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Analysis of b—c7tv,. anomalies using weak effective Hamiltonian with
complex couplings and their impact on various physical observables
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Abstract: Recently, the experimental measurements of the branching ratios and different polarization asymmetries
for processes occurring through flavor-changing-charged current (b — c7v)transitions by BABAR, Belle, and LH-
Cb have revealed some significant differences from the corresponding Standard Model (SM) predictions. This has
triggered an interest to search for physics beyond the SM in the context of various new physics (NP) models and us-
ing the model-independent weak effective Hamiltonian (WEH). Assuming left-handed neutrinos, we add the dimen-
sion-six vector, (pseudo-)scalar, and tensor operators with complex Wilson coefficients (WCs) to the SM WEH. Us-
ing 60%, 30%, and 10% constraints resulting from the branching ratio of B, — 7¥;, we reassess the parametric space
of these new physics WCs accommodating the current anomalies based on the most recent HFLAV data of
Rejye (D) and Reyy e (D*) and Belle data of F1(D*) and P(D*). We find that the allowed parametric region of left-
handed scalar couplings strongly depends on the constraints of the B, — 7¥; branching ratio, and the maximum pull
from the SM predictions results from the <60% branching ratio limit. Also, the parametric region changes signific-
antly if we extend the analysis by adding LHCb data of R/, (J/) and R/¢(Ac). Furthermore, due to the large un-
certainties in the measurements of Ry, (J/ ¥) and Ry¢(X.), we derive the sum rules which complement them with
Rejue (D) and Rejpe (D*). Using the best-fit points of the new complex WCs along with the latest measurements of
Rejue (D(*)) , we predict the numerical values of the observable Rz (Ac), Ry (J/¥) , and Rrj¢(Xc) from the sum
rules. The simultaneous dependence of abovementioned physical observables on the NP WCs is established by plot-
ting their correlation with Rp and Rp+, which are useful to discriminate between various NP scenarios. We find that
the most significant impact of NP results from the WC C“Z =4CT . Finally, we study the impact of these NP coup-
lings on various angular and CP triple product asymmetries that could be measured in some ongoing and future ex-
periments. The precise measurements of these observables are important to check the SM and extract the possible

NP.
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I. INTRODUCTION

High-energy physics accelerators are used to directly
search for new particles, which can be intermediate
quantum states, also known as resonances. These
quantum states often decay quickly and can be observed
by detecting their decay products. The heavy to light
semileptonic decays of b—hadrons are important for indir-
ectly hunting for the new physics (NP). Among them, the

decays induced by the Flavor Changing Neutral Current
(FCNCQ) transitions, i.e., b — (d,s), are crucial to testing
the Standard Model (SM) precisely and searching for
possible deviations from it. Particularly, the rare semi-
leptonic B meson decays are useful for investigating the
Higgs Yukawa interaction by testing Lepton Flavor Uni-
versality (LFU), which is a ratio with different genera-
tions of leptons in the final state. LFU is approximately 1
in the SM, with a small breaking owing to lepton masses
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in the decay phase space. The measured values of the
branching ratios and angular distributions of FCNC de-
cays, B* — KW*¢*¢~, B — K%*(~, and B’ - ¢t*(,
where ¢ = p, e, exhibited some deviations from SM pre-
dictions [1-7]. Several studies have been conducted to ac-
commodate these deviations, see, e.g., [8—13] and the ref-
erences therein.

In contrast to the CKM-suppressed FCNC decays,
which occur at a loop level in the SM, decays involving
the quark level Flavor Changing Charged Current (FC-
CC) transitions b — cfv, ({ =e,u,7) have no such sup-
pression. Interestingly, similar tensions with the SM pre-
dictions have been observed in FCCC exclusive decays,
B — DYy, B— Jlytv,, A, — ALve, providing an op-
portunity to mark several physical observables to test the
results of the SM. Theoretically, these exclusive decays
are prone to uncertainties resulting from the form factors
(FFs) (non-perturbative inputs) and errors in the CKM
matrix elements. However, the dependence on the CKM
elements and uncertainties from FFs are mitigated if we
obtain the ratio of the branching fractions ($) in these
semi-leptonic decays, i.e.,

B (B - D(*)TVT)
= BB DG
Ry = DL ),
B(B: — J/yutv,)
B(Ay, = ATV,)
B(Ay — Aclvy)

R-r/y,e (D(*) )

RT/[’(AC) = (1)

In the SM, the heavy-quark effective theory and lat-
tice QCD approach have been used to study the LFU ra-
tio Ry (D) [14-24]. The corresponding SM results are

R}, (D)=0298+0.004, R, (D*)=0.254+0.005.
2

These theoretical results were scrutinized using meas-
urements from BABAR, Belle, and LHCb, where the ex-
perimental measurements of R . (D) by BABAR [25,
26], Belle [27-29], and LHCb [30—34] had significant de-
viations from the SM predictions. Recently, the Heavy
Flavor Averaging Group (HFLAV) updated their earlier
results of R,/ (D) and R.,.(D*) [35, 36], and the cur-
rent world averages [37] exceed the SM predictions by
2.00 and 2.20, respectively. Invoking the correlation of
—0.37 between these universality ratios, the HFLAV glob-
al averages are

Ry (D) =0.357+0.029, Ry (D") =0.284 £0.012,

3)

deviating from the SM predictions by 3.30 [37].
However, the SM determination is improved by calculat-

ing the next-to-leading order QCD corrections for
B — D™ form factors [38].

