities, with two angular momentum J = 0,1 in the rest frame of
W*, namely A = +£1,0 (J = 1) and A = 0 (J = 0). It is only the off-shell W* which has
time-like polarization. To distinguish the two A = 0 states, we adopt the notation A = 0
for J =1and A =t for J = 0.!

Hadronic helicity amplitudes: in eq. (2.4), we have defined the hadronic helicity am-
plitudes as

SP S P
HY, =0 = HX, =0+ ), =0
VA _ gV A
H)‘Acv)‘ - H)\AC,A ‘HAAC,)N

HTJ\A;,

T T2
Mo = Hoy S 3

VRS U s SN (2.5)

! As the spin-0 component A=t has the property €.(t) x g, does not has effects on semileptonic decay in
the lepton massless limit.



Here, H fA =0 and H fA A= are the helicity amplitudes of the scalar and pseudoscalar quark
currents defined in eq. (2.2). The helicity amplitudes H)‘\/A aand H fA \ are associated with
the vector and axial-vector quark Currents respectively. And that for the tensor quark
LA T2,\
currents are defined in terms of H A f % and H s /<\ 5
The general expressions for these scalar, pseudoscalar, vector, axial-vector and tensor

helicity amplitudes are given as

HAAC,A 0= (Cs, + Cs,) (Ac|cb|Ay)

H,\Ac,,\ 0= (Cs, — Cs,) (A¢| cysb|Ay)
HAA 2= 1+ 0wy +Cny) €, (N) (A ev"b|Ap)
Hy\ 5= (14 Cy; = Cwy) €,(A) (M| &35 |As)

T1,A »
Hy, "W = Cr en(Nep(N) (Ac| &iotb|Ay)

T2,\ 5
Hy, W% = Cr en(Vep(X) (Ac] 0" 5b | A) . (2.6)

Here, €”(\) are the polarization vectors of the virtual vector boson.

We can express the hadronic matrix elements in the above equation in terms of the
respective Ay — A, form factors. The definitions of these hadronic matrix elements in terms
of the form factors are given in the appendix in subsection A.1. Using these definitions and
substituting eq. (2.6) in eq. (2.5), we obtain the helicity amplitudes (non-vanishing) as

VQ-

HIf 0= o) (Cs, +052) =YL (my, —ma, ) =0(a?) (Co, ~C) Y s, ),
(2.7)
H0 0= o) (Cs, +C52) 2y, =, ) +00(d) (Co,~C) (),
(2.8)
HY/Q,O=f+<q2><1+cv1+cv2>“g<mAb+mA> g+<q2><1+cv1—cv2>%<mAb—mAc>,
(2.9)
HYjy 1 =—f1(")(1+Cv, +C,)v2Q—+g.(¢°) (14+Cv, —C,)V/2Q, (2.10)
HYA, = folg ><1+cv1+cv2>*/%<mAb—mAc>—go<q2><1+cvl ovﬂjzf(mmw»
(2.11)
HnyQ,o=f+<q2><1+cv1+cv2>“g<mAb+mA >+g+<q2><1+cv1—cvﬂgm—m
(2.12)
H -1/2, flz_fi(q2)(1+CV1+CV2)\/2Qf_gL(q2)(1+CV1_CV2)V2Q+a (2'13)
HY{L}z,t—fO(qz)(1+CV1+CV2)\/\/Cij;(mAb—mAc)-i-go(qz)(l-i-CVl CVQ)\/\/Q(]j(mAb+mAC)
(2.14)



and

HY ) = =Cr| = ha(@VQ~ + he(VQy ] (2.15)
HE P = Cr[ha (V@ + i (V] (2.16)
g2 g ﬁ—h 2 JO_ W (0 \/— 5 17
+1/264+1 — T\/qu_ 1L(q°)(ma, +mpa )V Q- + hi(q”)(ma, —ma,) Q+_a (2.17)
H2 o V2 VO — 1y (g VOi|, (218
12417 Tﬁ_ 1(q7)(mp, +mp )V Q- — hi(q”)(ma, —my,) Q@+, (2.18)
H2 o VI (2 VO_ +hi (¢ JOil, (219
#7201 = ~OT 77 1(q7)(ma, +ma)VQ@— 4 hi(q ) (ma, —ma )V @+ |, (219
H2 o V22 VO —hi(q? NN 2.20
B = Cr g [ha (@) (ma, & ma) V= = hald®)(ma, = ma) V@], (220)
H{ 2 = =Cr[h (VG- +hi (VR ], (2.21)
HTl;;,/il,fl =—Cr [h+(q2)\/@ - ﬁ+(q2)\/@] (2.22)

In the above equations, f;(¢%), 9i(¢*), hj(¢?), Bj(qQ) are the hadronic form factors with
i=0,+,L1 and j = +, L, respectively, and we have defined Q+=(my, £ my,)? — ¢*.

Leptonic helicity amplitudes: The leptonic helicity amplitudes in eq. (2.4) are obtained as

LA = (g £(1 = y5) |0) = (1 = v5)vp,
L3 = 6u(N) (] 9% (1 = 5)0 0) = eu(N)aey (1 = 75)vr,
Lif)\, = —iey(N)en () (€] Cot (1 — 35)ve |0) = —iey(N) e (N)aga™ (1 — v5)vg,. (2.23)
In calculating the lepton helicity amplitudes, we work in the rest frame of the virtual vector
boson, the £ — v, dilepton rest frame. We have presented the polarisation vectors of this virtual
vector boson in eq. (A.12) in the appendix A.1.2. Furthermore, in the same appendix, we
have presented the representation of the spinor fields in eq. (A.14) defined earlier. Following

these definitions, from eq. (2.23) we have obtained the expressions of the leptonic helicity
amplitudes. For the scalar and pseudoscalar leptonic currents, we have obtained

L2 =2\ /¢v, (2.24)
L~Y2 =o. (2.25)
For the vector and axial-vector leptonic currents, the helicity amplitudes are
LE/Q = +£v2myv sin(6y), (2.26)
Larl/g = —2myv cos (6), (2.27)



L% = omyw, (2.28)
L3V = \2q20 (1 % cos(6y)), (2.29)
LY = 2\/q2v sin (60), (2.30)
L7'? =o, (2.31)
and the same for the tensor leptonic currents are obtained as
LEYE = — /220 sin(8y), (2.32)
LE/E = F1/2q¢%v sin(6y), (2.33)
LH/2 = LE/EI = _2\/(]—% cos(fy), (2.34)
Lot = Fv2mev (14 cos(6y)), (2.35)
L2 = —V2mpw (14 cos(6))), (2.36)
L;OI/2 L, 1/2 = 2myv sin(6y). (2.37)

2
In the above equations, we have defined v = /1 — %.

2.2 Angular distribution and observables

Following the geometry given in figure 1 for the decay A, — A} (— Ant)¢~ 1y we will obtain
the detail of the measurable 4-fold angular decay distribution which we can express as

diT My g
— N Z Z‘M Ap Ac
5 )\A ’>‘l
dq?d cos 0yd cos O de Ary Ao An,

(2.38)

We have obtained the above expression using the narrow width appr0x1mat10n for the Breit-

Wigner propagator. In eq. (2.4), we have defined the helicity amplitude /\/l )\ . The helicity

amplitudes A/\XC for A} — Ant decay are defined in the subsection A.2. We have obtained
the following expression for the N’

N — GE|Va|® \/Q+Q \/7'+7"— ( m%) 7

2775y, mi mA q?

(2.39)

b

with ro=(mya, & my)? — m2.

After summing over the Ay, and the respective values of Ay and following the definitions
of the helicity amplitudes Aiic given in the appendix, we expand the r.h.s. of eq. (2.38)
and obtain

d4F _247rmicN/B A A
dg?dcosfedcosfpdd N (Ag—Am)x
AA AA * Ax A * ' “
Z l./\/l b (M b) (1+OKCOSHA)+M;§Z <./\/l1b)\é> (—asinfpe'?)
27 2

AAb Ae



>\A AA * AA )\A * . _¢
M, (M) (-acosty)+a1™y, (ML) (—asingye™ )]
3
="K (q?,cosfy,cos0x,¢) (2.40)
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In eq. (2.40), we obtained the first step by summing over Ay, and Aj and the final step is
obtained after summing over A\, and Ay. The function K (q2,cos Oy, cos 5, ¢) will depend on
the helicity amplitudes defined in eq. (2.5), and the general expression of it is given by

K(q%, cos by, cosfy, p) = (K1ss sin? 0y + Kieecos® 6y + Ky, cos 6r)
+ (Kagss sin? 0y + Koo cos? 0y + Ko cos 0;) cos 05
+ (K3sc8in 0 cos Oy + K3 sin 6p) sin O cos ¢
+ (Kuascsin Op cos 0y + Kyssin 0p) sin O sin ¢ . (2.41)
In the appendix A.3, we have presented the expressions for the angular coefficients K;’s.?

After the integration over the angles 6, and ¢, we obtain from eq. (2.40) the following
two-fold differential decay rate distribution

d2r 1dr

afdeonty ~ 2ag T o Pacla) costn) (2.42)

with the A. spin polarization P,_(¢?), which we have defined as

dI‘\)\Aczl/Q/dq2 _ dFAAczfl/Q/dqQ

T7ag (2.43)

Py (¢%) =
The detailed expression of the differential rates d['*ae=+1/2 /dg? are given in the appendix A.3.
Integrating eq. (2.42) over the angle 65, we obtain the following ¢? distribution of the decay rate

dar

ek 2K155(0%) + Kice(q?). (2.44)
The measurable angular asymmetries are obtained by normalising the K;’s in eq. (2.41)
by the total rate

_ Ki(¢?)
2Klss (q2) + chc(q2)

We have defined a couple of other important observables which we have presented in

Ki(q) (2.45)

the following enumerated items:

1. The ¢? distribution of lepton-polarization asymmetry

dFAg:1/2/dq2 o drAg:—l/Q/dq2
B dr'/dq? ’

P () (2.46)

which is the difference between the ¢? distributions of the rates of the left- and right-
polarised lepton beams normalised by dI'/dg?. The expressions for %)\Fﬂ/ % are given

in the appendix A.3.

2With the given spinor and W* polarization vector, define in ref [43], we could not find the corresponding
leptonic and hadronic helicity amplitudes in ref [43].



2. We have defined the convexity parameter C%(¢?) defined by

1 d \?/ 4T
(%) = . 2.4
Cr() dl’/dq? (d(cos 0@)) (dq2dcos 91> (247)

The detail expression for C%(¢?) in terms of the helicity amplitude are given in the
appendix A.3.

3. Among the other important observables, the forward-backward asymmetry concerning
the leptonic scattering angle, normalized to the differential rate, is defined as

3 Ki.(¢*)
Abn(P) == ¢ , 2.48
"0 = 3 3R (@) + Kiael ) (249
which we can obtain from eq. (2.41), following the integration as given below
AL () = 02” do fil d(cos GA)[fOl — fgl]d(cos ) K (q?, cos Oy, cos Oy, &) (2.49)
FBL) = dT /dg? '
4. The analogous asymmetry for the baryonic scattering angle reads
1 2K555(q%) + Koee(q?)
Abe(g?) = - =2 : 2.50
FB(q ) 2 2Klss(q2) =+ chc(q2) ( )
Using eq. (2.41) we can define the above asymmetry as
o 1 1 (0 2
d d(cos 6 — d(cosOp) K (q*,cos by, cosby,
Abe (g2) = D0 ¢ [y d(cosOp)[ [y — J=, ]d(cos 04) K (g 0 A ¢). (251)

dl’/dq?

5. For Ay — A (— AnT)¢~ v decays, one could also define a combined forward-backward

asymmetry
3 Kae(¢?)
Abel(g?) == 2.52
¥ (1) = 3 3R (@) + Kol (252
which we have obtained following the integrations as given below
ety Jom A0l — 1% 1d(cos 0a) Ti(a?, cos Oy, 9)
i (€7) = T /0 : (2.53)
with
1 0
Ii(q%, cos Oy, @) = {/0 —/Jd(cos 00) K (%, cos By, cos 0y, ¢). (2.54)

Here, Iy(q?, cos 0y, ¢) is defined as the difference of the three-fold decay rates of a lepton
moving in the forward and backward regions respectively.



After reviewing the other literature, we have summarized our findings as follows:

o Note that the 4-fold decay rate distributions defined in eq. (2.40) in the NP scenarios
with vector (V), axial-vector (A), scalar (S) and pseudo-scalar (P) interactions were
studied earlier in refs. [41] and [49], respectively. However, there are some discrepancies
between the analytical expressions of these two references, particularly in the terms
proportional to sin 6. Ref. [49] observed interference terms of the type VxS and A x P
in the angular observables K3 and K45, which are missing in the corresponding terms
(defined as C*™1) of ref. [41]. Note that these contributions will be essential in the
analysis with two or more operators at a time, which we have done in this analysis. We
have independently derived the 4-fold decay distribution in the different NP scenarios
mentioned above. We provide the detailed analytical formulas in the appendix. Our
findings agree with those given in ref. [49].

e The 4-fold decay rate distributions in the presence of a tensor operator were given only
in ref. [49]. We have redone the analysis independently and our analytical formulas
agrees with those presented in [49].

o Our analytical expressions for the observables (%; and A%p(g?) are in agreement with
the result of [43] in the SM and the NP scenarios defined in eq. (2.2). Furthermore, we
have found that our results for % are in complete agreement with that result
of [42].

o In ref. [49], the authors have defined the angular distribution in terms of the transver-
sality amplitudes. They have not provided any relationship between their transversality
amplitudes and the helicity amplitudes that we are using. We have worked out those
relations and provided them in the appendix C. Following those relations, we have
reproduced 571; given in ref. [49], and it matches with ours.

We have mentioned the discrepancy between the results of the refs above [41] and [49].
Hence, it is essential to do an independent check. Also, the results for the 4-fold distribution
in the presence of a tensor current was not verified, we have also verified the results of
ref. [49]. In the following items, we will point out the other important results of our analysis
that were unavailable in the literature.

1. For the first time we have provided predictions of (%% (A% 5(d%), <A/}‘ﬁ(q2)>,
cb

(ARp(®), (Pa.(¢®), (P(¢%)) and (Ch(¢?)) in 5 small g>-bins both for ¢ =
and ¢ = 7 in the SM and in the NP scenarios given in eq. (2.2). These are the very
basic requirements for the SM test and looking for NP effects in the measurements.

2. In addition, we have predicted the observables integrated over the entire kinematically
allowed g2 regions both in the SM and in the NP scenarios, which were not available in
the literature. In the SM, those predictions for (Py_(¢?)), (PZ(AC)(qQ» were not available
in the literature. We have predicted the full ¢ integrated values for all the observables
with the respective 1o errors in all the NP scenarios. A comparison of these estimates
with future measurements will be helpful in pinpointing NP effects from those of the SM.

,10,



3. We have extracted the values of the new WCs given in eq. (2.2) from the available data
on R(D), R(D*), R(A.), B(Ay — A.7~7) and FP". This is the first time we are using
the most recent measured value of D* longitudinal polarization asymmetry by LHCDb,
which is SM consistent. We have done these fits using one operator at a time and in
the two-operator scenarios. The detailed phenomenology of each of these scenarios has
been discussed in section 5.

4. Using the results of the fits, we have obtained the correlations between different
observables mentioned earlier. In the case of NP, these correlations between the
measured and yet-to-be-measured observables give us an understanding of the expected
trend that we should observe in the measurements. This will also help to distinguish
the effect of different NP scenarios.

5. Also, we have studied the ¢? distributions of the observables in the presence of one or
two-operator scenarios to see whether or not it is possible to separate the impact of
different NP effects from one another with relatively smaller values of new WCs which
are allowed by the current data. The details are given in section 5.