Owing to the spins of the final state particles D* and
the lepton in B— D*¢y,, the associated polarization
asymmetries are useful for checking the consistency of
the NP observed in various LFUs. Experimentally, the
lepton polarization asymmetry P, (D*) and the longitudin-
al polarization fraction of D* meson, ie., F (D*) were
measured by Belle [39, 40, 41]:

F (D) =0.60+0.08+0.04,  P.(D")=-038+0.51*2

4)

which lie within 1.50 of the SM prediction [42, 43]:

FM(D") =0.464+0.003,  PM(D") = -0.497 +0.007.

®)

The incompatibility of these measurements with SM pre-
dictions is a key aspect in discriminating different NP
models.

In the charmed B—meson decay B. — J/y{v,, occur-
ring through the same b — ¢ quark level transition, the
LFU ratio R, (J/¢) was analyzed by the LHCb collabor-
ation [44] at 7 and 8 TeV center of mass energies of pro-
ton-proton collisions with an integrated luminosity of
3fb~'. The mismatch between the experimentally meas-
ured value [44]

Ry, (J/) = 0.71£0.17 £0.18, (6)

and the SM prediction [45, 46]

Rf}‘: (J/w) =0.258 +0.038 @)
is 1.8c . Similar to these LFU ratios, we can define the ra-
tio for the inclusive B-meson decay B — X,.1v;

BB — X.1v,;)

R, (X.)=
T/[( L) B(BHXCKI_/[)’

®)

where the SM result 0.216 +0.003 [47] lies within ( 0.20)
of the experimental measurements [48]:

R./e(X.) = 0.223+0.030. 9)

We know that the LHCb is quite rich in producing
b—hadrons and the ratio of B: A, is 2:1, providing an op-
portunity to study the Cabibbo suppressed decay modes
of AY [49-53]. Analogous to the ratios of B meson de-
cays, the ratio R(A.) involving the A, baryon decay,
has also been measured by the LHCb collaboration for
Ap = A v, decays [54]:
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R/ (A.) =0.242 +0.026 £ 0.040 £ 0.059, (10)

where the first, second, and third uncertainties are due to
the statistical, system, and external branching fractions
measurements, respectively. This experimental value con-
flicts with the corresponding SM result [55, 56]
(0.324+0.004) by 1.80. The underabundance of taus in
these A, decays compared with the other ratios involving
b — c17, is a perplexing behavior.

Considering left-handed (LH) neutrinos, these incom-
patibilities between the SM predictions and experimental
measurements were explored through the NP dimension
six operators in b — ctv, transitions [57-69]. Including
right-handed (RH) neutrinos and/or the RH quark cur-
rents in the model independent WEH, several studies ana-
lyzed these anomalies, see e.g., [70—80]. Particularly with
the assumption of LH neutrinos, using the experimental
measurements of R/, (D),R;.(D*),~ R, (J/¥), and
F(D*), Blanke et al. [65] elegantly analyzed four one-di-
mensional scenarios with real Wilson coefficients (WCs),
C/,C3,C;, and C; =4CT, where the subscripts indicate
the Lorentz structure of the current corresponding to
these WCs in the WEH. Focusing on the same experi-
mental observables, they further extended their analysis
to 2D scenarios by considering only C3 =4CT to be the
complex-valued. The scenarios deeply influence the
branching ratio of B. — 7v, decay, which has not been
measured yet owing to a large uncertainty in the lifetime
of B. meson [81, 82] is not measured yet; therefore, up-
per limits of 60%, 30%, and 10% on the contribution
from B, — 7v. to total B, decay width have been im-
posed in literature [83—88]. This impacts the parametric
space for these NP WCs, and Ref. [65] reported that, for
the 10% limit, the only scenario C¥ departs the fit from
measurements; whereas, in 2D scenarios, the fit is valid
for two out of four benchmark scenarios. Later, with
these constraints on the available parametric space of the
NP WCs, the values of Pr(D*) and R.,(A.) were pre-
dicted for both cases.

Now, after this detailed overview of the theoretical
and experimental studies, the work presented here has
two important features. In the first step, using the model-
independent WEH with LH neutrinos and complex NP
Wilson coefficients, we use the most up-to-date HFLAV
world average summer 2023 [37] values for R;,,.(D) and
R./..(D*) and the measurements of F.(D*), P.(D"),
R(J/Y¥), and R, (X.) given in Eqgs. (1)—(10) to revisit the
global fit analysis. Although we have complex NP WCs,
we employ the same technique developed in [65] to scru-
tinize NP parametric space for real WCs. In this scenario,
we analyze y? by considering two sets of physical ob-
servables. In set S;, we select R/, (D), R.)(D*), Fr(D*),
and P.(D"), whereas in S,, we include R, (J/¢) and
R./¢(X.) in the list. The objective of these two sets is to

scrutinize the parametric space of the new WCs. For the
set S;, we find that the effect of the NP scalar WC C¥% is
prominent compared with the other WCs, and it also ex-
hibits a strong dependence on the constraints resulting
from the branching ratio of B. — tv. Expecting the p-val-
ues to be ~50% for a true solution, we observe a less fa-
vorable alignment with the observed anomalies for the set
Ss.

Correlation studies of the various observables associ-
ated with these decay modes will be important tools for
the indirect detection of NP, the LFU ratios R, (D),
Ry (D), and R;/(A.) are correlated in a model-inde-
pendent manner [65, 66]. The relation of R,/ (A.) with
the well measured R, .(D), R;,.(D*) is known as the
sum-rule, and it was derived in [65] and further updated
in [66].