6. The ¢ distributions of A% 5(q¢?), A%cé(qz) and PZ(AC)(qz) have zero-crossing points g2 (in
GeV?). We have estimated the values of g2 in the SM. These zero crossing points have
unique features for different leptons, which has been thoroughly discussed in section 4.
Also, we have studied whether or not there are shifts in the values of these zero crossing
points in different NP scenarios. Wherever necessary, we have predicted them.

3 Form factor shape

We have noted in the last section that the helicity or transversality amplitudes of the hadronic
current depend on the non-perturbative form factors and their ¢? shapes. Hence, to get
the shape of the decay rate distribution, one needs to know the shape of the corresponding
form factors in the whole ¢ region. The lattice results on the relevant form factors are
available in ref. [40]. To obtain the ¢? shapes of the form factors, in their analysis, the
lattice collaboration has used the parametrization proposed by Bourrely-Lellouch-Caprini
(BCL) [56]. The details of the relevant inputs used in the BCL parameterization can be seen
from the ref. [40], which we have incorporated into our analysis. We use their fit results
for the BCL coefficients to obtain the shapes of the form factors. Using these shapes, we
have obtained the decay rate distributions and predicted many other related observables,
which we will discuss in the following sections.

Note that the BCL expansion is a simplified series expansion. Another more general
series expansion of the form factors was proposed by Boyd, Grinstein and Lebed (BGL)
in ref. [57]. There are differences between the BCL and BGL parametrisation of the form
factors; for detail, see the discussion in ref. [56]. Given the kinematics of the A, — AT ¢~ 1
decay, one can use BGL parametrization to get the ¢ shape of the form factors. Following
the BGL, we can obtain the shape of the form factors as given below

Fi(q®) = W Za 2 (3.1)
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07 /GeV | 07/GeV | 17/GeV | 17/GeV
6.2749 6.6925 6.3290 6.7305
6.8710 7.1045 6.8975 6.7385

7.0065 7.1355
7.1435

Table 1. Pole masses used in the BGL parametrization.

observables Values
X5 (0) 19.412x1073
x&: (0) 6.204x1073
x7-(0) 5.131x10™* GeV 2
xT, (0) 3.894x107% GeV 2

Table 2. y!, ¥ values that are entering into the form factor through the outer function ¢(t).

The conformal map from ¢? to z = z[¢?;to] is given by:

_ Vit - ¢ — Iy —to
Vi — @+ Vi —to

where t+ = (my, £ my,)? and to = t+(1 — /1 —{_/ty). Here, t; is a free parameter to

i.

J

z(q2, to) (3.2)

customise the value of z. The coefficients a* are the unknown parameters which need to
be extracted from the available inputs.
In eq. (3.1), the variable z is also related to the recoil variable w (w = vp,.vp with va,

and vp being the four-velocities of the Aj and the final state baryon respectively) as

_VaFI-va
IRVTES Vo

where w is related to the momentum transferred to the dilepton system (¢?) as ¢> =

(3.3)

m%b +m2% — 2my ,mpw. The Blaschke factor P;(q?) accounts for the poles in f;(¢?) for the
subthreshold resonances with the same spin-parity as the current defining the form factors.
Mathematically, the P;(¢?) is defined as

Pi(¢?) =[] 2l¢* t), (3.4)
p
where for a single pole
2% ty) = f:;: ,with 2z, = z[t,; to]. (3.5)
P

The role of the P;(¢?) is to eliminate the poles in fi(¢?) at the resonance masses below the
threshold. Following eq. (3.2), we will get

\/(mAb +mp)? —m% — /Impy, mp
\/(mAb +mp)? —m% + /Impy, mp

(3.6)

Zp =
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Here, mp denotes the pole masses and the relevant inputs with appropriate spin are presented
in table 1. The detailed calculation of the outer functions ¢;(¢%;tg) are available in [57],
which we have presented in egs. (B.1). The numerical inputs for the perturbatively calculable
x-functions which appear in the outer functions are shown in table 2, which we have extracted
using the results in [57].

The BGL coefficients aé- satisfy the following weak unitarity constraints [57],

@)+ @<t Y () + @) <1, and, Y (af0)?<1, Y (a§0)P <L
j=0 j=0 j=0 j=0
(3.7)

In principle, by comparing the representations of the BCL and BGL expansion, one could
derive inequalities in terms of BCL coefficients. However, in the BCL parametrisation of the
form factors, imposing the unitarity bound is much more difficult. For example, one could
see the ref. [56] where such relations were derived for B — 7 form factors. We could expect
that the constraint relations, which include the BCL coefficients, will be more complex than
in eq. (3.7), the derivation of which is beyond the scope of this paper. Also, in the ref. [40]
analysis, the authors have not used any such constraint relations.

To check whether or not the unitary bounds on the BGL coefficients have any impact
on the estimated error in the shapes of the form factors, we can utilise the inequalities in
eq. (3.7) as additional information in the fit to the lattice inputs on the form factors. To do
so, we have created synthetic data points for the form factors at a few ¢ values using the
fit results and the correlations given in ref. [40]. Table 3 shows the corresponding synthetic
data points at values ¢> = 0,5,10 GeV?2. These synthetic data points and their respective
correlations are used to extract the BGL coefficients following a y? minimisation. Note that
in the BGL expansion, we have presented our results considering terms up to order j = 2.
We have checked that the current lattice inputs are insensitive to the higher order (j > 2)
BGL coefficients. The x? function is defined as

XQ _ Z (O:heory B O}Jattice)v;;l (O;heory o O}attice)_ (38)
i,J

Ogheorys are the expressions of the form factors at ¢*> = 0,5, and 10 GeV?2, respectively,

Here,
parametrized in terms of the BGL coefficients. The O%attices are the respective inputs on the
form factors given in table 3 and V;; is the covariance matrix comprising the information of
the correlation and error value of the corresponding lattice inputs. Our fit results for the BGL
coefficients are shown in table 4. Note that we have obtained a p-value of the fit around 58%,
which could be considered as a good fit. Using these fit results, we are able to reproduce the
respective shapes of all the form factors obtained in [40], which we have not shown here. All
the fits and subsequent analyses have been carried out using a Mathematica® package [58].
As an alternative approach to get the shapes of the form factors, one could see the
analysis of ref. [59]. Using the lattice results, the Ay, — A, form factors have been estimated in
the framework of heavy quark effective theory (HQET). The HQET form factors are obtained
in terms of heavy quark symmetry (HQS) functions following residual chiral expansion
(RCE)-based parametrizations at order O(a?2, as/mep, 1/ mib). The free parameters of the
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Form Factor 7> (GeV?)
0 5 10
i 0.431(49) | 0.669(34) | 1.020(32)
fo 0.431(49) | 0.625(32) | 0.902(25)
L 0.588(91) | 0.904(58) | 1.377(49)
g4 0.387(37) | 0.572(25) | 0.832(21)
g 0.387(37) | 0.607(28) | 0.936(30)
g1 0.372(39) | 0.561(26) | 0.830(21)

Table 3. Synthetic data for the A, — A. form factors generated using lattice information, BCL
parameter along with their correlations.

BGL Coeff. | Fit Results | BGL Coeff. | Fit Results
a%o 0.048(1) aOF1 0.040(2)
a},ﬂ -0.49(9) a};l -0.4(1)
ag, 0.067(2) a%, 0.8(11)
ag, -0.7(1) aly,, 0.0111(4)
a%l 0.0161(4) a}qv -0.13(2)
ag, -0.15(2) a3y, 0.3(3)
aQG1 0.10(3)
ayr, -0.024(3)
a%IA 0.03(3)

DOF 2 p-Value 0.6

Table 4. Fit results for the BGL coefficients a}* corresponding to the Ay, — A, transition form factors.
We took n = 2 for form factor BGL parameterization, exploiting the QCD constraints at zero and
large recoil.

model were extracted from the lattice inputs on the form factors and the LHCb data on the
measurement of the normalized differential spectrum (1/T) x d['(Ay — Acuv)/dg?.

4 Observables: standard model predictions

Using the g?-shapes of the form factors obtained in BCL and BGL parametrisations, we
have analysed the ¢? distributions of the decay rates and the other angular observables. In
both the parametrisations, we have obtained identical results that are difficult to distinguish.
Hence, we have not presented these distributions separately in both the parametrisations. In
figure 2, we have shown the results obtained from the analysis with the BGL parametrisation.
The respective ¢? distributions are shown for the final state lepton ¢ = 4 and 7. The bands
indicate the respective 1o error bars.

Furthermore, we have predicted the ¢? integrated decay rates and the angular observables
in the SM and in the presence of NP. We normalise each observable with the decay rate,
which is 2K745 + Kic.. This makes the observables independent of |V;|. The observables
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Figure 2. Our estimates for the differential decay distribution, forward-backward asymmetry, and
polarization observables for lepton, as well as baryon and convexity observables respectively within
BGL parameterization for a tauon (brown) and a muon (green) in the final state in the SM, and the
color bands correspond to the 68% confidence interval.

are then dependent only on the hadronic helicity amplitudes, which are parametrised by the
relevant form factors. Here, we have compared the results in both parametrisations, which
will help us understand whether or not the predictions are independent of the respective
parametrisation of the form factors. The numerical estimates in different small ¢?-bins are
presented in table 5 for the final state with a muon and in table 6 for a tauon in the final
state, respectively. Note that we have presented the ¢? integrated values in small bins. Also,
we have shown the SM predictions integrated in the full ¢® region. We have shown the SM
predictions for the rates T'(Ay — A (— Ant)¢~ 1) normalized by the CKM element |V,|2.
One can extract the respective number depending on the value of |V|. Following are a few
comments based on the ¢? distributions or the predictions of the observables in small ¢? bins.

. %: in figure 2, we have shown the ¢ dependence of the differential decay rate for
Ay — AF(— Ant)0~ Dy decay within the standard model. The differential ratio shows

2
n
@20 = (ma, —ma,)?, the differential decay rate for both the modes, p and 7 converge

a step-like behaviour for the muon mode when ¢> = m2. And at the zero recoil,

to zero because of the unavailability of the phase-space.

. A% 5(q?): at the zero recoil, the forward-backward asymmetries of the leptonic side,

A% B (¢?), approaches zero for both the leptonic modes u and 7. However, at ¢* = m?,
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Obs. ¢® Bin (in GeV?)
Parametrization
qmin._’?’ 3-5 5-7 7—-9 9— qrznax, q12nin_ - q?nax.
( r ) BCL 0.059(8) 0.053(5) 0.061(4) 0.063(4) 0.046(3) 0.281(20)
W.Z
Wl BGL 0.059(8)  0.053(5)  0.061(4)  0.062(4)  0.045(3) 0.281(20)
P P BCL 0.149(8) 0.199(15)  -0.251(11) -0.264(9) -0.189(7) table 7
App = (Arp(d®) N
BGL 0.149(7) 0.199(15)  -0.251(11) -0.264(9) -0.189(7) -
A/}%‘ _ (A%Cél(qQ)) BCL 0.060(7) -0.098(12)  -0.135(15)  -0.165(18) -0.195(21) table 7
BGL 0.060(7) 0.098(12)  -0.135(15)  -0.165(18) -0.195(21) -
(A (g 2) BCL 0.416(45) 0.400(43) 0.377(41) 0.333(36) 0.212(24) 0.387(42)
FB BGL 0.416(45) 0.400(43) 0.377(41) 0.333(36) 0.212(23) 0.387(42)
(Py(¢) BCL -0.982(8) -0.950(14)  -0.896(17)  -0.789(18) -0.495(15) -0.757(17)
= A \q
BGL -0.982(8) -0.950(14)  -0.897(17)  -0.790(18)  -0.495(15) -0.758(17)
P,EA") _ (P;&A")(qz)) BCL -0.937(3) -0.9914(2)  -0.9948(2)  -0.9965(1) -0.9975(1) -0.988(1)
BGL -0.937(2) -0.9913(3)  -0.9948(2)  -0.9965(1)  -0.9975(1) -0.988(1)
Ol = (O () BCL -0.854(10)  -0.780(45) -0.529(36)  -0.313(23) -0.107(9) -0.711(24)
= q
r r BGL -0.854(10)  -0.779(45)  -0.529(35)  -0.313(22) -0.107(8) -0.711(24)

Table 5. Bin-wise observables prediction forAy, — AT (— Ar™)uw, mode.

the asymmetry takes the value
A ()] s = 04994(1), AT ()| o2 = 0.36(1). (4.1)

Furthermore, A% 5(g?) is positive for most of the kinematic range, and zero crossing
occurs at g2 = 7.92(17)GeV2. It has a small negative value at the high ¢ region.
Whereas, Al B(qQ) is negative for all of the kinematic range and became positive at
large recoil, and zero crossing occurs at g2 = 0.48(5)GeV2.

A%‘B (¢?): both the leptonic final states (1 and 7) have identical ¢? distributions, which
we can not distinguish. This is due to the absence of any threshold effects with respect
to the dilepton invariant mass square ¢2. Hence, any deviation from the above would
exhibit large NP effects, which we will discuss later.

A%jé (¢?): for both the leptonic final states, these asymmetries have zero crossings.
For taunic mode, the zero crossing occurs at q2 = 7.01(17) GeV? whereas A?fé‘ (¢?)
has a negative value for most of the kinematic range and zero crossing occurs at

g3 = 0.45(4) GeVZ2.

Pa,(¢?): we could see that the ¢? distributions of the A, polarization asymmetries
for both the leptonic channels overlap. This longitudinal hadronic polarization is
independent of the lepton flavour (as expected). The corresponding asymmetries have
zero values near the zero recoil, while they approach -1 in the large recoil regions.

PZ(AC) (¢?): for the longitudinal lepton polarization of the charged lepton, it is found that
for muon mode, this observable has the least variation and has P,SAC)(QZ) ~ —1 almost
constant value in the whole region. Meanwhile, the behaviour in the tauonic mode
is quite different from that in the former. PT(AC)(qz) = —0.529(13) at the zero recoil,
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and PT(AC)(QQ) = 0.241(15) at the ¢ = m2, and zero crossing occurs at q3 = 4.73(13)
GeVZ2.

. Cf;((f): the convexity parameter has zero value for both the decay modes at zero recoil

point. At the large recoil range at ¢? = 0.45 GeV?, Ch(q¢?) reaches its maximum value
2
n
Whereas C’};(qQ) has a very low value throughout the ¢? region and reaches its maximum
value, —0.146(9) at ¢ = 6.45 GeV2.

—1.297(16), and due to the lepton mass effect, it becomes zero suddenly at g>=m

¢ Note that the predictions shown in tables 5 and 6, respectively, are consistent in both
the parametrisation of the form factors. In ¢?-bins, we predict the normalised decay
rates and the angular observables in both the leptonic modes with a 1o error < 10%.
Also, for most observables, the predictions obtained after integration in the full ¢?
regions have an error ~ 10% at their 1o C.I.

e Among the angular observables, we could predict, for both the lepton final states, the
A, polarization asymmetry with a 1o error < 2%.

o We obtain the muon polarization asymmetry P,SAC)(qz) with a 1o error of 0.1% while
the tauon polarization asymmetry has an error 6% at 1o.

« The ¢2 distributions of A% 5(q%) and A% (¢?) in figure 2 show that for ¢ — m?, the
corresponding values suddenly increases. This region of ¢? is close to the zero crossing of
Ah5(¢%) and A/}%‘(qz), respectively. Hence, for these observables, instead of integrating
over the full ¢? regions, we have predicted them for ¢ > ¢¢ and ¢*> < ¢ which are
shown in table 7. In the same table, we have also given the predictions A%.5(¢?) and
A/;CBT (¢?) for ¢*> > & and ¢ < ¢ where g3 are the corresponding values of ¢? at the

ZEro Crossings.

As mentioned earlier, there are a couple of other angular observables, like K3,(q?),
K35¢(q%), K2ss(¢?), Kace(q?), Koe(q?), K1s5(¢?), K1ee(q?), K1c(q?), which could be extracted
from the given angular distribution in eq. (2.41). The SM predictions of all these observables
are given in the table 11, 13.

Apart from the predictions of decay rates and angular observables, we have predicted
the ratio of the decay rates

B(Ab — ACTWT)
B(Ay — Api7,)’

R(A,) = (4.2)

In the SM, with the BGL parametrization of the form factors, our prediction is given by
R(A.) = 0.330 £ 0.010. (4.3)
which is consistent with the respective value obtained in [40] where BCL parametrization

had been used. Therefore, the unitarity relations described earlier for the BGL coefficients
have negligible impact on all the predictions. Furthermore, we have estimated the following
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Obs. ¢* bin (in GeVz)
Parametrization
qlznin._5 5-7 7-9 g'qrznax. qrznin._qrznax.
() BCL 0.0059(5)  0.024(2)  0.034(2)  0.029(2) 0.092(5)
& BGL 0.0060(5)  0.024(2)  0.034(2)  0.029(2) 0.093(5)
. o, BCL 0.272(14)  0.113(12)  -0.002(7)  -0.050(4) table 7
Afp = (AFp(¢?)
BGL 0.273(14)  0.115(12)  -0.001(7)  -0.050(4) -
ST (AT () BCL 0.108(13)  0.034(7) -0.029(5)  -0.084(10) table 7
T AN (g
Fpo ey BGL 0.109(13)  0.035(7) -0.029(5)  -0.084(10) -
N N BCL 0.403(43)  0.382(41) 0.339(37)  0.218(24)  0.344(37)
Arp = (Ar3(d%)
BGL 0.403(43)  0.383(41)  0.339(37)  0.218(24)  0.345(37)
, BCL 0.958(9)  -0.908(11) -0.804(13) -0.509(12)  -0.761(12)
Py, = (Pa.(¢7))
BGL 0.958(9)  -0.908(11) -0.804(13) -0.509(12)  -0.761(12)
PN _ (pi BCL 0.088(17)  -0.156(16) -0.336(13) -0.472(12)  -0.258(16)
BGL 0.095(17)  -0.150(16) -0.333(13) -0.471(12)  -0.254(16)
o BCL 0.060(4)  -0.141(9)  -0.125(9)  -0.053(4)  -0.096(6)
Ck = (Ck(d?))
BGL 0.069(3)  -0.140(9)  -0.125(8)  -0.053(4)  -0.096(6)

Table 6. Bin-wise observables prediction for A, — AF(— Ar™)7, mode.

Modes | ¢? Range (A% 5(4?)) <A%ﬂé(q2)>
(62 — a3 | 0.174(13) 0.075(10)
T @ | -00n -0.057(7)
(2 —ad] | 0.246(2) 0.104(11)

Nl @ —qad | om0y | -0.106(13)

Table 7. We provide predictions for the asymmetric observables, (A% (%)) and (AJ;CBL] (¢%)), on
both sides of their respective zero crossing values (qo) in 7 and p modes. Refer to the text for the
observables’ zero crossing value (go).

¢® integrated branching fractions:

1
TVl B(Ay = Ac(— Am)7ir)sm = 0.136(8),

v (4.4)
Wl B(Ap = Ac(— Am)pvy)sm = 0.413(30).

The above estimates with |V,,| = 40.3(5) x 1073 as in ref [10] and 7iFLAY = 1.471(9) ps [1]

b
are given by

B(Ap — Ao(— Am) 70, )sm = 2.21(14) x 1074
B(Ap — Ae(— Am)ui,)sm = 6.70(52) x 10~

and,
(4.5)
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5 Test of new physics with existing observations: one and two Operator
scenario

One of our important goals in this analysis is to test the new physics sensitivities of the
different observables related to A, — Af 70 decay. We need benchmark value(s) for the new
WCs defined in eq. (2.2), which will contribute to this decay. Instead of randomly choosing
the benchmarks, we can use the available inputs on the other related channels with similar
NP effects to get a reasonable estimate of the relevant WCs. As we have mentioned earlier, a
few other lepton flavor violating ratios, like R(D™) = I'(B — D®r~5)/T(B — D®{~p)
and R(J/vy) =T(B., = J/Y77v)/T' (B, — J/Yl~v) (with £~ = p~,e”) are measured by the
experimental collaborations BaBar, Belle, and LHCDb, respectively [27-37].% Following are
the respective averages estimated by HFLAV [1]

R(D) = 0.357 £ 0.029, (5.1)
R(D*) = 0.284 4 0.012. (5.2)

Based on the most recent lattice inputs, the corresponding SM predictions are given by [10]
3)
4)

At the moment, the measurements have relatively large errors, and the SM prediction of R(D*)

R(D) gy = 0.304 & 0.003, (5.
R(D*)gar = 0.258 + 0.012. (5.

has a relatively large error as compared to R(D). In the present scenario, the data deviates
from the respective SM predictions at ~ 20. Note that the measurements on R(D) and R(D*)
also have some correlation due to which there will be little more discrepancies than 20 [1].

Recently, LHCD collaboration has measured the branching fraction B(A, — A.7v) and
finds [53],

R(Ac) = 0.242 4 0.026 4 0.040 + 0.059, (5.5)

where the first uncertainty is statistical, the second one is systematic and the third is due to
some other inputs used in the analysis. In comparison to our SM prediction,

R(A)sar = 0.330 = 0.010. (5.6)

It points towards a downward shift from the SM and the data is consistent with the SM
prediction at 1.150 level.

3In the experimental analysis, the semileptonic rates or ratios like R(D™) are obtained via a fit to large
resource-intensive Monte Carlo (MC) samples, which incorporate detailed simulations of detector responses
and physics backgrounds. Therefore, the extracted parameters may be susceptible to the underlying theoretical
models used in the MC generation. All existing measurements of R(D™*) rely heavily on the MC fit template
and, hence, the underlying theory model, the SM. Usually, in the literature, the measured values of R(D(*))
are used to fit the new WCs, which in practice could introduce bias since the experimental analysis of the
template model is the SM. The Hammer software tool developed in ref. [60] enables efficient reweighting of
MC samples to arbitrary NP scenarios or to any hadronic matrix elements. In the near future, experimental
collaboration could use this tool to extract new physics WCs. Note that the probability of bias could be more
important when we look for large NP effects. However, for small NP effects, the impact may not be that high,
which could also be seen from the results of the toy analysis in [60]. As we will see later, the current data do
not allow significant NP effects.
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Note that in the measurement for R(A.), to normalize A, — A.7v decay rate, LHCb
have used B(Ay — Acuv)prrpar= 6.2(1.4)% [61]. Using this value we have obtained an
estimate for |V| which is as given below

V| = (37.9 £ 4.5) x 1073, (5.7)

This estimate has a large error and is consistent with those obtained from B — D™ (u, e)v
modes [10]. Similarly, using the measurement of the branching fraction B(Ay, — A.7v) =
(1.5 £ 0.16 £ 0.25 + 0.23)% [53], we have obtained

V| = (44.0 + 5.0) x 1073, (5.8)

Both of these estimates are consistent within their 0.91¢ uncertainties, though they have
large errors, and there is a gap of about 16% between the two best-fit values.

It is important to note that Ay — A.7v could be potentially sensitive that can contribute
beyond the SM. Many model-independent NP analysis have been performed to explain either
the deviation observed in R(D) and R(D*) [10, 13, 16, 18, 21, 23, 25] and with R(A.) [38, 44—
48, 51] along with NP effects that appears through only tauonic interaction to the theory.
However, a simultaneous explanation of these three LEUV ratios is mandatory because the
three decay modes are correlated through the same charge current interaction. Therefore, to
critically scrutinise the data compatibility in the presence of NP, we have done a combined
x? analysis using these observables.

Like R(D™), R(A.) we define R(J/v) for the B, — J/1{~ ¥ decays. Measurements are
available for R(.J/v) and the measured values are the following:

R(J/vY)|Lacey = 0.71 £0.17 £ 0.18, (5.9)
by LHCb [62] and
R(J/Y)|ems = 0.17 £0.33 (5.10)

by the CMS collaboration [63]. Note that both the measurements have large errors, and they
agree with each other at their 1.30 error. The corresponding SM prediction for comparison
is provided by [64] from the HPQCD lattice collaboration

R(J /1) = 0.258 4 0.004. (5.11)

The SM prediction is compatible with LHCb at the 1.80 level, while the measured value
by CMS is consistent with the SM predictions within their 1o error. We want to wait for
more precise data to incorporate these inputs in the analysis of NP. Another essential point
is that for this mode, the inputs on the vector form factors are available, but the inputs on
the tensor form factors are not available. Later, we will see that the contributions from the
tensor current operator will play an essential role in explaining the other available data. In
the following subsections, we will discuss the results of our analysis regarding the extraction
of new physics information from different fits to the available data.
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R(D) [1] | R(D*) [1] | correlation[1] | R(A.) [53] | B(Ay — A.7i) [53] | FP™ [39]
0.357(29) | 0.284(12) —0.37 0.242(76) 0.015(4) 0.43(7)

Table 8. Experimental data used in the y? analysis.

5.1 New physics analysis: one operator scenario

The new physics effective operators relevant to b — ¢7~ v transitions are defined in eq. (2.2).
The relevant data on B — D™~ decays suggest that the allowed new physics contributions
in b — cpu~ v transitions are negligibly small [10], which is as per the expectations. To
constrain the new WCs, we fit the available data, considering the contributions from one
operator at a time. We perform a combine analysis of R(D), R(D*), R(A.), FP" and
B(Ay, — A.Tv) observables. We have used the Heavy Flavor Averaging Group (HFLAV)
averages for R(D) and R(D*) along with their respective correlation [1]. Furthermore, we
have included the latest LHCb measurement on B(A, — A.7v), R(A.) [53] and on FP" [39].
In table 8, we have presented the data used in the fit.

We closely follow the treatment in ref [10] for the observables R(D), R(D*) and FP".
For our purposes, we have taken the analytic expressions for the observables R(D) and R(D*)
as well as F’ }? " from that reference. We provide the relevant expressions in the appendix C.1.
The respective expressions show the SM predictions with the respective 1o error as the
overall normalization. The new WCs are the only free parameters in these expressions.
In the analysis in [10], the shape of the form factors was obtained using only the lattice
inputs [65-68], and the estimated errors in SM are solely due to the form factors. In the NP
scenarios, there will be additional errors due to the uncertainties in the fitted values of the
new WCs. For Ay, — A.7~ v decay, we have obtained the shape of all the form factors relevant
in NP scenarios from lattice [40, 43]. For the analysis, we define the following x? function

2 2 2
X~ = Xobservables + Xlattices (512)
with
h X X hy\— h X
ngservables = Z [Of - Oze p] (Ve P+ vt )i,jl [03 o O]e p} (5'13)
i?j
and
X12attice _ Z(FiBCL _ Filattice)‘/i;I(FjBCL _ F]l'attice). (5.14>
i?j

We have minimized this x? function defined in eq. (5.12). Here, OfZP and Of% are the
respective measured values and the theory expressions of the observables used in the fit. The
(’);?7]. are the functions of the BCL coefficients and the WCs C}’s defined in the effective
Hamiltonian in eq. (2.2). The FPYL corresponds to the form factor expressed in terms of
BCL coefficients at respective g2 values of 4, 8, 10 GeV? and FZ»lattice are the respective lattice
inputs with the covariance matrix VJl accounts for the correlations between the form factors
at respective ¢? values. The Vze]Xp and Vztjh are, respectively, the covariance matrices of the
measured values and the theory predictions of the observables used in the fit. This covariance
matrix will take care of the measured uncertainties and their correlation. Here, the theory
correlation will be only between R(D*) and FP".
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Figure 3. The correlations between R(D), R(D*), FP" with R(A.) in various one-parameter scenarios.

The horizontal and vertical color bands indicate the respective experimental results within their 1o
CI. The correlations among the observables are represented by ellipses. We display the 1o, 20, and 3o
contour error bands around the best estimate point (shown in black) using the best-fit values from
table 9. Additionally, the SM estimate is represented by a black point, accompanied by vertical and
horizontal 1o error bars for the corresponding observables.
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Parameter One Parameter fit scenario Odev (in o)
Fit values | x7,;, /DOF | P-Value | R(D) | R(D*) | R(A.)
Re[Cs,] | 0.104(45) | 4.463/4 0.215 | 0.151 | 1.355 | 1.372
Re[Cs,] | 0.101(47) | 5.187/4 0.159 | 0.098 | 1.709 | 1.297
Re[Cy,] | 0.050(22) | 4.001/4 0.261 | 0.683 | 0.048 | 1.524
Re[Cy,] | -0.004(34) | 9.176/4 0.027 | 1.564 | 1.020 | 1.128
Re[C7r] -0.022(18) 7.903/4 0.048 1.971 | 0.343 1.385

Table 9. The simultaneous fit of the new physics WCs considers a one-operator scenario. The inputs
are R(D), R(D*), R(A.), FP", B(Ay — A.7v). Note that our fit results for the form factor parameters
are consistent with the lattice results; therefore, we refrain from presenting their fit values. These fit
consider new physics contributions solely in the 7 lepton final state. Additionally, we quantify the
tension between the predicted observables and the corresponding experimental data for each scenario,
presenting these results in units of ¢ in the last three columns.

Observables Observables Prediction (One operator scenario) Expt. Measurement
Re[Cs, ] Re[Cs,] Re[Cy;] Re[Cys] Re[CT]
R(D) 0.363(27) | 0.361(29) | 0.335(14) | 0.301(21) | 0.299(5) 0.357(29) [1]
R(D¥) 0.261(12) | 0.255(12) | 0.285(17) | 0.260(20) | 0.276(20) 0.284(12) [1]
R(Ac) 0.348(14) | 0.342(13) | 0.361(18) | 0.329(13) | 0.352(23) 0.242(76) [53]
P 0.433(3) | 0.421(3) | 0.427(9) 0.427(3) | 0.421(6) 0.430(70) [39]
P7(D*) -0.502(10) | -0.535(9) | -0.519(7) | -0.519(7) | -0.505(14) -0.38(54) [33]
P7(D) 0.433(42) | 0.431(45) | 0.324(3) 0.324(3) | 0.336(10) N.A.

Table 10. Predictions of R(D), R(D*), R(A.) and FP" using the corresponding fit results from
table 9 while considering new physics only in 7 channel.

The fit results for each one-operator scenario are listed in table 9. For each of them, we
quote the p-value to understand how probable a scenario could be to explain the current
data. It is a quantitative measure of compatibility between the hypothesis and measurement.
It is calculated using the following formula:

p-value = 1~ CDF 0.5 (X3 (5.15)

The CDF,, is the cumulative distribution function of a random variable that follows the x?
distribution with degrees of freedom n at the value of the variable x2; . Note that in all
the cases, we have allowed fit. However, the scenario with Oy, has a relatively low p-value.
To understand the reason for this observation, we predict the values of these observables in
all new physics scenarios, as presented in table 10. Additionally, we estimate the tension
between the experimental data and our new physics predictions by defining the quantity

O — ONP

\/ O 2|exp +O'2‘NP

(5.16)

Odev = ‘
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Figure 4. Correlation plots between PP" and R(A.) in one operator scenarios. The vertical
color bands indicate the experimental constraint for R(A.) within 1o confidence level, while the full
parameter space is allowed for P° " in each NP scenario. The correlations between the observables are
depicted by ellipses. We include 1o, 20, and 30 contour error bands around the best estimate point
(shown in black) based on the best-fit values provided in table 9. The SM estimate is also represented
by a black point, along with vertical and horizontal 1o error bars for the respective observables.