In the second step, we find similar relations/sum-rules
for the other LFU ratios R, (J/¢) and R..(X.) by ex-
pressing them in terms of Rr/,.(D) and Ry, (D) and cal-
culate their numerical values including the uncertainties
from the SM inputs and experimental measurements of
R:/u.(D) and R, .(D*). In addition to this correlation es-
tablished through these sum rules, we determine their cor-
relation with Rp and Rp- by plotting them for particular
values of NP WCs in S;. Finally, we study the impact of
these NP WCs on the physical observables such as the
CP even and odd angular observables in B— D*(—
Dn)tv. decays and the different CP asymmetry triple
products.

The remainder of this paper is organized as follows.
In Sec. I, after defining the WEH containing the SM and
NP operators, we present the formulas of the observables
Rejpe (D), Rejye (DY), P(D"), Fr(D"), Reju(J/Y), Reye(Xe),
and R, (A.) in terms of the NP WCs. Considering the
most recent data, in Sec. III, we analyze the parametric
space of our complex NP WCs and discuss the impacts of
the limits on the branching ratio of B. — v, on the al-
lowed regions of these WCs. In Sec. IV, we derive the
sum rules for R, (J/¥) and R./(X.) in terms of R/, .(D)
and R.,.(D*) and discuss the correlation amongst the
physical observables. Sec. V discusses the impact of
these constraints on polarized branching ratios and vari-
ous CP even and odd angular observables and the CP
asymmetry triple products in B — D*tv, decays. Finally,
in Sec. VI, we conclude our findings. This work is sup-
plemented by three appendices discussing the fitting pro-
cedure and derivation of the above-mentioned CP asym-
metries.

II. THEORETICAL FRAMEWORK AND
ANALYTICAL FORMULAE

A. Waeak Effective Hamiltonian (WEH)
In the absence of experimental evidence for devi-
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ations from the SM predictions at tree-level transitions in-
volving light leptons, NP is generally believed to play a
role in the third-generation fermions, i.e., 7. Regarding
this, to explore any possible NP in the b — c7t¥, trans-
ition, we consider the WEH containing new dimension-
six vector, scalar, and tensor operators with complex
WCs. After integrating out the heavy degrees of freedom,
we can express the WEH for b — c7v, transition as [59,
65, 89-93]

H=22 ()

+C;0} +CTO"} +hec. (1)

<y OL +CL O] +CR0%

Here, Gr is the Fermi coupling constant, and V,, is the
CKM matrix element. The first term is the SM contribu-
tion, and its corresponding WC is normalized to unity,
ie., (C)gy = 1. Ignoring the small mass of neutrinos and
the RH vector currents for quarks, the operators 0%, Of,
0%, and Oy are given by [94-96]

O] = (&Y' P.b) (TyuPLv)

03 = (¢Pgb) (TPLV),

0; = (CP.b)(TPLY),

0" = (""" Pyb) (TouPry) (12)

where Pr; =(1+7s)/2 are the projection operators,
where the plus (minus) sign represents the right(left)-
handed chiralities. The corresponding NP WCs are Cf,,
where the upper index X represents scalar, vector, and
tensor contributions, whereas the lower indices R,L de-
note quark-current chiral projections. As we have only
considered the LH neutrinos, the lepton chirality index is
not specified in the subscript of the NP WCs.

The values of the NP WCs depend on the renormaliz-
ation scale of the theory. Note that b — ctv, transitions
occur at the m,, scale, whereas the NP WCs are determ-
ined at a scale of heavy NP particles, which may set at 1
TeV [65] or 2 TeV [66]. The WCs at my, and 1 TeV scales
are connected by the Renormalizable Group equations
(RGESs), and the corresponding relationships are [65, 97]

C(my) = C[(1 TeV),
Ca(my) = 1.737C5(1 TeV),

Csmy) \ [ 1752 -0287 C5(1 TeV)
CT(my) |\ —0.004 0.842 C’(1TeV) |
(13)

For the WEH given in Eq. (11), the expressions of the
physical observables under consideration can be ex-

pressed in terms of the NP WCs at a scale u;, = m, as [45,
47,59, 66, 75, 89, 91, 98, 99]

Rejue(D) = RS (D) {|1+CY [ +1.01|Ch+C5 |

+0.84|CT[*+1.49R [(1+C}) (C3+C5)]
+1.08R [(1+Cy) (c")]}, (14)

Reue(DY) =R (DY {|1+CY [ +0.04|C3 - C5|°

+16[CT|P+ 0. 1R [(1+C)) (C3-CS)]
=5.17R [(1+C)) (€)'}, (15)

N % T/, e(D)
P.(D") —PEM(D)(R%;A;E(D* ) {[tectf
-0.07|C5 - C5 [P~ 1.85|C"
—023R [(1+Cy) (Ci-C3)]

=347R[(1+Cy) ()]}, (16)

-1
Y\ _ * 7/ e(D*) 2
FAD)—FEM(D)(,W) {[1+ct]
+0.08|Cy - C5 [P +6.9|C"[*
+0.25R [(1+C)) (Cy-C5)]

43R [(1+C)) ()]}, (17)

Reu(J/9) = RO/ {|1+CY|* +0.04|C5 - C5|°

T/
+147|CTP+01R [(1+C)) (5 -C5)']
-539R [(1+C)) (€)'}, (18)

Re(Xo) = R {1+1.147 (|} | +2R [¢]])
+0.327|C5 +C5 [ +0.031 |[Cy - C5 |
+12.637|C7 [ +0.493R [(1+C)) (C +C5)']
+0.096%R [(1+C) (Cy-C3)]}, (19)

Ree(A) = RN {|1+CY [ +032(|C3]" + |5 )

+0.52R [C5 (C3)] +104|CT|
+05R[(1+CY) (C3) ] +033R [(1+C))
x (C3)]-3.11R[(1+C}) (€)'} (20)
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Similarly, the branching ratio of the B, — 7v. decay is ex-
pressed as

B(B; »17,) =8(B, » 17,
x{[1+c}+43(ci-ci)’}.

where in the SM, B (B; - 7,)™" ~0.022 [99].