It is a quantitative measure of the deviation between observed data and the prediction of the
observables in the presence of NP (see table 9). One can infer from these estimates that none
of the one-operator scenarios could conveniently explain all three LFUV data simultaneously
if we take the data and the respective NP predictions within their 1o uncertainties. The
situation is even more constrained in the case of Oy,. None of the three data we could explain
within their 1o confidence interval (CI). In table 10, along with R(D), R(D*), R(A.) and FP”
we have also estimated the 7 polarisation asymmetries P™(D*) and P7(D). Measurement
is also available on P7(D*), which we have shown in the same table. We have not included
it in our analysis since the error in the measurement is too large. Also, in all the NP
scenarios, the predictions are negative and consistent with the measured value. Note that the
deviations shown in table 9 represent the deviations of each of the individual observables
with the respective data. However, as we know, all the observables will be correlated due
to similar types of new physics contributions. We have worked out these correlations in
different one-operator scenarios, which are shown in figure 3. These correlations will help
us understand the pattern of NP effects in different observables, enabling us to determine
whether these patterns follow the current data and what we can anticipate from future
measurements. Also, we have shown the correlations between the P7(D*) and R(A.) in
figure 4 in each of the one-operator scenarios. In the following items, we will analyse and
interpret the information presented in these plots.

o In all the scenarios, we can explain the data on F}’ " and P7(D*), the 1o contours are
well within the current experimental limits.

o The scenario with Oy; could explain quite comfortably both the data on R(D) and
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R(D*) even when considering their respective predictions within 1o ranges. This is not
as straightforward in other new physics scenarios when looking at predictions within
lo. However, if we increase our error margins to 3o, we can simultaneously explain the
data on R(D) and R(D*) in all the scenarios except the scenario with Orp.

 In all the scenarios, independently, we could explain a small portion (relatively higher
values) of the current experimental limit on R(A.) if we consider the respective 3o
contours. We can do it more comfortably with Or and with Oy,.

e The predictions of table 10 and the correlation plots in figure 3 and 4 suggest that
if we consider the errors within their 1o CI, none of the one operator scenarios can
explain the current data on R(D), R(D*), FP", PT(D*) and R(A.) simultaneously.
However, if we consider the 30 contours of our predictions, then only the scenarios with
the operator Og, or Oy, could explain these five data simultaneously. Again, we can
explain only a tiny portion of the current experimental limit on R(A.).

The correlation plots are also helpful for understanding how our conclusions might
change with more precise data in the near future. For example, if the future data shows only
deviations in R(D) but not in R(D*), this will indicate scalar-pseudoscalar type interactions.
On the other hand, if we see the deviations in both these measurements, a new (V £ A) type of
interaction will provide the more probable solutions. Of course, more precise measurements of
the other observables will further shed light on a particular type of new interaction in case of
deviations, which is also evident from these correlation plots. Furthermore, using the fit values
in table 9, we have estimated the values of all the other angular observables (integrated over
the full ¢?) related to Ay, — A} (— An)7~ 77, in all these one operator scenarios. We have
presented the corresponding results in table 11, which one can compare with the respective
SM predictions and with future measurements. Given the errors in the predictions, it would
be hard to distinguish the NP effects in those observables from the respective SM predictions.
To improve the situation further, we need more precise inputs from lattice.

From eq. (2.41), we see that unpolarized A baryon decay gives ten observables with
different helicity combinations. We expect that with the next runs, LHCb can measure
all these observables. In this work, we also analysed the new physics sensitivities of these
observables across the allowed ¢? regions. The corresponding results are presented in figure 5.
To make the analysis more general, in this part of the analysis we have not used the fitted
values of the WCs. Rather, we have presented the results (in figure 5) for Re(C;) = 0.1
(solid lines) and Re(C;) = —0.1 (dashed line), respectively, which is guided by the fitted
values of the new physics WCs in table 9.

4Given the errors of the fitted values of the new physics WCs in table 9, the magnitudes of these coefficients
could be as large as 0.1. Guided by this observation, we restrict the magnitudes of the new WCs to relatively
small values to generate these plots. We have not chosen large values for the new WCs to test the NP
sensitivities of the angular observables. Hence, we have presented our results while considering small NP
effects and assumed —0.1 < Re(C;) < 0.1. From the predictions and the respective ¢° distributions, one will
get an idea of the range of values of these angular and asymmetric observables for the variation of the WCs in
the range [—0.1,0.1]. If we notice deviations with relatively small values of the WCs, in that case, we could
expect a much more significant effect for larger values of the WCs and expect them to detect relatively easily.
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Observables RelCs, ] Re[Cs,] Re[Cy,] Re[Cy,) Re[Cr] SM
Kice = (K1ee(q?)) | 0.313(1) | 0.313(1) | 0.312(1) | 0.312(1) | 0.313(1) | 0.312(2)
Kigs = (Kiss(q?) | 0.343(1) | 0.344(1) | 0.344(1) | 0.344(1) | 0.344(1) | 0.344(1)
Koee = (Koee(q?)) | 0.208(22) | 0.203(22) | 0.208(22) | 0.207(23) | 0.194(25) | 0.208(22)
Kogs = (Kogs(q?)) | 0.239(26) | 0.235(26) | 0.241(26) | 0.240(26) | 0.224(28) | 0.240(26)
K3se = (K35e(¢?)) | 0.016(2) | 0.017(2) | 0.017(2) 0.017(2) | 0.016(2) | 0.017(2)

Kas = (K3s(¢?)) | 0.034(8) | 0.032(9) | 0.043(8) | 0.045(13) | 0.047(9) | 0.044(8)
AT = (AT5(¢2)) | 0.118(12) | 0.108(11) | 0.104(11) | 0.104(11) | 0.108(11) | 0.103(11)
ARem — (AReT(¢2)) | 0.028(7) | 0.024(7) | 0.019(6) | 0.018(8) | 0.014(7) | 0.018(6)
AR = (ARe(g?)) | 0.343(37) | 0.336(37) | 0.345(37) | 0.344(38) | 0.321(41) | 0.344(37)

Py, = (Py(q) | -0.758(12) | -0.741(16) | -0.763(12) | -0.760(21) | -0.705(51) | -0.761(12)
P — (PB) (g2)y | 20.187(35) | -0.207(30) | -0.257(16) | -0.260(26) | -0.260(15) | -0.258(16)

Ch = (Cp(¢?) | -0.091(6) | -0.093(6) | -0.096(6) | -0.096(6) | -0.091(7) | -0.096(6)

Table 11. Predictions for the angular observables with the fit results given in table 9 while considering
NP in the 7 lepton final state one at a time.

In the ¢? distributions of the observables, we have not shown the errors in the NP cases.
However, it is essential to check whether or not we can distinguish the contribution of NP from
that of the respective SM within the given errors. Hence, for a better understanding, we have
predicted the values of all these angular and asymmetric observables in all the one-operator
scenarios in small ¢? bins, which we have shown separately in the tables from 16 to 27 in
the appendix. We have marked in bold the predicted values that are inconsistent with their
respective SM predictions at their respective 3o error bars. All these predictions follow the
trend we could see in the respective ¢? distributions in figure 5. We note that the one-operator
scenario with O might show sizeable deviations from the respective SM predictions in a couple
of those observables. Other than operator Or, the T-polarisation asymmetry P2<(q?) also
shows sensitivity to the operators Og, and Oy,. In the bins within the range 7 < ¢ < ¢2,, (in
GeV?) the predictions for P2¢(g?) reveal distinguishable deviations from the SM predictions.

We have noted earlier that the ¢? distributions of the observables A%.5(¢?) and A%CBT (%)
have zero crossing at q% (in GeV?) in the SM. From the ¢? distributions presented in figure 5,
it is evident that, aside from the scenario Op, the other one-operator scenarios do not show
any significant shifts in the values of g3 compared to the respective SM predictions. In the
scenario O, the value of ¢* at which the AT.5(¢?) ~ 0 is given by

Ay, = 9-47(21) GeV?, (5.17)

which is 50 away from the respective SM prediction. For A%CBT(QQ), there is no one-operator
scenario that we observe has any considerable shift in the value of ¢3. This is an interesting
observation to test in the experiment. In the following subsection we will present the results
of the two-operator analysis.
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Figure 5. The ¢* dependence of the angular observables for A, — A} (— An")7¥, decay in the one
operator scenarios with C; = 0.1 (solid line) and C; = —0.1 (dashed line).

5.2 New physics analysis: two operators scenario

Many UV complete NP models have contributions in b — ¢7~ v decays [69]. Among them,
there are models that contribute to more than one effective operator, as defined in eq. (2.2).
For example, one could see the analysis in the models like minimal supersymmetric standard
model (MSSM) [70], (B-L) extension of the MSSM [71], nonminimal universal extra dimension
(NMUED) [72], two Higgs doublet model (2HDM) with or without extension [73, 74], scalar
and vector-leptoquark (LQ) model [38, 69, 75], extension with a general W' boson [76]. All
the five new operators in eq. (2.2) might get contributions in the MSSM framework discussed
in [70, 71]. Though their relative sizes may be different. The NMUED model contributes
to Cs, and Cy, while in the 2HDM there will be contributions in Cg, and Cg, via the tree
level charged Higgs effects [73]. However, in addition, if we consider the neutral components
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2 Operator Two operator scenarios fit results Odev (in 0)
Scenario WC fit results X2in/DOF | P-Value | R(D) | R(D*) | R(A.) | F}

Re[Cs,] | -2.268(207)
Cs,, Cs, 3.432/3 | 0.330 | 0.067 | 0.409 | 1.437 | 0.237
Re[Cs,] | 0.904(220)

Re[Cs,] | 0.098(46)
Cs,, Cr 3.978/3 | 0.264 | 0.038 | 0.526 | 1.494 | 0.010

Re[Cr] | -0.014(19)

Re[Cs,] | -1.255(64)
Cs,, Cr 1.553/3 | 0.670 | 0.039 | 0.391 | 0.963 | 0.278

Re[Cr] | 0.226(32)

Re[Cy,] | -0.978(32)
Cvy, Cyy 3.557/3 0.313 | 0.113 | 0.303 | 1.503 | 0.013
Re[Cy,] | 1.055(23

*

)
Cy,, Cr ; 2.827/3 0.419 0.148 | 0.466 | 1.296 | 0.006
)

Cv,, Cr 5.829/3 0.120 | 0.435 | 0.560 | 1.634 | 0.389
Re[Cr] | -0.059(28)
Re[Cs,] | 0.051(73)

Cs,, Cy, 3.534/3 0.316 | 0.102 | 0.311 | 1.498 | 0.0004
Re[Cy,] | 0.033(34)
Re[Cs,] | 0.123(48)

Cs,, Cy, 3.511/3 0.319 | 0.106 | 0.301 | 1.494 | 0.098
Re[Cy,] | -0.033(33)
Re[Cs,] | 0.045(65)

Cs,, Cy, 3.533/3 0.316 | 0.101 | 0.311 | 1.496 | 0.079
Re[Cy,] | 0.038(29)
Re[Cs,] | 0.139(54)

Cs,, Cy, 3.474/3 0.324 | 0.104 | 0.292 | 1.489 | 0.098
Re[Cys] | -0.048(36)

Table 12. Fit results for the simultaneous fitting of the new physics Wilson coefficients in a two-
operator scenario. The inputs used for the fit include R(D), R(D*), R(A.), FP" and B(Ay, — AT, ),
where we only consider new physics in the 7 final state. Additionally, we quantify the tension between
the predicted observables and the corresponding experimental data for each scenario, presenting these
results in units of ¢ in the last four columns.

of the 2HDM, which may contribute to Cy, and Cy, via loop effects [24, 77]. There are
different types of LQ models, like the scalar or vector type LQs; among them, there are
subclasses [78]. These different LQ models may contribute to different sets of operators in
eq. (2.2). For example, SU(2)-singlet scalar LQ S; contributes to Cy, and Cs,/Cr while the
SU(2)-singlet vector LQ U; contributes to Cy; and Cg,. Furthermore, a scalar LQ with the
SM quantum numbers (3,2)7/6 could contribute to Cs, and Cr. In the extension with a T’
there are contributions in Cy,; and CYy,. There may be many other models one could write to
describe multi-operator contributions in b — ¢7~r, which is beyond the scope of this paper.
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Figure 6. The plot illustrates the correlation between R(D™)), FP" PP" with R(A,.) in the
Re[Cg2, Cr] two-operator NP scenario (best-fit scenario). The horizontal and vertical color bands
represent the experimental constraints for respective observable, at a 1o confidence level. Correlations
between the observables are depicted by an ellipse. Additionally, we show the 1o, 20, and 30 contour
error bands around the best estimate point (in black) based on the best-fit values provided in table 12.
The Standard Model estimate is also indicated by a black point, accompanied by vertical and horizontal
1o error bars for the respective observables.

Obs. [Cs,,Cs,] | [Cs,,C7] | [Cs,,C7] | [Ovi,Cw] | [Ovi, C1] | [Cwy, O] | [Cs,,Cn] | [Cs,.Owal | [Cs,. Ovi] | [Cs,, Cvy) SM
Kiee = (Kiee(q®) | 0.311(2) | 0.314(1) | 0.300(2) | 0.312(1) | 0.310(3) | 0.313(1) | 0.312(1) | 0.314(1) | 0.312(1) | 0.314(1) | 0.312(2)
Kigs = (K1ss(g?) | 0.345(1) | 0.343(1) | 0.350(1) | 0.344(1) | 0.345(1) | 0.343(1) | 0.344(1) | 0.343(1) | 0.344(1) | 0.343(1) | 0.344(1)
R = (Kaee(®)) | 0.202(22) | 0.200(25) | -0.018(29) | -0.210(23) | 0.223(26) | 0.178(25) | 0.208(22) | 0.205(22) | 0.206(22) | 0.197(22) | 0.208(22)
Fooss = (Kaus(g?)) | 0.237(26) | 0.220(28) | -0.008(34) | -0.243(26) | 0.258(30) | 0.205(29) | 0.240(26) | 0.235(26) | 0.238(26) | 0.227(25) | 0.240(26)
Rise = (Kae(g®) | 0.018(2) | 0.016(2) | 0.005(4) | -0.017(2) | 0.018(3) | 0.014(3) | 0.017(2) | 0.016(2) | 0.017(2) | 0.016(2) | 0.017(2)
Ksy = (Rss(q®) | 0.131(19) | 0.036(9) | -0.01020) | 0.132(18) | 0.037(10) | 0.030(14) | 0.039(10) | 0.041(12) | 0.038(10) | 0.042(12) | 0.044(8)
Afp = (A}B(QZ» —0.303(17) | 0.119(12) | -0.081(28) | 0.377(9) 0.101(12) | 0.121(13) | 0.111(15) | 0.118(12) | 0.106(11) | 0.104(11) | 0.103(11)
AT = (AN (2)) | —0.169(18) | 0.025(9) | 0.0208) |-0.195(21) | 0.024(7) | 0.017(8) | 0.023(9) | 0.025(8) | 0.021(7) | 0.0207) | 0.018(6)
Abs, = (Abe () | 0338(37) | 0.320(41) | 0.017(49) | -0.348(38) | 0.370(43) | 0.204(42) | 0.344(37) | 0.337(37) | 0.341(37) | 0.326(36) | 0.344(37)
Py, = (P(¢%) | —0.757(22) | -0.725(49) | 0.065(109) | 0.772(18) | -0.830(51) | -0.647(62) | -0.761(12) | -0.742(21) | -0.754(18) | -0.712(27) | -0.761(12)
PO = (P (42)) | —0.218(47) | -0.196(36) | 0.008(37) | -0.244(25) | -0.245(24) | -0.214(35) | -0.224(51) | -0.196(35) | -0.236(35) | -0.220(31) | -0.258(16)
CF = (CR(g?)) | -0.102(8) | -0.088(7) | -0.151(11) | -0.098(6) | -0.106(12) | -0.091(6) | -0.004(7) | -0.088(7) | -0.095(6) | -0.089(7) | -0.096(6)

Table 13. Predictions of angular observables

different new physics in 7 channel.

with the two operator
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Following the discussion in the last subsection and the above paragraph, there is enough
motivation to look for the impact of data on the two operator scenarios. We have separately
studied the impact of the two-operator scenarios. Moreover, while analysing the contributions
to the helicity amplitudes due to the BSM operators, in several of them, we notice terms
proportional to m, which are due to the interference of (V' £ A) with either (S £ P) or
the tensor operators. We will miss these contributions and the relevant phenomenology
when analysing one-operator scenarios. Hence, studying the two-operator scenarios may be
useful in understanding the impact of these mass-dependent interference terms, which will
otherwise be missing in the one-operator scenarios. Also, for simplicity, we have considered
only the real WCs.