III. ANALYSIS OF THE PARAMETRIC SPACE
OF NEW PHYSICS WILSON COEFFICIENTS

In this section, we scrutinize the parametric space for
the NP complex WCs. We follow the same x? fitting
technique that is developed for real WCs in [65], and it is
summarized in Appendix A. In addition to the complex
WCs in our case, the other differences from [65] are as
follows: we have incorporated the most updated results of
observables from HFLAV [37], and in Egs. (14)—(20),
the latest values of the FFs are used. Furthermore, based
on the number of experimentally measured observables
included in the analysis, we consider two different sets,
namely

e In Set 1 (Si), by selecting R/, .(D),R:.(D"),
F,(D*), and P.(D*), we determine the best-fit points
(BFP) for these complex WCs, along with 1o and 20
variations.

e In Set 2 (S,), we add the two more observables
R, (J/y) and R;;;(X,) to S; and observe if we could fur-
ther constrain the parametric space of these NP WCs.

Owing to the complexity of NP WCs, to perform the
x* analysis, the number of parameters, N, is equal to 2,
and N 1 equal to 4 and 6 for S; and S,, respectively.
Thus, the numbers of degrees of freedom (dof)
Naot = Nobs — Npar are 2 and 4 for S; and S,, respectively.
The p-value quantifies the goodness of fit, and it is attrib-
uted to the probability of difference between the theoret-
ical (SM) and experimental values. This can be hypothes-
ized as

p= / (@ Nap)dz, @1)
X?_

where f(z; Nyor) is the y? probability distribution function.
As N, =0 for the SM, the p-value is very small (= 107)
[65]. Our main objective is to estimate the BFP, p—value,
Xiu» pullgy, and 1o, 20 intervals for the WCs.

Note that the parametric space of the WCs depends on
the constraints on the branching ratio of a helicity sup-
pressed SM decay mode B. — 7~¥,, which has not been
precisely measured yet (see e.g., [65] for an elaborate dis-
cussion). However, we have some experimental bounds
on it; therefore, to impose the cuts on the allowed para-

metric space, we must place some upper bounds on the
branching ratio of this decay. First, we consider the most
conservative bound of <60% contribution of the
B - 1777, decay rate to the total decay width of B,
meson, then take the commonly used <30% and finally a
hypothetical future limit of <10% [65].

In our analysis, we adopt the strategy of switching on
one NP WC at a time, and the corresponding results are
shown in Fig. 1 for both sets of S; (solid colors) and S,
(dotted lines). We have also included the 10% and 60%
constraints of B (B; — 77¥,), indicated by light and dark
gray colors, respectively. Any point lying inside the gray
shades depicts the disallowed parametric space corres-
ponding to a particular limit on the branching ratio. The
description of various colors is given in the caption of
Fig. 1.

e Fig. 1 (a) plots the allowed parametric space of C}.
We can observe that for C}, the parametric space is inde-
pendent of the constraints from B (B; — v7¥;), which is
not the case for the real WCs [65]. The corresponding
real and imaginary values of the BFP, x2. , the percent-
age p-value, pullgy,, and lo, 20 ranges around BFP are
given in Table 1. We can observe that, going from the S,
(solid colors) to S, (dotted lines), the corresponding BFP
value is reduced by 38%. Additionally, the p-value is re-
duced by 30%, making it less likely to fit the anomalies.
Additionally, the 1o and 20 ranges around the BFP are
indicated by light and dark colors for S, and S,, respect-
ively. Here, the dotted line represents the maximum of
20 for S,.

e Figure 1 (b) represents the allowed regions for Cy
for sets S; and S, with the color description being the
same as in Fig. 1 (a). The lo and 20 ranges lie beyond
the 10% constraints of the branching ratio. Table 1 shows
that for the BFP the imaginary component of Cy is zero
to a given accuracy, and the corresponding p-value is
small. However, for the corresponding 1o and 20 inter-
vals, this is not the case, as the real and imaginary com-
ponents are of equal weight here.

e Compared with C} and C§, the complex WC C3 is
notably influenced by the branching ratio constraints for
both sets S, and S,. This dependence is expected be-
cause the SM helicity suppression of B, — 77 v, is lifted
owing to these left-handed scalar/pseudo-scalar type op-
erators. For S, for a 60% bound on the branching ratio,
its p-value is 64%. However, for the commonly used
bound of 30% on it, the p-value decreases by quarter
16%, and in the hypothetical future limit 10%, this value
reduces to only 2.7%, disfavoring the pseudo-scalar ex-
planation of the data. In contrast to S, in set S,, the p-
value is already reduced by a factor of half even for the
60% bound on the branching ratio. This is caused by the
large uncertainty in the measurement of R., (J/¢). In Fig.
1 (c), we have plotted the corresponding BFP and the 1o
and 20 ranges. We observe that the large parametric
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(color online) Results of the fits for NP scenarios. The light and dark gray colors show the 10% and 60% branching ratio con-

straints, respectively. The light (dark) color contours represent the 1(207) deviations from the BFP (cyan color). Panels (a), (b), (c), and
(d) show the ranges of real and imaginary parts of C}, C5, C;, and C§ =4CT, respectively, restricted by S. The contours indicated by
dotted lines show the maximum limit of the 2o region for set S». In Fig. 1 (a) and (b), the (orange color coding) is not affected by
either of these constraints, whereas in Fig. 1 (c) and Fig. 1 (d), the red and green colors coding are the 60% and 10% constraints, re-

spectively. The cyan dots show the BPF in the two sets.

space is available when we consider the 60% limit, and
this reduces when we apply the 10% bound, justifying
our findings presented in Table 1.

e Furthermore, our fourth scenario, which is
C5 =4C", exhibits moderate sensitivity only when the
stringent future limit of <10% on the branching ratio is
used. It reduces the p-value from 26% to 10% when we
change B(B; —» v77,) from 60% to 10%, indicating an
adequate dependence on these branching ratio constraints.
This is also clear from Fig. 1 (d).