In table 12, we have presented the fit results for each two-operator scenario. Using these
fit results, we first predict the values of the observables used in the fit and the 7-polarisation
asymmetries P” and PP* and we have presented them in table 15 in the appendix. In all
the two-operator scenarios, we can comfortably explain the observed data on R(D(*)), F LD *
and PP*, the respective data and the predicted values are consistent within their 1o CI.
However, apart from the scenario [Og,, O], in all the other scenarios, the predicted values
of R(A.) have slight deviation with respect to the measured value. It is only the scenario
[Os,, Or] which could accommodate the data on R(A.) alongside R(D), R(D*), FP" within
their 1o uncertainties. This is also the best-fit scenario, with the largest p-value of 67%
among all others. In each of these cases, using the formula given in eq. (5.16), we have
estimated the deviations (oge,) between each NP prediction and the respective measured
values. The respective estimates of o4, are shown in the last four columns of table 12. In all
the other scenarios, the estimated o4, in R(A.) are little more than 1o, which are not large
deviations. Therefore, if we consider the predictions within their 20 CI, each of the data
independently explains the respective measured values. However, note that in the estimate of
Odev, We have not included the correlations between the observables. Like the one-operator
scenarios, we have studied the correlations between the observables in different two-operator
scenarios. We have shown such correlations between the observables in the scenario [Og,, Or|
in figure 6, which indicates that in this scenario, we can comfortably explain all the four
data used in the analysis along with P ", Furthermore, we have analysed the correlation
between these observables in all the other two operator scenarios, which we have not shown,
and noted that it is possible to simultaneously explain the data on R(A.) with R(D), FP”
and PP*, respectively if we take the 30 contours of the respective predictions. However,
while it is coming to a simultaneous explanation of R(A.) and R(D*), most scenarios fail
to do so even if we consider the 30 contours of the respective predictions. There are too
many such plots; we have not shown them here separately.

In table 13, the predictions of the full ¢? integrated asymmetric and angular observables in
Ay = A (— AnT)77 D, decays in all the two-operator scenarios are presented which we have
obtained using the fit results in table 12. Also, we have estimated the o level discrepancies
between the prediction in the NP scenarios and the SM. We present the corresponding results
in table 14, and the scenarios showing discrepancies of more than 2.50 level are pointed
in bold font. We observe discrepancies in a couple of observables only in the scenarios:
[Os,,0s,], [Os,,O0r] and [Oy;, Oy,]. In the rest of the two operator scenarios, we do not
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Deviations w.r.t. SM predictions (in o level)

Scenario | Kice | Kiss | Koce | Koss | Ksse | Kss B A%ﬂg A%CB Py, plie) Cr
[Cs,, Cs,] | 0.35 | 0.82 | 0.19 0.08 0.28 4.22 | 20.05 | 9.86 | 0.16 0.16 0.81 | 0.60
[Cs,, Cr] | 0.89 | 0.82 | 0.24 0.29 0.35 | 0.66 | 0.98 | 0.65 | 0.36 0.71 1.57 | 0.87
[Cs,, C7] | 3.33 491 | 6.21 | 5.79 2.68 1.34 | 6.12 | 0.20 | 7.34 7.53 | 8.83 | 4.39
[Cyi,Cy,] | 0.0 | 0.0 |13.13|13.14 | 12.02 | 4.47 | 19.28 | 9.75 | 18.11 | 70.86 | 0.47 | 0.24
[Cvy, Cr] | 0.55 | 0.82 | 0.44 0.45 0.28 | 055 | 0.12 | 0.65 | 0.60 1.32 0.45 | 0.74
[Cv,, Cr] | 045 [ 082 | 090 | 0.90 | 0.83 | 087 | 1.06 | 0.11 | 1.19 | 1.81 | 1.14 | 0.59
0.35 | 0.0 0.0 0.0 0.0 0.39 | 043 | 0.46 0.0 0.0 0.64 | 0.22

[ ]
[Cs,, Cyy) | 0.89 | 0.82 | 0.10 | 014 | 035 | 0.21 | 092 | 0.70 | 0.19 | 0.79 | 1.61 | 0.87
[ ]
[ ]

0.0 0. 0.06 0.05 0.0 047 | 0.19 | 0.32 | 0.08 0.32 0.57 | 0.12
0.89 | 0.82 | 0.35 | 0.36 0.35 0.14 | 0.06 | 0.22 | 0.50 1.66 1.09 | 0.76

Table 14. The discrepancies/agreement between the predictions in the NP two-operator scenarios
and in the SM. The respective NP predictions for the observables are shown in table 13, which are
obtained using the fit results of table 12.

observe any significant deviations in these observables with respect to the SM.? In the scenario
[Os,, Or], apart from A/}‘g and Ksg, all the other observables will show discrepancies for the
corresponding SM predictions. As we can see from table 13, in this scenario, the predicted
values of a couple of observables will be lower than the respective SM predictions, while in a
few, they are larger than the SM. For the scenario [Og,, Og,|, we observe sizeable deviations

% are

in Ks,, A% and A%g which is significant in A% 5. The predictions of A% 5 and A%
lower than the SM and have opposite signs, while the prediction of Ks, is larger than the
SM. In the scenario [Oy,, Oy,], apart from Kice, Kiss, CE and PT(AC) the predictions of the
rest of the observables have considerable deviations with respect the SM values. Also, in a
couple of observables, we see the predicted values are lower than and have opposite signs,
and the rest are higher than SM. Therefore, once we have precise measurements of all these
observables, a comparative study will be helpful to distinguish these three types of scenarios.

In addition, we have studied the ¢ distributions of all the asymmetric and angular
observables in the two-operator scenarios and presented them in figure 7. These distributions
might be helpful to test the NP sensitivities specific to the ¢® regions, which may be otherwise
missing in the full ¢ integrated observables. We have taken the numerical values of the WCs
from our fit results of two-operator scenarios given in table 12 and the respective correlations.
Unlike one-operator scenarios, we did not choose the benchmark values of WCs randomly here.
If we choose them randomly, the choices of the benchmark values will be more critical and
ambiguous for two-operator scenarios. For simplicity of the presentation, we have presented
the results in two-operator scenarios by directly using the fit results.

5We should note from the results of table 12 that in the scenarios [Os,, Os,], [Os,, Or] and [Ov,, Ov,],
the available data allows values of the WCs of order ~ 1. On the other hand, in the rest of the two-operator
scenarios, within the error bars, the allowed values of the WCs could be at most of order 10~*. The observation
of large effects only in the above three scenarios is partly due to the relatively large allowed values of the WCs.
Hence, we can state that our observations are associated with the current data set, and any major changes in
the data might change the allowed ranges of the WCs, hence the outcome of the analysis.
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Figure 7. The ¢® dependence of the angular observables for A, — A} (— Ar™)7~ i, decay. The
variations have been shown for different NP two parameter scenarios.

Like one-operator scenarios, also in the two-operator scenarios, we have predicted all the
observables with the respective 1o errors in small bins of ¢ which we have shown in the
appendix in the tables from 16 to 27. In those tables, we have marked (in bold font) the bins
and the scenarios in which the predicted values are either inconsistent or marginally consistent
with the SM within their respective 3¢ error bars. Like the full ¢? integrated observables,
the ¢? distributions or the bin predictions of the observables show sizeable NP effects only
for the scenarios [Og,, Os,], [Os,, Or] and [Oy;, Oy, ], respectively. Based on the results we
have mentioned above, we will point out a few important observations from the items below.

e Apart from IA{33, all the observables listed above are sensitive to the scenario [Og,, Or].
Interestingly, the ¢ integrated A%‘g are consistent with the SM. However, we can see
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from the respective distribution in figure 7 and from table 23 that the corresponding
NP predictions have discrepancies with SM in both the high and low ¢? regions. The
predicted values throughout the ¢? regions are minimal. The SM predictions are
negative in the high-¢® regions and positive in the low-¢? regions. Hence, due to a
relative cancellation, the ¢? integrated value becomes very small and consistent with
the respective NP prediction.

In the scenario [(’)52, Or], the predictions for the full ¢2 integrated observables A%¢ e
Py, Kgss, Kgcc, K5, and K, are very small and consistent with zero. However, the
respective SM predictions are either positive or negative and deviate from the NP
predictions. Though the distribution of Ksg (¢?) at the large ¢* bin shows a shift in
values from the respective SM prediction, they are consistent within their 3o error
uncertainties. The predictions for the other observables, like C’f;, K 1ee and K 1ss, are
different from zero but largely deviated from the respective SM predictions in most of
the ¢? regions.

In the scenario [Oy,, Oy,], apart from the observables Kiss, Kice, CF% and PT(AC) the
predictions of all the other observables have significant deviations from the respective
SM predictions. Furthermore, the predictions for A/}jg, Py, KQSS, Kgcc and K. 3s¢ have
opposite sign of the respective SM predictions. A comparison of these observations
with those in item-2 indicates that the effects the scenario [Oy,, Oy,] can be clearly
distinguished from the effects of the [Og,, Or].

The observables A%5(q%), A%5(¢%), A% (0%) Pa(a?), Koss(q?), Kace(q?) and Kse(g?)
are sensitive to both the scenarios [Oy;, Ov,] and [Os,, Or]. However, the respective ¢>
distributions or the bin predictions show that their effects are clearly distinguishable.

In most of the ¢? regions, the operator [Og,,Os,] have significant contributions in
Aber gr - plAe)
FB> 4FB £'7

[Os,, Or] or [Oy,, Oy,]. However, the scenarios [Og,, Or] or [Oy,, Oy,] have significant

and K3, which may be difficult to separate from the effect of either

contributions in other observables which are distinguishable from each other and from
[Os,,Os,]. Also, [Og,,Og,] contributes to fﬁss, Kice, C7 only in the low-¢? bin which
are clearly distinguishable from the contribution of [Og,, Or].

In the observable P{* C)( 2), for the scenario [Og,, Og,], We see sizeable contribution
in the low and high-¢? regions which are distinguishable from the SM. However, this
information is missing in the ¢? integrated prediction since in the high-¢?, the predicted
value is lower than the SM, and in the low-¢? regions, the prediction is higher than the
SM.

In the SM, we observe zero crossing in the ¢? distributions of AA”( %) and A%.5(q¢?). For
both these observables, in the scenarios [Oy;, Oy,] and [Og,, Os,] the ¢? distributions
do not have any zero crossing points. However, for A7 B(qz) we notice the zero crossing
point

qg’[os2,oT] =5.17(13) GeV? (5.18)
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in the scenario [Og,, Or], which is much lower than the respective SM value and
very easily detectable. In the rest of the two-operator scenarios, it would be hard to
distinguish the zero crossing points from that of the SM. This pattern will be helpful to
distinguished the impact of [Og,, Or| from the other operators.

Following the above discussions, we can argue that the information available in table 14
and the tables from 16 to 27 and in figure 7 clearly show that the effects of the two operator
scenarios are distinguishable from each other once we have measurements of all the observables
mentioned above. Also, the observed pattern of the ¢? distributions of the observables are
very different in the two-operator scenarios than those observed in the one-operator scenarios.
Hence, if we find discrepancies in a few observables, the pattern of the discrepancies will help
distinguish the effects of the one-operator scenario from those of two-operator scenarios.

Finally, we would like to comment on the observables K4S and K4SC. We can see from
the respective expressions in egs. (A.31) and (A.32) in the appendix that these observables
are sensitive to the imaginary components of the helicity amplitudes, and the complex WCs
will be the source of these imaginary components. The values of Kys and Ky will be zero if
the imaginary part of the relevant WC is zero. Also, we can obtain non-zero contributions
in both these observables only in the one operator scenarios Oy, , Oy, and Or, respectively,
with complex WCs. The contributions from the scalar or pseudoscalar operators will always
appear in combinations with the other operators. Therefore, these operators with complex
WCs in combination with vector, axial-vector and tensor operators can contribute to K45(q2)
and f(4sc(q2). In this analysis, we are not considering complex WCs; hence, we have not
presented any numerical analysis. We are leaving it for dedicated future work.

6 Summary

In this study, we have analysed the four-fold angular distribution of the semileptonic A, —
A (= ArT)p~ v and Ay — AF(— AnT)77 D decays in the SM and the presence of model-
independent BSM effective operators in b — ¢/~ transition. Considering the polarisations
of the A, baryons, we have worked out the analytical expressions for various asymmetric and
angular observables for the above cascade decays. Wherever available, we have compared
our analytical expressions with the literature. In the framework of SM, using the available
lattice inputs on the form factor shapes, we have predicted all these asymmetric and angular
observables alongside the decay rates and LFU ratio R(A.) integrated over the whole ¢?
regions and small ¢? bins. In addition, we have predicted the values g3 GeV? for which the
forward-backward asymmetries A% 5(q?), A[l}”ﬁ (¢%) and the lepton-polarisation asymmetry
PE(AC)(q2) have zero crossing in the respective ¢? distributions in the SM.

Using the available data on R(D™), FP*, B(Ay, — Af7~ ) and R(A.), we have extracted
the WCs of the BSM operators contribute to b — ¢r~v transitions. First, we have analysed
the data using the contributions of one operator at a time, and given the error bars, the
magnitudes of extracted WC could be O(10~!). Using the extracted values of the WC, we
have predicted the observables used in the fits and P7(D®)) and looked into the observable
by-observable correlations in each scenario. We have found that not all the scenarios could
comfortably explain all the data simultaneously. If we consider the predictions of the
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observables in their 30 ranges, then only the scenarios Oy, and Og,, independently, could
accommodate all the five data used in the fit. Also, we have predicted all the other observables
in A, — AF(— AnT)7~ ¥ decays in small ¢>-bins and those integrated over the entire allowed
¢? interval. In addition, we have presented the ¢ distributions of all these observables in all
the one-operator scenarios. After analysing these results, we find that most of the asymmetric
and angular observables in Ay, — A} (— AnT)7~ ¥ decays are sensitive to the contribution
from Or, it will be hard to distinguish the contributions of other one-operator scenarios from
the respective SM predictions. Here, we would like to point out that our observation is based
on the values of WCs of order O(107!). If we allow these values to be ordered one, we might
see deviations in the scenario Oy, in a couple of observables.

We repeat the exercise mentioned in the above paragraph for the scenarios where we have
considered the contributions of two operators at a time. This study is relevant since many UV
complete models exist where multiple operators may contribute to b — ¢7~ v transitions. Also,
the findings of the one-operator scenarios motivate us to look for the impacts of two-operator
scenarios. In these studies, we have found that in all the two operator scenarios, we could
explain all the data in B — D®7~ 7 decays within their 1o error bars. However, not all
these scenarios could comfortably explain R(A.) even if we take the respective predictions at
their 30 CI. It is only the scenario [Og,, Or| that could accommodate comfortably all the
measured data simultaneously even if we take the respective predictions within their 1o CI.
In the other two operator scenarios, apart from R(D*), we are able to explain all the other
data simultaneously if we take the uncertainties of our predictions at the 3o level.