A. Observable circumstance at BFP

In this section, we evaluate the impact of the BFP of
these NP WCs on the given observables and calculate the
difference between the predicted and experimental val-
ues for both sets S; and S,. The discrepancies between

the experimental and predicted observables can be
defined in the units of ¢ as

NP exp.
_07-0;

exXp-
afi

do, 22)

The corresponding results are given in Table 2. We
compare these results with the corresponding central val-
ues of the experimental measurements.

The predicted and measured values of R/, . (D) differ
by < lo for both S; and S,. Except for Cy and the 10%
and 30% bounds on the branching ratio for C3, the pre-
dicted value is smaller than the corresponding measured
central value. For C3, data for both sets concur when we
use the 60% bound on the branching ratio, whereas for
C; =4C", data concur for both 60% and 30% limits. Sim-
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Table 1.

Results of the fit for complex WCs including BFP (Real, Imaginary), Xﬁﬁ .» p-value %, pullgy, lo, and 2o-ranges of

(Real, Imaginary) parts of the corresponding WCs. The numbers are given after placing the bounds on 8 (BL‘. - r‘f/,) < 60%,30%, and

<10% for both sets of observables i.e., S| and S,. In each sub-row of WCs, the first, second, and third rows represent data for sets
81,82, and the difference between the values obtained from the two sets, respectively.

Set S1(S2) (x2y = 17.22(20.53), p-value = 1.75(3.38) x 10~2)

wWC BR BFP X p-value % pullgy lo-range 20 -range
(0.01,+0.33) 2.76 25.2 3.8 [-2.09,0.09],[-1.09,1.09] [-2.11,0.11],[-1.11,1.11]
CX - (-0.03,+0.45) 6.31 17.7 3.77 [-2.1,0.1],[-1.1,1.1] [-2.12,0.12],[-1.12,1.12]
38% 3.56 -30% —0.03 1% 1%
(0.1,0) 5.67 5.9 34 [0,0.14],[-0.25,0.25] [-0.05,0.03],[-0.27,0.27]
Ci - (0.1,0) 9.18 5.7 3.37 [-0.04,0.04],[-0.27,0.27] [-0.08,0.01],[-0.28,0.28]
0% 3.51 -3% —-0.03 14% 4%
“60% (-0.35,+0.49) 0.89 64.1 4.04 [-0.39,-0.15],[-0.53,0.53] [-0.42,0.02],[-0.55,0.55]
(-0.42,+0.48) 4.36 359 4.02 [-0.41,-0.03],[-0.54,0.54] [-0.44,0.12],[-0.55,0.55]
12% 3.47 —44% —0.02 13% 10%
. (-0.13,+£0.41) 3.65 16.1 3.68 [-0.17,-0.02],[-0.43,0.43] [-0.2,0.11],[-0.45,0.45]
Ci 0% (=0.13,+£0.41) 7.07 13.2 3.67 [-0.19,0.06],[-0.44,0.44] [-0.21,0.15],[-0.45,0.45]
0% 3.42 -18% -0.01 12% 5%
“10% (0.02,+0.26) 7.26 2.7 3.16 [-0.02,0.1],[-0.27,0.27] [-0.05,0.15],[-0.28,0.28]
(0.02,+0.26) 10.65 3.1 3.14 [-0.04,0.13],[-0.27,0.27] [-0.07,0.16],[-0.28,0.28]
0% 3.38 17% —0.02 9% 5%
< 60% (-0.03,+0.31) 2.69 26.1 3.81 [-0.08,0.02],[-0.37,0.37] [-0.11,0.05],[-0.4,0.4]
355% (-0.04,+0.31) 5.98 20.1 3.81 [-0.11,0.04],[-0.38,0.38] [-0.14,0.07],[-0.41,0.41]
Ci —4cT 3% 3.29 -23% 0. 7% 7%
“10% (-0.01,£0.25) 4.51 10.5 3.56 [-0.05,0.03],[-0.27,0.27] [-0.07,0.06],[-0.28,0.28]
(-0.01,£0.25) 7.74 10.2 3.58 [-0.07,0.05],[-0.28,0.28] [-0.09,0.07],[-0.28,0.28]
0% 3.23 -3% 0.02 8% 7%

ilarly, for both sets of observables, the best-fit result of
R:juo(D*) is almost 20 smaller than its experimental
value for NP WC C3 and for C; with a 10% branching
ratio bound. Similar to R..(D), the NP WC Cj =
4C" have similar results for 60% and 30% limits of
B (B; - T‘f/,) .

The 7 polarization asymmetry, P.(D*), deviates by
8% to 10% from measurements for all the NP WCs. This
is opposite for F,(D*). In this case, we observe that the
agreement between the predicted and measured values
lies only within —(1.2—1.6)c-, except for the most conser-
vative 60% bound of branching ratio in Cj, where the
predicted result is less by 0.8c. Similarly, the best-fit
value of R/, (J/y) is smaller than its experimental meas-
urement, and the suppression is almost 20 for all the NP
couplings. In contrast to the observables discussed above,
the values of R,/ (X.) and R, (A.) at the BFPs are higher
than their experimental measurements. For R,/ (X.), this
value lies within 1o, whereas, for R, (A.), the devi-
ations are by (1.4 —1.7)c for both S; and S,.

In summary, we observe that different observables
exhibit different dependences on the complex nature of
these NP WCs, demonstrating their discriminatory power.
The significant deviations for R,/ (A.), and experiment-
ally improved measurement of P, (D*) will disfavor some
of these complex scenarios. Moreover, among the physic-
al observables Fj(D*), R, (J/¥), Ry (X.) and R (A,)
are sensitive to the new vector-like coupling; hence, their
refined measurements would enable the exploration of
new vector-like particles in different beyond SM scenari-
0s.

IV. CORRELATING DIFFERENT PHYSICAL
OBSERVABLES

In this section, we investigate the correlation between
observables from the numerical expressions presented in
Sec. II. As these decays occur through the same FCCC
quark level transition (b — ctv;), R.;(A.) canbe ex-
pressed in terms of R.,.(D,D*). This is known as the
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Table 2. Best-fit points (BFP) of the WCs for S; and S, and the corresponding predictions of various observables along with the de-
viations from the experimental values for different bounds on the branching ratio. These are expressed in multiples of o p', where
Diff. is the difference between the BF predicted and experimental results in percent and the corresponding o.

wC Br BFP Rr/y,e (D) R‘r/,u,e (D*) PT (D*) FL (D*) Rr/u (J/l//) Rr/é’ (Xc) R‘r/€ (Ar)
0.340 0.290 —0.497 0.464 0.274 0.251 0.37
S1:(0.01,+0.33)
-0.60 +0.50 -0.20 —1.50 —1.80 +0.90 +1.70
0.338 0.288 —0.497 0.464 0.294 0.249 0.367
Cy - S2:(0.03,+0.45)
-0.70 +0.30 -0.20 —1.50 -1.70 +0.90 +1.60°
Diff -0.6% -0.6% 0% 0% -0.6% -0.7% -0.6%
' -0.1 -0.2 0 0 0.1 0 -0.1
0.385 0.259 —0.466 0.476 0.244 0.241 0.356
81:(0.1,0)
+1lo =210 -0.20 —l40 —-1.90 +0.60 +1.50
s 0.382 0.259 —0.467 0.475 0.263 0.24 0.354
s 82:(0.1,0)
+0.90 =210 -0.20 —l.40 —1.80 +0.60 +1.50
Diff -0.8% -0.1% 0.2% -0.1% -0.1% -0.4% -0.3%
' -0.1 0 0 0 -0.1 0 0
0.355 0.287 -0.32 0.53 0.269 0.252 0.377
S1:(-0.44,+0.49)
-0.10 0.20 +0.10 —0.80 -1.80 +lo +1.80
0.351 0.285 -0.326 0.528 0.289 0.25 0.374
<60% S2:(-0.42,+£0.48)
-0.20 0.1 +0.10 —0.80 -1.70 +0.90 +1.70
Diff -1.1% -0.5% 2.1% -0.5% -0.5% 0.8% -0.7%
-0.1 -0.1 0 0 -0.1 -0.1 -0.1
0.369 0.265 -0.432 0.488 0.25 0.24 0.358
S1:(-0.13,£0.41)
+0.40 —1.60 -0.10 —-1.30 -1.90 +0.60 +1.50
s 0.365 0.265 -0.431 0.488 0.269 0.24 0.357
c, <30% S2:(=0.13,£0.41)
+0.30 -1.50 -0.10 —-1.20 -1.80 +0.60 +1.50
Diff -0.9% 0% -0.2% 0.1% 0% -0.3% -0.2%
iff.
-0.1 -0.1 0 -0.1 -0.1 0 0
0.375 0.255 -0.492 0.465 0.241 0.235 0.349
S1:(0.02,+0.26)
+0.60° 240 -0.20 —1.50 —-1.90 +0.40 +1.40
0.373 0.255 -0.491 0.466 0.26 0.234 0.348
<10% S2:(0.02,+0.26)
+0.60 240 -0.20 -1.50 -1.80 +0.40 +1.40
Diff -0.6% 0% -0.1% 0% 0% -0.2% -0.2%
iff.
0 0 0 0 -0.1 -0.1 0
0.356 0.284 -0.437 0.454 0.267 0.244 0.367
S1:(-0.03,+0.31)
—-00 —0o0 -0.10 —1.60 -1.80 +0.70 +1.70
<60%
0.35 0.258 -0.437 0.454 0.287 0.243 0.366
& S2:(-0.04,+0.31)
0% -0.20 +0.10 -0.10 —1.60 -1.70 +0.70 +1.60°
< 0
Diff -1.6% 0.3% -0.1% 0.1% 0.3% -0.6% -0.3%
iff.
-0.2 -0.1 0 0 -0.1 0 -0.1
cs =4cT
0.348 0.269 -0.462 0.456 0.254 0.237 0.352
S1:(-0.01,£0.25)
-0.30 -1.20 -0.20 —1.60 —1.80 +0.50 +1.50
0.344 0.27 -0.461 0.457 0.273 0.236 0.352
<10% S2:(=0.01,£0.25)
-0.50 -1.1o -0.10 —1.60 —1.80 +0.40 +1.40
Diff -1.2% 0.4% -0.2% 0.1% 0.4% -0.4% -0.1%
iff.
-0.2 -0.1 -0.1 0 0 -0.1 -0.1
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sum rule, which can be derived from Egs. (14), (15), and
(20) as follows [66]:

Rr/é’ (Ac) R‘r/p e (D) R‘r/y e (D*)
=027 —<i—= +0.725 ——+x;, (23
&AL D) PR o) T )

where a small remainder x; can be approximated in terms
of WCs at a scale m;, as

x =R [(1+C]) (0.011(C})" +0.341(C")")]
+0.013 (|C3[*+|CI[?) +0.023R [CF (C3) ']
~1.431|C"]’. (24)

This is an updated version of the sum rule reported earli-
er [65]. Eq. (23) shows that for R, (A.), the relative
weight of R, (D*) /Rfmﬁ (D*) is 72%; hence, better con-
trol over the errors in its measurements and SM predic-
tions will aid us to predict R.,,(A.) with good accuracy.