We have presented the ¢? distributions of each of the angular and asymmetric observables
in Ay, = Af(— Ant)77 1 decays in all the two operator scenarios. Furthermore, in each
scenario, we have predicted these observables’ full ¢? integrated values and their values in
small ¢ bins. From the analysis of these results, we note that many of these observables show
distinguishable sensitivity to the operators [Og,, O], [Oy;, Ov,] and [Os,, Os,]. For example,
all the twelve observables which we have discussed are sensitive to [Og,, Or|. In comparison,
out of this, only eight observables are sensitive to [Oy,, Oy,]. The observables like chc,
Kiss, P
effects of [Og,, Or] are distinguishable from those of [Oy;, Oy,]. Similarly, the scenario [Og,,

and C}, are not sensitive to [Oy;, Oy,|. In the rest of the eight observables, the

Os,] have impact only on Ks,, AT.5, A%7 and PAc. In the scenario [Og,, Or], we note a
sizable shift in the value of zero crossing point g3 GeV? in the ¢? distribution of A%.5(q?).
However, in the other two scenarios, we do not observe any zero crossing points in the ¢>

cT

distributions of AT.5(¢?) and in A/I}, 7o (¢?), which is in sharp contrast with the SM. Similarly,
for [Og,, Og,] we do not observe any zero crossing point in PT(AC)(qQ), and in the other two
scenarios the shift in the zero crossing point are not distinguishable from that in the SM. In
all these observables, for the other two-operator scenarios, it would be hard to distinguish
their contributions from the SM. Furthermore, a comparison of the respective ¢ distributions
of these observables suggests that the effects of one-operator scenarios are distinguishable

from those of two-operator scenarios.
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A Helicity amplitudes and the observables

In the appendix, we provide explicit expressions for the spinors of baryons and leptons, as well
as the polarization vectors used to calculate the helicity amplitudes for the decay Ay — Alvp.
We also discuss the secondary decay Al — Ar™ and provide explicit expressions for angular
observables in the A, — A} (— Ant)ly, decay.

A.1 Transition matrix elements and kinematics

n
(Acl eyt b |Ap) = up, [fo(QZ)(mAb - mAC)Zﬁ

my, +ma, q*
+f+(q2)b627+ <p’/(b +ph — (m}, — m?\c)q2>

2m 2m
+f1(q%) (7“— prxb— Qﬁbp’jcﬂum, (A1)

m
(Acl eyt ysb|Ap) = —up, 75 lQO(QQ)(mAb + mAC)Zﬁ

mp, — Mma, q"
+g+(q2)bQ7_ (Pﬁb +7h, — (m?\b - m?\c)qz>
9 u 2ma, 4 2mp, 4 A
+9.1(q°) | V" + 0. Ph T gL PA) M (A.2)

The matrix elements of the scalar and pseudo-scalar currents can be obtained from the
vector and axial vector matrix elements using the equations of motion:
_ q _
(Acleb|Ap) = —F— (Ac[er"D|Ap)
my — Me
mAb — M

= fo(q®)

_ du _
A b|Ay) = —— (Ac| eyHys0 |A
(Aclersb|As) = B (Ao 95b )

mp, +ma
mp + Me

SUNUN,, (A.3)

my — Me

= g0(q%) SUAY5UA,, - (A.4)

In our numerical analysis, we use my = 4.18(4) GeV, m, = 1.27(3) GeV [79]. The matrix
element of the tensor current can be written in terms of four form factors hy, hy, hy, b,

P, PR, —PA,Ph,
Q+

mp, +ma, 1
+hi(q®) (bqg(qHVZ/qVW)Q (q2+

(Ac|cia"™b|Ap) =1y, [2h+(q2)

1

i w
R > (P, PA. p&m))

T - pv 2 v v
+h+(q2)<wu _a(mAb(PXCV —pr")
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—ma (P, v —PR, ")+, PR, — PR, P, ))
7 ma, —Mmy,
+hy(¢F)—5—= ((mib —mi, —q*)(V'px, —7"Ph,)

—(m3, —mi, +a*) (PR, 7Pk, ) +2(ma, —ma,) (P, PR, —pﬁ’\bp‘f\c)> ] Up, -
(A.5)

The matrix elements of the pseudo-tensor current cioc*”~sb can be obtained from the above
equation by using the identity

W5 = 500, (A.6)

0123 _

Here, we adopt ¢ = +1 for evaluating the pseudo-tensor matrix elements in this work.

A.1.1 Kinematics in Ay rest frame and baryonic spinors

To calculate the hadronic helicity amplitudes, we work in the Aj rest frame, positioning the
three-momentum of the A, along the +z direction and the three-momentum of the virtual
vector boson along the -z direction. The baryon spinors are then expressed as follows:

1 — [ X+
U‘Ab( 27pAb) = 2mAb (O ) )
_ 1 FIPA.
in, (000 = /B o, (3 o 2ael '+m'A ) (A7)

1 0

where x4+ = ( ) and y_ = ( are two-component Pauli spinors. In the A rest frame,
0 1
A

the four-momenta of Ay(py,), Ac(pa,) and q are

pxb (mAb,0,0,0) ;
P, = (Ea.,0,0,]a]) ,
¢" = (40,0,0,—[q]) . (A.8)

The polarization vectors of virtual vector boson(e) are defined in the A rest frame as follows:

* 1 *
et (t) = (QO707O7 _|q‘)7 e (0) =

Ve

= (1a],0,0,—qo), € (£1) = (0,+1,4,0)

1
V2

5

(A.9)
where,
2 2 2 2 2 2
Pl =gl = YO+O- oI ALl Vi _my, My, g A0
| Ac|_|q|_ ) Ae — I qo = . ( . )
QmAb 2mAb QmAb

— 37 —



The vectors satisfy the following orthonormality and completeness relations

E*(n)en(n) = gunr, Y €M) (1) gt = g, with  n,n' =t,4,0
n,n
(N -qu=0 with A =4,0. (A.11)
where, ¢n, = diag(+1,—1,—1,—1) and our choice of the metric tensor is

g" = diag(+1,—-1,-1,-1).

A.1.2 Kinematics in dilepton rest frame and lepton spinors

The polarization vectors of the virtual vector boson in this frame are

e'(t) = (1;0,0,0) ,
e (1) \}i (051, —4,0) |
e"(0) = (0;0,0,—1) . (A.12)

The three-momentum and energy of the ¢-lepton in this £ — v rest frame can be written as

’pf| =V q2 U2/2a

Ey = [pd +mi/ /a2, (A.13)

where, v = (/1 — 7;—2‘% The lepton spinors for py pointing in the +z direction and py, pointing
in the —z direction are

The Leptonic three momentum p, along any arbitrary direction py(6, ¢ = 0) with polar
angle 0, and azimuthal angle ¢ calculated as follow

Ur(+3,p0) = VE¢+my <cos(0g/2), sin(6y/2), Eg_LLpﬁng cos(6/2), —|+pe€ sin(94/2)> ,

ﬂz(—%,pz) =VE+my <— sin(6,/2), cos(0¢/2), ET_LLWTLM sin(6,/2), ETIJ):Z'mg cos(0£/2)> ,

Uﬂg(%?pﬂg) = @(COS(93/2) sin(6y/2) — cos(6¢/2) —Sin(eg/2))T . (A.14)

A.2 Hadronic Couplings in Aj — AnTt

In the SM the decay A} — Azt is described by the effective Hamiltonian

AGy . - - .
Hys_, = 7; ViidVus {d’Y,uPLU} (59" Prc] . (A.15)

The hadronic matrix element which determines the A, — Axm decay can be parametrized as

AGy ., . _
~ ViaVas (A, A)w* (ko) [dyuPra] (577 Pre] [A (K An.)

= Nofu(k, An) (€75 + w)ulk, Ay,)] = AV (A.16)
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with Ny = 4\% V. Vus- As a consequence of the equations of motion, only two independent

hadronic parameters appear which we have denoted as £ and w. They can be extracted from

the AT — Ant decay width and polarization measurements.

In terms of the kinematic variables introduced above, the helicity amplitudes for the

secondary decay can be written as
AE?; =Ny (/fryw— \/ﬁﬁ)cose—/\,
ATV = Ny (g + i €) sin 22 e,
A:g =Ny (—/Trw+T1-§) sin * 5 Ao
Ajg =N, (\/ﬁw—k\/?f{)cos%\.
where we abbreviate
ry = (mpy, £mp)? —m2.
The corresponding helicity contributions to the decay width can be defined as

\/7’+T )\<“) (b)
FQ()‘AC>)\AC 167m. Z )

which yield

Do(4+1/2,41/2) = (14+a cosfp) Ty,  Dao(4+1/2,-1/2) = —a sinfy Ty,

FQ(—1/2, —1/2) = (1 —acosfp) Ty, FQ(—1/2,+1/2) = —« sinGAe’id’ |

Here the A} — Ant decay width is given as

|No |2\
Ty=— Y (7“7 €7 + 7y |W|2) :

167rm§)’\
and the parity-violating decay parameter o, reads
—2relw] exp

PR E

A.3 Explicit expression for angular observables

Kio=N 2|, =11 )

1
SPx 72 SP SP 7_5 SPx ’2
+8 Re[H Hé7t70+H OH%%O HH 2~ H Hz,+1

m ,— T,—
+—L JRe|4HSE* HV +4HSP* +8 HVA* H1 2+H ) 3 HVA*+H
/q2 35,077 = 1 —5.t,0 it
T,1 T,—1 T,
- '3 VAx ) 2 VAx ) VAx 3 VAx
H_i RPLAS Hl HOHT+1 H_%’H’_IH_%’t H;H,_IH%’t
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. G2 |Vep|?
with N = SElVel g2 (1 — T;) ng B(Ae = Aw), Qe=(my, £ mn,)? — ¢* and B(A, —
9]

A7) = (1.29 + 0.05)% [7

B BGL Parametrization: outer function in HQET basis

The outer functions ¢;(z) has the form-
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Scenarios Observables/Predictions

R(D) R(D") R(A) | FP Py’ PP
Re[Cs,],Re[Cs,] | 0.354(29) 0.275(19) 0.354(19) 0.448(30) | -0.463(77) | 0.421(47)
Re[Cs,],Re[Cr] 0.355(29) 0.272(20) 0.361(24) 0.429(11) | -0.496(14) | 0.435(43)
Re[Cs,],Re[CT] 0.359(28) 0.275(18) 0.318(19) 0.407(44) | -0.076(38) | 0.196(81)
Re[Cv,],Re[CT)] 0.363(29) 0.273(20) 0.345(24) 0.430(9) | -0.532(10) | 0.306(18)
Re[Cy,], Re[Cr) | 0.339(29) 0.271(20) 0.374(27) 0.402(17) | -0.474(28) | 0.354(14)
Re[Cy,],Re[Cy,] | 0.352(29) 0.277(20) 0.360(18) 0.429(9) -0.520(7) | 0.324(3)
Re[Cs,],Re[Cy,] | 0.353(29) 0.277(20) 0.359(19) 0.430(10) | -0.511(13) | 0.378(76)
Re[Cs,],Re[Cys] | 0.353(29) 0.277(20) 0.359(18) 0.437(10) | -0.499(11) | 0.455(47)
Re[Cs,],Re[Cy,] | 0.353(29) 0.277(20) 0.359(19) 0.424(10) | -0.526(12) | 0.373(68)
Re[Cs,],Re[Cy,] | 0.353(29) 0.277(20) 0.358(18) 0.423(9) -0.539(9) | 0.472(52)

Measurement | 0.357(29) 0.284(13) 0.242(76) | 0.430(70) | -0.38(54) N.A

Table 15. Predictions of R(D), R(D*), R(A.), FP”
new physics in 7 channel.

_ ma
where, 7 = =<

Fy = (M —m)f§*
Hy = (M +m) f*
= fp

Go = (M + m)git
Hy = (M —m)g

G _ glat

Satisfy the kinematic constrain: Hx(t_) = (M —m)G1(t_

(M — m)Gy(0) = (M + m)H(0).

C Transformation: helicity basis to transversality basis

As in ref. [49

) (M +m)Fo(0) =

in the two operator scenarios considering different

is an isospin Clebsch-Gordan factor, which is 1.0 for Ay — A, transition.

(B.2)

(M —m)Hy(0),

|, the transformations are not explicitly provided for how the helicity amplitudes

are transform into transversality amplitudes, especially for the tensors which are non-trivial.

We assume the transformation follows the form:

ATo = HG +H2 G+ 2+ )
A|| 0= \}§(HT17;/31+1 + HT’l/%fO - (HlT/;/fo + HlT/;/Ell))
Aﬁjl = %(Hff//;,—l,o + Hil//22,t,—1 - (H1T/2_é/12 + H1T/2_tl/12))
AT, = %(Hipil//;—l,o + Hi—pil//22,t,—1 + (H;I/;(l)/f + H1/2 7:1/12))

— 46 —

— — — —
Q a a a
=~ w \S] —
z = =



and for the vector amplitudes the transformation looks like

1

AL,1:72( 1/21 H1/2—1) (C.5)
1
A= 7( 1/21 +HY]) 1/2, ~1) (C.6)
1 VA
AL,OZﬁ( 1/20 HZ 1/20) (C.7)
1
Ao = \[( 1/20+H—1/20) (C.8)
N
ALy = f{(Hl/Zt HZ 1/2t)+ (H1/20 HSl/ZO)} (C.9)
\F
Ay = \[{ Hyjy,+ H 1/21‘/%L (H1/20+HS1/20)} (C.10)

C.1 Theory inputs

These Analytic expressions have been taken from [10] for our NP analysis.

R(D) =(0.304%0.003) x (1+1.35C% +Cs, (2.70Cs, +1.72Cy; +1.72Cy, +1.72)

+1.35C3, +0.83C7Cy; + Cs, (1.72Cy, +1.72Cy, +1.72) +0.83C7Cy,,
+(0.49Cr +0.83)C + CF, +2.00Cy; Cy, +2.00Cy, + CF, +2.00CY,) (C.11)

R(D*) =(0.258£0.012) x (1+0.04C%, + Cs, (—0.07Cs, +0.10Cy; —0.10Cy;, +0.10)
+0.04C%, + Cs, (—0.10Cy; +0.10Cy;, —0.10) — 2.94C1Cy, +4.79C7Cy,
+(10.65CT —2.94)Cr + C, —1.79Cy, Cy, +2.00Cy, +C, — 1.79Cy,) (C.12)

FP" =(0.4274£0.009) x (27.2642.34C%, + Cs, (—4.68Cs, +6.65Cy, — 6.65Cy, +6.65)

+2.34C%, —66.82C7Cy; + Cs, (—6.65Cy; +6.65Cy;, — 6.65) +66.82C7Cy,
+C7(69.620T — 66.82) +27.26C%. — 54.52Cy, Cy, +54.52CY,
+27.26C%, —54.26C;) /(27.26+ C%, + Cs, (—2.00Cs, +2.84CY; —2.84CY;, +2.84)
+C% + O, (—2.84Cy; +2.84CYy, — 2.84) — 80.15C7Cy;, +130.72C1Cy,
+C7(290.34C7 —80.15) +27.26C%. —48.81Cy, Cy, +54.52C,
+27.26CY, —48.81Cy;) (C.13)

C.2 Observables bin predictions: SM, NP with both one and two parameter
scenario
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Scenario q? bin(in GeV?)
Observables
(Real C;’s) qZ;.-5 5-7 7-9 9- g2,
SM (Re(C;) = 0) 0.318(1) | 0.302(2) | 0.305(2) | 0.322(1)
Kiee o (0.1] 0.319(1) | 0.304(2) | 0.307(2) | 0.322(1)
. [0.1] 0.317(1) | 0.300(2) | 0.304(2) | 0.321(1)
Cs, [0.1] 0.318(1) | 0.303(2) | 0.307(2) | 0.322(1)
[0.1] 0.318(1) | 0.301(2) | 0.304(2) | 0.321(1)
Cy, [0.1] 0.318(1) | 0.302(2) | 0.305(2) | 0.322(1)
[0.1] 0.318(1) | 0.302(2) | 0.305(2) | 0.322(1)
Cr, [0.1] 0.318(1) | 0.300(2) | 0.303(2) | 0.320(1)
[-0.1] 0.318(1) | 0.304(2) | 0.308(2) | 0.323(1)
Cr [0.1] 0.316(1) | 0.204(2) | 0.294(2) | 0.314(1)
[0.1] 0.320(1) | 0.307(2) | 0.311(1) | 0.325(1)
[Cs,,Cs,] | [2.27(21), 0.90(22)] | 0.310(1) | 0.207(3) | 0.308(2) | 0.324(1)
[Cvi,Cr] | [0.08(3), 0.04(4)] | 0.317(1) | 0.299(3) | 0.302(4) | 0.320(2)
[Cv,.Cr] | [0.08(5), -0.06(3)] | 0.319(1) | 0.303(2) | 0.307(2) | 0.323(1)
[CvisCra] | [0.98(3), 1.05(2)] | 0.318(1) | 0.302(2) | 0.305(2) | 0.321(1)
[Cs,,Cwy] | [0.05(7), 0.03(3)] | 0.318(1) | 0.303(2) | 0.306(2) | 0.322(1)
[Cs,,Ch] | [0.12(5), -0.03(3)] | 0.319(9) | 0.304(2) | 0.308(2) | 0.323(1)
[Csr,Cval | [0.04(7), 0.04(3)] | 0.318(1) | 0.302(2) | 0.306(2) | 0.322(1)
[Cs,,Ca] | [0.14(5), -0.05(4)] | 0.319(1) | 0.304(2) | 0.308(2) | 0.323(1)
[Cs,.Cr] | [ 10(0) 20.01(2)] | 0.319(1) | 0.304(2) | 0.308(2) | 0.323(1)
[Csy.Cr] | [1.25(6), 0.23(3)] | 0.313(1) | 0.287(3) | 0.286(5) | 0.308(4)
Table 16. Bin prediction for K 1cc Observable.
Scenario q? bin(in GeV?)
Observables
(Real Cy’s) q2;,-5 5-7 7-9 9- g2,
SM (Re(C;) = 0) 0.25(3) | 0.23(2) | 0.20(2) | 0.13(1)
Koce o [0.1] 0.25(3) | 0.23(2) | 0.20(2) | 0.13(1)
[-0.1] 0.25(3) | 0.22(2) | 0.20(2) | 0.13(1)
o [0.1] 0.25(3) | 0.22(2) | 0.19(2) | 0.12(1)
[-0.1] 0.26(3) | 0.23(2) | 0.20(2) | 0.13(1)
cu [0.1] 0.25(3) | 0.23(2) | 0.20(2) | 0.13(1)
[-0.1] 0.25(3) | 0.23(2) | 0.20(2) | 0.13(1)
o [0.1] 0.25(3) | 0.23(2) | 0.21(2) | 0.14(2)
! [-0.1] 0.25(3) | 021(2) | 0.18(2) | 0.11(1)
o [0.1] 0.23(3) | 0.23(3) | 0.23(2) | 0.17(2)
[-0.1] 0.17(2) | 0.15(2) | 0.12(1) | 0.08(1)
[Cs,,Cs,] | [2.27(21), 0.90(22)] | 0.24(3) | 0.22(2) | 0.21(2) | 0.15(2)
[Cv.Cr] | [0.08(3), 0.04(4)] | 0.26(3) | 0.24(3) | 0.22(3) | 0.15(2)
[Cvo,Cr] | [0.08(5),-0.06(3)] | 0.22(3) | 0.19(3) | 0.17(2) | 0.11(2)
[Cv,Cwl | [:0.98(3), 1.05(2)] | -0.26(3) | -0.23(2) | -0.20(2) | -0.13(1)
[Cs,.Cv] | [0.05(7),0.03(3)] | 0.25(3) | 0.23(2) | 0.20(2) | 0.13(1)
[Cs,.Cha] | [0.12(5), -0.03(3)] | 0.25(3) | 0.22(2) | 0.19(2) | 0.12(1)
[Csy Cvi] | [0.04(7), 0.04(3)] | 0.25(3) | 0.22(2) | 0.19(2) | 0.13(1)
[Cs,. Ch] | 0.14(5), -0.05(4)] | 0.25(3) | 0.22(2) | 0.18(2) | 0.12(1)
[Cs,,Cr] | [0.10(5),-0.01(2)] | 0.25(3) | 0.22(3) | 0.19(2) | 0.12(2)
[Cs,Cr] | [1.25(6), 0.23(3)] | 0.01(4) | -0.02(3) | -0.04(3) | -0.04(2)

Table 17. Bin prediction for KQCC observable.
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Observables Scenario q? bin(in GeV?)
(Real C;’s) q2;,-5 5-7 7-9 9- g2,
SM (Re(C;) = 0) 0.3410(4) | 0.3490(10) | 0.3473(10) | 0.3392(5)
R o [0.1] 0.3407(4) | 0.3482(9) | 0.3465(9) | 0.3389(4)
[0.1) 0.3414(4) | 0.3498(10) | 0.3480(10) | 0.3395(5)
o [0.1] 0.3408(4) | 0.3485(9) | 0.3467(9) | 0.3389(4)
: [0.1] 0.3412(4) | 0.3495(10) | 0.3478(10) | 0.3395(5)
. [0.1] 0.3410(4) | 0.3490(10) | 0.3473(10) | 0.3392(5)
' [0.1] 0.3410(4) | 0.3490(10) | 0.3473(10) | 0.3392(5)
. [0.1] 0.3412(4) | 0.3499(9) | 0.3486(9) | 0.3401(5)
’ [0.1] 0.3408(4) | 0.3482(10) | 0.3461(10) | 0.3385(5)
o [0.1) 0.3422(4) | 0.3532(11) | 0.3530(10) | 0.3430(7)
[0.1] 0.3402(4) | 0.3466(8) | 0.3445(7) | 0.3377(2)
[Cs,,Cs,) | [F2:27(21), 0.90(22)] | 0.3452(7) | 0.3514(14) | 0.3459(11) | 0.3379(4)
[Cv,Cr) | [0.08(3), 0.04(4)] | 0.3414(5) | 0.3504(17) | 0.3489(21) | 0.3402(11)
[Cv,,Cr] | [0.08(5), -0.06(3)] | 0.3408(4) | 0.3483(9) | 0.3464(9) | 0.3387(4)
[Cvi, O] | [0.98(3), 1.05(2)] | 0.3411(4) | 0.3492(10) | 0.3476(10) | 0.3394(5)
[Cs,,Cwl | [0.05(7), 0.03(3)] | 0.3408(5) | 0.3487(11) | 0.3469(11) | 0.3391(5)
[Cs1, O] | [0.12(5),-0.03(3)] | 0.3405(4) | 0.3478(10) | 0.3460(11) | 0.3386(5)
[Cs,,Cui] | [0.04(7), 0.04(3)] | 0.3409(4) | 0.3488(10) | 0.3471(11) | 0.3391(5)
[Cs,,Chs] | [0.14(5), -0.05(4)] | 0.3407(4) | 0.3480(10) | 0.3460(10) | 0.3385(5)
[Cs,,Cr] | [0.10(5), -0.01(2)] | 0.3405(4) | 0.3478(11) | 0.3460(11) | 0.3386(5)
[Cs,,Cr] | [1.25(6), 0.23(3)] | 0.3436(5) | 0.3565(15) | 0.3569(23) | 0.3459(20)
Table 18. Bin prediction for K 1ss Observable.
Scenario q? bin(in GeV?)
Observables
(Real Cy’s) q2;,-5 5-7 7-9 9- g2,
SM (Re(C;) = 0) 0.28(3) | 0.27(3) | 0.24(3) | 0.15(2)
Koss Cs [0.1] 0.27(3) | 0.27(3) | 0.24(3) | 0.15(2)
! [0.1] 0.28(3) | 0.27(3) | 0.24(3) | 0.15(2)
cx 0.1] 0.27(3) | 0.26(3) | 0.23(3) | 0.15(2)
: [0.1] 0.28(3) | 0.27(3) | 0.24(3) | 0.16(2)
. 0.1] 0.28(3) | 0.27(3) | 0.24(3) | 0.15(2)
! [-0.1] 0.28(3) | 0.27(3) | 0.24(3) | 0.15(2)
c [0.1] 0.27(3) 0.27(3) 0.25(3) 0.17(2)
: [-0.1] 0.27(3) | 0.26(3) | 0.22(2) | 0.14(1)
o (0.1] 0.25(3) | 0.27(3) | 0.27(3) | 0.21(2)
[0.1] 0.18(2) | 0.17(2) | 0.15(2) | 0.09(1)
[Cs,,Cs,] | [F2.27(21), 0.90(22)] | 0.27(3) | 0.27(3) | 0.25(3) | 0.17(2)
(Cv.Crl | [0.08(3), 0.04(4)] | 0.28(3) | 0.29(3) | 0.26(3) | 0.18(3)
[Cv,, Cr] | [0.08(5), -0.06(3)] 0.24(3) 0.23(3) 0.20(3) 0.13(2)
[Cvi,Cul | [-0.98(3), 1.05(2)] | -0.28(3) | -0.27(3) | -0.24(3) | -0.16(2)
[Cs,,Cwi] | [0 Oo( , 0.03(3)] 0.27(3) 0.27(3) 0.24(3) 0.15(2)
[Cs,. Cha] | [0.12(5), -0.03(3)] | 0.27(3) | 0.26(3) | 0.23(3) | 0.15(2)
[Csy.Cvi] | [0 04( L0.04(3)] | 0.27(3) | 0.27(3) | 0.24(3) | 0.15(2)
[Csy. Cha] | 0.14(5), -0.05(4)] | 0.27(3) | 0.26(3) | 0.22(3) | 0.14(2)
[Cs,,Cr] | [0.10( o), -0.01(2)] 0.27(3) 0.26(3) 0.23(3) 0.14(2)
[Cs, Cr] | [-1.25(6), 0.23(3)] | 0.01(4) | -0.01(4) | -0.03(3) | -0.03(3)

Table 19. Bin prediction for Rgss observable.
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Observables Scenario q? bin(in GeV?)

(Real C;’s) qZ,-5 5-7 7-9 9- g2,

SM (Re(Cy) = 0) 0.007(1) | 0.0193) | 0.026(3) | 0.021(2)

K, co [0.1] 0.005(7) | 0.017(7) | 0.050(8) | 0.096(11)
[0.1] 0.003(8) | 0.0203) | 0.074(10) | 0.132(15)

c., [0.1] 20.007(7) | 0.015(7) | 0.048(8) | 0.005(11)
[0.1] 0.006(8) | 0.035(8) | 0.075(10) | 0.133(15)

‘. [0.1] 20.001(8) | 0.025(8) | 0.061(9) | 0.114(13)

[0.1] 20.001(8) | 0.025(8) | 0.061(9) | 0.114(1)

‘o [0.1] 20.024(7) | -0.007(7) | 0.026(7) | 0.083(10)
[0.1] 0.024(8) | 0.056(9) | 0.094(12) | 0.140(15)

o [0.1] 20.017(7) | 0.003(7) | 0.043(8) | 0.027(3)
[-0.1] 0.020(7) | 0.044(8) | 0.073(9) | 0.107(12)
[Cs,,Cs,] | [2.27( 21) 0.90(22)] | 0.049(17) | 0.098(19) | 0.145(20) | 0.208(23)
[Cvi,Cr] | [0.08(3), 0.04(4)] | -0.008(10) | 0.017(11) | 0.056(11) | 0.116(14)
[Cry.Cr] | [0.08(5), -0.06(3)] | -0.007(10) | 0.013(13) | 0.044(16) | 0.087(19)
[Cw.Cwl | 0. 98( ,1.05(2)] | 0.070(14) | 0.107(17) | 0.157(20) | 0.230(25)
[Cs,.Cvi] | 10.05(7), 0.03(3)) | -0.003(8) | 0.021(9) | 0.055(12) | 0.105(18)
[Cs,.Cv) | [0.12(5), 0.03(3)] | 0.002(10) | 0.025(12) | 0.057(13) | 0.101(15)
[Cs,,Cvi] | 10.04(7), 0.043)) | -0.004(8) | 0.020(10) | 0.055(12) | 0.105(17)
[Cs,.Chy] | [0.14(5), 20.05(4)] | 0.001(10) | 0.026(12) | 0.058(13) | 0.101(15)
[Cs,,C7] | [0.10(5), -0.01(2)] | -0.003(8) | 0.020(9) | 0.051(10) | 0.095(14)
[Cs,,Cr] | [1.25(6), 0.23(3)] | -0.008(11) | -0.009(17) | -0.010(27) | -0.018(46)

Table 20. Bin prediction for f(gs observable.

Scenario q2 bin(in GeV?)
Observables

(Real Cy’s) qZi,-5 5-7 7-9 9- g2,

SM (Re(C;) = 0) 0.007(1) | 0.019(3) | 0.026(3) | 0.021(3)

Riee s [0.1] 0.006(1) | 0.018(3) | 0.025(3) | 0.020(2)
' [0.1] 0.007(1) | 0.020(3) | 0.028(4) | 0.022(3)

c [0.1] 0.006(1) | 0.019(3) | 0.025(3) | 0.020(2)
[0.1] 0.007(1) | 0.020(3) | 0.027(4) | 0.022(3)

. 0.1] 0.007(1) | 0.019(3) | 0.026(3) | 0.021(3)
[0.1] 0.007(1) | 0.019(3) | 0.026(3) | 0.021(3)

o, [0.1] 0.007(1) | 0.020(3) | 0.028(4) | 0.024(3)
[0.1] 0.006(1) | 0.018(3) | 0.024(3) | 0.019(2)

o [0.1] 0.006(1) | 0.019(3) | 0.029(4) | 0.027(3)
[0.1] 0.005(1) | 0.012(2) | 0.016(2) | 0.012(2)

[Cs,,Cs,] | [-227(21), 0.90(22)] | 0.010(2) | 0.022(4) | 0.024(3) | 0.016(2)
[Cv,,C7] | [0.08(3), 0.04(4)] | 0.007(1) | 0.020(3) | 0.020(4) | 0.024(4)
[Cyy, Cr] | 0.08(5 ) 0.06(3)] | 0.006(1) | 0.016(3) | 0.022(4) | 0.017(3)
[Cvi.Cal | [0.98(3), 1.05(2)] | -0.007(1) | -0.019(3) | -0.027(3) | -0.022(3)
[Cs,,Cuil [0.00(7) 0.03(3)] | 0.006(1) | 0.019(3) | 0.026(3) | 0.021(3)
[Cs,,Crs] | [0.12(5), -0.03(3)] | 0.006(1) | 0.018(3) | 0.024(3) | 0.019(3)
[Cs,,Cu] | [0.04(7), 0.04(3)] | 0.007(1) | 0.019(3) | 0.026(3) | 0.021(3)
[Cs,,Cral | [0.14(5), 0.05(4)] | 0.006(1) | 0.018(3) | 0.024(3) | 0.019(3)
[Cs,.Cr] | [0.10(5), -0.01(2)] | 0.006(1) | 0.018(3) | 0.024(3) | 0.019(3)
[Cs,,Cr] | [1.25(6), 0.23(3)] | 0.002(2) | 0.006(5) | 0.009(6) | 0.009(5)