Eq. (6) shows that the the discrepancy between the
measured and SM predicted value of R, (J/¢) is 1.80;
therefore, an interesting observation would be to see if we
can write similar sum rules for R, (J/y) and R (X,).
The corresponding results derived from Egs. (14), (15),
(18), and (19) are

R‘r/;l (-’/'J’) RT/,ue(D) RT/# (D*)
=0.006 . +0.994 + X,

RS (J/p) R (D) R (D)
(25)

R‘r/[ (Xc) R‘r/u e (D) R‘r/u e (D*)

=0347 ————+0.653 i ——

RM(X,) R (D) RN (D) T

(26)

where the remainder x, and x; can be expressed as

x==R[(1+C}) (0.019C5* +0.259C"*)]
~0.006 (|C3[*+|C3[*) —0.013R [C5 €3]

2
)

-1.205|c”

27)

x=—R[(1+C}) (0.048C] *-3.001C"")]
+0.147 (¢ [*+2R [€]]) -0.019 (|C3[* + |5 |)
~0.057R [C5C5*] +1.899|CT|”. (28)

In Eq. (25), the LFU ratio R, (J/¥) normalized with the
corresponding SM prediction has negligible dependence

on the R (D)/R3) , (D); therefore, the refined measure-

ment of the R/, (D*) will enable us to gain good control
over R., (J/¢). Moreover, if R;;,.(D) and R, .(D*) are
enhanced over their SM values, R,/ (X,) must also experi-
ence an enhancement, which is restricted by the small dif-
ference between measured and SM predicted values.

By evolving the BFPs of Table 1 for S;,, we observe
that remainders in Egs. (24), (27), and (28) are approxim-
ately x; <1073, x, < 107, and x3 < 1072, respectively, for
all the NP WCs, which ensure the validity of these sum
rules. Being model-independent, these sum rules remain
valid in any NP model, indicating that future measure-
ments of R, ¢ (A.), R0 (X.), and R, (J/ ) can serve as es-
sential crosschecks for the measurements of R, . (D) and
R‘r/y,e (D*)

Using the values from Egs. (1), (2) in Eq. (23), we
can predict

Ry (A) = RO (A (1.14£0.047) = 0.369 +0.015 % 0.005,

as given in Ref. [66]. Similarly, for the other two sum
rules [c.f. Egs. (25), (26)], we obtain

Rey (J/) = R3) (J/9) (1119 £0.052) = 0.289+0.013+0.043,
29)

and

Reje (X,) = RS (X,)(1.146 +0.048) = 0.248 +0.01 = 0.003.
(30)

In these results, the first error results from the experi-
mental measurements in LFU ratios of D and D* and the
second is due to the uncertainties in the SM predictions of
the corresponding ratios. For R, (J/y), we observe that
the result is slightly larger than the SM predictions but
still smaller than the experimental values. However, the
experimental results contain large errors, and we hope
that better measurements in future will make these res-
ults more conclusive.

A. Correlation between observables for particular NP
WCs

In this section, we analyze the correlations among the
above-mentioned observables, except the already estab-
lished Rp and Rp-, by taking specific NP WCs. Fig. 2
shows the preferred 1o regions for the four two-dimen-
sional complex scenarios under consideration. Particu-
larly, by considering the different bounds on the
B(B. - v ¥,), these scenarios are depicted in the
Rijye (D) =Ry e (A) and Ry, (D*) —R.ye (A,) planes for S;.
For the NP WC C}, we observe a direct correlation, res-
ulting in the region shrinking to a line in R,/ (A.) with re-
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(color online) Preferred 1o regions for the four two-dimensional complex scenarios for set Sy in the Ry/u.(D)—Re/e(Ac)

plane (above) and Rr/y. (D*) — Ry/¢ (A.) plane (below) for the BR(B. — 1) < 60%. The regions of the plot in the left panel correspond to
the €Y (pink) and C§ (Blue), whereas the plots on the right panel correspond to C3 (purple) €5 = 4CT (orange). The solid, dashed, dot-

ted lines refer to a constraints on 8 (B; - T_VT) <60%,30%, and 10%, respectively. The red stars represent SM predictions. In all the
figures, we removed the subscripts from the LFU ratios for better visibility.

spect to both R, . (D) and R,,,.(D"). Notably, these cor-
relations are accompanied by higher p-values, indicating
stronger statistical support for the relationship among
them; however, for our choice of observables, S, in-
cludes observables that depend only on the absolute value
of Cy. Furthermore, a high degree of positive correlation
is identified for the WCC3 in R, (A.) with respect to
both R.,.(D,D*), but in this scenario, BFP is real to a
given accuracy. Similarly, for the other two WCs, C3 and
Cs =4C", we also find moderate positive correlations
between these LFU ratios. Notably, WC C§ =4CT is con-
sistent with the experimental values of R.,.(D) and
R:/.. (D). This agreement between theory and experi-
ment provides support for the validity of the proposed
WC relationship in explaining the observed phenomena
in the context of FCCC transitions.