Table 21. Bin prediction for Kgsc observable.
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Scenario g2 bin(in GeV?)
Observables
(Real C;’s) q?..-5 5-7 7-9 9- g2,
SM (Re(C;) = 0) 0.40(4) | 0.38(4) | 0.34(4) | 0.22(2)
Abs, Cs [0.1] 0.40(4) | 0.38(4) | 0.34(4) | 0.22(2)
! [-0.1] 0.40(4) | 0.38(4) | 0.34(4) | 0.22(2)
o [0.1] 0.40(4) | 0.37(4) | 0.33(4) | 0.21(2)
[-0.1] 0.41(4) | 0.39(4) | 0.34(4) | 0.22(2)
cn [0.1] 0.40(4) | 0.38(4) | 0.34(4) | 0.22(2)
[-0.1] 0.40(4) | 0.38(4) | 0.34(4) | 0.22(2)
o [0.1] 040(4) | 0.39(4) | 0.36(4) | 0.24(3)
! [-0.1] 0.39(4) | 0.36(4) | 0.31(3) | 0.19(2)
o [0.1] 0.37(4) | 0.39(4) | 0.39(4) | 0.29(3)
[-0.1] 0.27(3) | 0.25(3) | 0.21(2) | 0.13(1)
[Cs,,Cs,] | [2.27(21), 0.90(22)] | 0.40(4) | 0.38(4) | 0.35(4) | 0.24(3)
[Cv.Cr] | [0.08(3), 0.04(4)] | 041(4) | 040(5) | 0.37(5) | 0.25(4)
[Cv,,Cr] | [0.08(5),-0.06(3)] | 0.35(5) | 0.33(5) | 0.29(4) | 0.18(3)
[Cv,,Cw) | [-0.98(3), 1.05(2)] | -0.40(4) | -0.38(4) | -0.34(4) | -0.22(3)
[Cs,,Cvi] | [0.05(7), 0.03(3)] | 0.40(4) | 0.38(4) | 0.34(4) | 0.22(2)
[Cs,.Cha] | [0.12(5), -0.03(3)] | 0.40(4) | 0.38(4) | 0.33(4) | 0.21(2)
[Csy,Cri] | [0.04(7), 0.04(3)] | 0.40(4) | 0.38(4) | 0.34(4) | 0.21(2)
[Csy Ch] | 0.14(5), -0.05(4)] | 0.39(4) | 0.37(4) | 0.32(4) | 0.20(2)
[Cs,,Cr] | [0.10(5), -0.01(2)] | 0.39(5) | 0.37(4) | 0.32(4) | 0.20(3)
[Cs,.Cr] | [1.25(6), 0.23(3)] | 0.01(6) | -0.02(5) | -0.05(5) | -0.05(4)
Table 22. Bin prediction for A/}CB observable.
Scenario q? bin(in GeV?)
Observables
(Real C;’s) a2in-5 5-7 7-9 9- Q2
SM (Re(C;) = 0) 0.11(1) 0.03(1) -0.03(1) | -0.08(1)
A;jg s [0.1] 0.11(1) 0.04(1) 0.02(1) -0.07(1)
' [-0.1] 0.10(1) 0.02(1) 0.04(1) | -0.10(1)
Cs [0.1] 0.11(1) 0.04(1) 0.02(1) -0.07(1)
: [0.1] 0.11(1) | 0.03(1) | -0.04(1) | -0.10(1)
. [0.1] 0.11(1) | 0.03(1) | -0.03(1) | -0.08(1)
! [-0.1] 0.11(1) | 0.03(1) | -0.03(1) | -0.08(1)
. [0.1] 0.11(1) | 0.04(1) |-0.016(4) | -0.07(1)
: [-0.1] 0.10(1) | 0.02(1) | -0.04(1) | -0.10(1)
o [0.1] 0.10(1) | 0.03(1) | -0.03(1) | -0.10(1)
[-0.1] 0.06(1) | 0.004(6) | -0.04(1) | -0.08(1)
[Cs,,Cs,] | [2.27(21), 0.90(22)] | -0.11(2) | -0.18(2) | -0.19(2) | -0.19(2)
[Cv.Cr] | [0.08(3), 0.04(4)] | 0.11(1) | 0.04(1) | -0.03(1) | -0.09(1)
[C,.Cr] | [0.08(5), -0.06(3)] | 0.09(2) | 0.03(1) | -0.02(1) | -0.07(1)
[Cvi.Chy) | [-0.98(3), 1.05(2)] | -0.20(2) | -0.19(2) | -0.19(2) | -0.20(2)
[Cs,,Cyi] | [0.05(7), 0.03(3)] | 0.11(1) | 0.04(1) | -0.02(1) | -0.08(1)
[Cs,.Ch] | [0.12(5), -0.03(3)] | 0.11(1) | 0.04(1) | -0.02(1) | -0.07(1)
[Csy,Cvi] | [0.04(7),0.04(3)] | 0.11(1) | 0.04(1) | -0.02(1) | -0.08(1)
[Cs, Ch] | 0.14(5), -0.05(4)] | 0.11(1) | 0.03(1) | -0.02(1) | -0.07(1)
[Cs,,Cr] | [0.10(5),-0.01(2)] | 0.11(1) | 0.04(1) | -0.02(1) | -0.07(1)
[Cs,.Cr] | [1.25(6), 0.23(3)] | 0.02(2) | 0.02(1) | 0.02(1) | 0.02(3)
Table 23. Bin prediction for A%‘g observable.
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Scenario q2 bin(in GeV?)
Observables
(Real C;’s) q?,,-5 5-7 7-9 9- g2,
SM (Re(C;) = 0) 0.272(14) | 0.113(12) | -0.002(7) | -0.050(4)
ATy e 0.1] 0.280(13) | 0.129(11) | 0.0178(71) | -0.035(4)
! [=0.1] 0.262(14) | 0.094(12) | -0.024(7) | -0.067(4)
. [0.1] 0.273(14) | 0.118(12) | 0.006(7) | -0.043(4)
[~0.1] 0.269(14) | 0.107(12) | -0.011(7) | -0.058(4)
o [0.1] 0.272(14) | 0.113(12) | -0.002(7) | -0.050(4)
[-0.1] 0.272(14) | 0.113(12) | -0.002(7) | -0.050(4)
o (0.1] 0.283(14) | 0.125(12) | 0.005(8) | -0.052(4)
: [=0.1] 0.265(14) | 0.107(11) | -0.002(7) | -0.044(3)
c 0.1] 0.285(17) | 0.113(15) | -0.028(10) | -0.098(5)
[—0.1] 0.287(14) | 0.147(11) | 0.047(7) | -0.006(3)
[Cs,,Cs,) | [-2:27(21), 0.90(22)] | -0.231(38) | -0.384(16) | -0.367(9) | -0.237(11)
[Cvi.Cr] | [0.08(3), 0.04(4)] | 0.273(15) | 0.108(13) | -0.016(14) | -0.068(17)
[Ch,. Crl | [0.08(5),-0.06(3)] | 0.284(15) | 0.133(15) | 0.024(13) | -0.028(10)
[Cvi,Ca) | [0.98(3), 1.05(2)] | 0.459(5) | 0.408(8) | 0.357(10) | 0.235(10)
[Cs,.Cwl | [0.05(7), 0.03(3)] | 0.277(15) | 0.121(16) | 0.008(16) | -0.043(12)
[Cs,.Ch] | [0.12(5), -0.03(3)] | 0.280(14) | 0.130(13) | 0.021(11) | -0.031(8)
[Cs,Cvil | [0.04(7), 0.04(3)] | 0.273(14) | 0.115(12) | 0.001(9) | -0.047(6)
[Csy.Cwal | [0.14(5), 0.05(4)] | 0.27014) | 0.11511) | 0.007(7) | -0.039(5)
[Cs,,Cr] | [0.10(5),-0.01(2)] | 0.281(13) | 0.132(13) | 0.023(12) | -0.030(10)
[Cs,,Cr] | [1.25(6), 0.23(3)] | 0.162(30) | -0.094(29) | -0.300(14) | -0.364(23)
Table 24. Bin prediction for A% 5 observable.
Scenario q? bin(in GeV?)
Observables
(Real C;’s) a?.-5 5-7 7-9 9- g2,
SM (Re(C;) = 0) 20.069(3) | -0.141(9) | -0.125(9) | -0.053(4)
ch O, [0.1] 0.066(3) | -0.134(8) | -0.118(8) | -0.050(4)
[-0.1] 0.072(4) | -0.149(9) | -0.132(9) | -0.056(4)
c, [0.1] 0.067(3) | -0.137(8) | -0.120(8) | -0.050(4)
[~0.1] 0.071(4) | -0.145(9) | -0.130(9) | -0.055(4)
. [0.1] 0.069(3) | -0.141(9) | -0.125(9) | -0.053(4)
! [-0.1] 0.069(3) | -0.141(9) | -0.125(9) | -0.053(4)
c [0.1] 0.071(3) | -0.149(8) | -0.137(8) | -0.061(4)
: [-0.1] 0.067(4) | -0.134(9) | -0.115(9) | -0.046(4)
o [0.1] -0.080(4) | -0.179(10) | -0.177(11) | -0.087(6)
[=0.1] 20.061(3) | -0.119(7) | -0.100(7) | -0.039(3)
[Cs,,Csy) | [-2.27( 21) 0.90(22)] | -0.107(7) | -0.163(13) | -0.113(9) | -0.041(3)
[Cv.Cr] | [0.08(3), 0.04(4)] | -0.073(5) | -0.153(15) | -0.140(19) | -0.062(11)
[Cvo.Cr] | [0.08(5), -0.06(3)] | -0.067(3) | -0.134(8) | -0.117(8) | -0.049(4)
[C,. Cv) | [0.98(3 ) 1.05(2)] | -0.070(3) | -0.143(9) | -0.128(9) | -0.055(5)
[Cs,.Cu] | [0.05(7), 0.03(3)] | -0.068(4) | -0.138(10) |-0.122(10) | -0.052(5)
[Cs,.Cy] | [0.12(5), 0.03(3)] | -0.065(4) | -0.130(9) |-0.114(10) | -0.047(5)
[Cs,.Cri] | [0.04(7), 0.04(3)] | -0.068(4) | -0.140(9) | -0.124(9) | -0.052(4)
[Cs,.Chy] | [0.14(5), 0.05(4)] | -0.066(4) | -0.132(9) |-0.114(10) | -0.047(5)
[Cs,,C7] | [0.10(5), -0.01(2)] | -0.065(4) | -0.131(10) |-0.114(10) | -0.048(5)
[Cs,, Cr] | [-1.25(6), 0.23(3)] | -0.092(5) | -0.209(14) | -0.212(21) | -0.113(18)

Table 25. Bin prediction for C', observable.
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Scenario q? bin(in GeV?)
Observables

(Real C;’s) qZ;,-5 5-7 7-9 9- g2,
SM (Re(C;) = 0) 20.96(1) | -0.91(1) | -0.80(1) | -0.51(1)
Py, o [0.1] 20.96(1) | -0.90(1) | -0.80(1) | -0.51(1)
o [0.1] 20.96(1) | -0.91(1) | -0.81(1) | -0.51(1)
o [0.1] 20.95(1) | -0.89(1) | -0.78(1) | -0.49(1)
’ [0.1] 20.97(1) | -0.92(1) | -0.82(1) | -0.52(1)
o [0.1] 20.96(1) | -0.91(1) | -0.80(1) | -0.51(1)
' [0.1] 20.96(1) | -0.91(1) | -0.80(1) | -0.51(1)
o (0.1] 20.95(1) | -0.92(1) | -0.85(1) | -0.57(1)
: [0.1] 20.03(1) | -0.86(2) | -0.74(2) | -0.45(1)
o (0.1] 0.88(3) | -0.92(2) | -0.92(1) | -0.69(1)
[0.1] -0.64(3) | -0.59(3) | -0.50(2) | -0.30(1)
[Cs,.Csy] | [F2.27(21), 0.90(22)] | -0.94(2) | -0.91(2) | -0.84(2) | -0.57(4)
[Cvi,Cr] | [0.08(3),0.04(4)] | -0.99(1) | -0.96(3) | -0.88(6) | -0.58(7)
[Cio,Cr] | [0.08(5),-0.06(3)] | -0.83(8) | -0.78(7) | -0.68(6) | -0.43(4)
[Cvi, O] | [-0.98(3), 1.05(2)] | 0.96(1) | 0.91(1) | 0.82(2) | 0.52(2)
[Cs,,Cvi] | [0.05(7),0.03(3)] | -0.96(1) | -0.91(1) | -0.80(1) | -0.51(1)
[Cs,,Cv] | [012(5),-0.03(3)] | -0.95(1) | -0.89(2) | -0.78(2) | -0.49(2)
[Cs,,Cvi] | [0.04(7), 0.04(3)] | -0.95(1) | -0.90(2) | -0.80(2) | -0.50(2)
[Cs,,Cra] | [0.14(5), -0.05(4)] | -0.94(1) | -0.87(2) | -0.75(3) | -0.46(3)
[Cs,,Cr] | [0.10(5), -0.01(2)] | -0.93(4) | -0.87(5) | -0.76(5) | -0.48(4)
[Csy, Cr] | [1.25(6), 0.23(3)] | -0.03(14) | 0.05(12) | 0.11(11) | 0.13(8)

Table 26. Bin prediction for Py, observable.

Scenario q2 bin(in GeV?)

Observables
(Real C;’s) a2,-5 5-7 7-9 9- g2«
SM (Re(C;) = 0) 0.09(2) | -0.16(2) | -0.34(1) | -0.47(1)
P . [0.1] 0.13(2) | -0.10(2) | -0.26(2) | -0.39(2)
. [-0.1] 0.04(2) | -0.22(1) | -0.41(1) | -0.55(1)
o [0.1] 0.11(2) | -0.12(2) | -0.28(2) | -0.40(2)
: [0.1] 0.07(2) | -0.19(1) | -0.38(1) | -0.54(1)
. [0.1] 0.09(2) | -0.16(2) | -0.34(1) | -0.47(1)
' [0.1] 0.09(2) | -0.16(2) | -0.34(1) | -0.47(1)
o [0.1] 0.12(2) | -0.11(2) | -0.27(1) | -0.39(2)
: [0.1] 0.06(2) | -0.20(1) | -0.39(1) | -0.54(1)
o [0.1] 0.11(2) | -0.09(2) | -0.28(2) | -0.46(2)
[0.1] 0.01(2) | -0.17(1) | -0.30(1) | -0.39(1)
[Cs,,Cs,] | [2:27(21), 0.90(22)] | -0.39(3) | -0.32(6) | -0.20(6) | -0.14(4)
[Cvi,Cr] | [0.08(3), 0.04(4)] | 0.11(2) | -0.14(2) | -0.33(2) | -0.49(2)
[Cvy, Cr] | [0.08(5),-0.06(3)] | 0.07(2) | -0.14(2) | -0.28(4) | -0.38(6)
[Cvi, O] | [0.98(3), 1.05(2)] | 0.09(2) | -0.15(2) | -0.32(2) | -0.46(3)
[Cs,,Cvi] | [0.05(7),0.03(3)] | 0.11(3) | -0.13(5) | -0.30(5) | -0.43(6)
[Cs,,Cw) | [0.12(5), -0.03(3)] | 0.13(3) | -0.10(3) | -0.27(4) | -0.40(4)
[Cs,,Cvi] | [0.04(7), 0.04(3)] | 0.10(2) | -0.14(3) | -0.31(4) | -0.44(5)
[Cs,,Cw] | [0.14(5), -0.05(4)] | 0.10(2) | -0.13(3) | -0.29(3) | -0.41(4)
[Cs,,Cr] | [0.10(5), -0.01(2)] | 0.12(3) | -0.10(3) | -0.27(4) | -0.39(4)
[Csy, Cr] | [1.25(6), 0.23(3)] | 0.02(4) | 0.04(3) | 0.10(5) | 0.22(9)
Table 27. Bin prediction for PT(A“) observable.
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