Similarly, for S;, Fig. 3 shows the preferred 1o re-
gions for the four two-dimensional complex scenarios in
the Rr/p (J/lﬁ) - Rr/y,e (D) and Rr/y (J/lﬁ) - R‘r/y,e (D*) planes
for B(B, — 7 v,) < 60%bounds. We observe a direct cor-
relation for the WC C; and a modest positive correlation
for the WCs C3 scenarios. For C§ and C5 = 4CT scenari-

0s, we observe a reasonable negative correlation between
Ro(J/Y) =Ry (D). Thus, our findings indicate that this
correlation pattern can significantly vary for our specific
WC scenario. Turning our attention to the correlation
between R,/ (J/y) and R.,.(D*), we discover a direct
correlation across all WC scenarios. These findings high-
light the significance of the interplay between R, (J/y)
and R,/ (D") to gain valuable insights into the underly-
ing NP.

Finally, Fig. 4 shows the same results for the R,/ (X,) -
R:/u.(D,D*) plane. The correlation patterns between
R.¢(X.) and R./,.(D) or R, (D) exhibit similar trends
as for R, (A.). However, one minor difference occurs in
the WC scenario C§ =4CT . In this particular scenario, we
observe a moderate positive correlation between R, (X.)
and R, (D"), compared with the one between R, (X.)
and R.,.(D). An additional noteworthy observation is
that all the WCs scenarios closely approximate the exper-
imental values of the observable, R/ (X.), R./.. (D), and

R, (D"), indicating that our results correspond well with

the experimental measurements, hence making our find-
ings reliable.
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plane (above) and R/ (D) — Rru (J/¢) plane (below) for the B(B; — 7~¥;) < 60%. The color coding is the same as in Fig. 2. The red stars

represent SM predictions in this case.

V. IMPACT OF COMPLEX WCS ON VARIOUS
PHYSICAL OBSERVABLES

In B — D*1v, decay, the D* meson is unstable, decay-
ing further to Dr. The geometry of the planes in which
B — D*1v, and then D* — Dn decays occur enables us to
express the decay rate in terms of various angular observ-
ables (see e.g., [59, 100—107]). In this section, we sum-
marize the expressions of various physical observables
and discuss the impact of our constrained NP WCs on

d*T'(B — D* (= Dn)1v,)
dg?dcosf.dcos8pde

them. Here, we also study the CP violation triple product
asymmetries, which will hopefully be accessible in ongo-
ing and future flavor physics experiments.

A. Analytical expressions

The angular analysis of a four-body B— D*
(— Dr)tv provides us additional observables. The differ-
ential decay rate distribution of the transition process
B — D*tv. with D* — Dn on the mass shell has the form
[42, 59, 101, 102]

9
1 (qz’,HT,HD,q)) = n {If sin? 6, +17 cos?fp + (I; sin®6p +15 cos? HD) cos 20,

+ (I3 c082¢ + Iy sin2¢) sin® @) sin® 0, + (I, cos ¢+1Igsin @) sin26p sin 26,

+(Iscos¢ +1;sing)sin20p sin6, + (I sin* Op+I; cos’ ) cos b, },

where the lepton-pair invariant mass squared ¢* = (p.+
pv,)z, and kinematical variables 0.,0p and ¢ are defined
as follows. Taking D* momentum in the B rest frame
along the z-axis, D and D*momentum lie in the xz-plane

€2

with the positive x-component, and 6, and 6, are the po-
lar angles between 7 and the final D meson in the 7v and
Dr rest frames, respectively. The angular coefficients (I;)
are functions of ¢* that encode short- and long-distance
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physics contributions, and these are given in [59].

Integrating Eq. (31) over different angles, the differ-
ential decay rate of B— D*(— Drn)7¥, can be expressed
as [59, 101, 102]

dr 1 C s C s

i (315 +61} —I5-213) . (32)
The decay rate fractions R,p, D* polarization frac-

tion R, 7, and forward-backward asymmetry Arp are giv-

en in terms of these angular coefficients I's as [101]

_dry/dg?

RA,B (‘]2) - drB/dqz ’

dr, /dg?
2\ _ L
RL,T ( ) - drT/dqz s
_3+2p
- 8dI/dg?’

Arp (qz) (33)

where

%:%(ﬁu];—s@—ag),
?Tl; _ %_% - % (5 +203 + I +215)
%:%(31;‘—15),

Here, I'y and I'p represent partial decay rates with re-
spect to 6, i.e, angle between the lepton and neutrino in
the B rest frame, and I'; and I'; represent the rate corres-
ponding to the longitudinal and transverse D*-meson po-
larization, respectively. In addition to these decay frac-
tions, the other interesting observables are A;, A4, As,
Ags, A7, Ag, and Ag, and these can be expressed as [101]

_ i £ A __g Ly
’ T 2xdr/dg?’ YT pdljdg?
3 I 27 I
As=-2—> Agy = ——- . 35
>T4dr/dg? o 8 dI'/dg? 35)
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A, = %L A _%L
7T 4dr/dgr T ndl/dg>’
1 I
Ag= ——— . 36
* 7 2ndr/dg? (36)

Out of these seven observables A;,As and Ag are CP-odd,
whereas all the others are CP even. After using the val-
ues of form factors and other input parameters, and integ-
rating over ¢°, the expressions of the I/s in terms of the
NP WCs are given in Appendix B.

B. CP-violating triple product asymmetries

The inclusion of NP operators and the corresponding
WCs in b — c1v, decays may add a phase that leads to the
CP-asymmetries in the corresponding exclusive decays.
This additional new phase results in a marked difference
between the decay amplitude and its CP conjugate.
However, the possibility of introducing a strong phase
due to the interference between the higher D* resonances
was ruled out by the F; (D*) measurements. In this scen-
ario, some possibilities to investigate the violation of CP-
symmetry through triple product asymmetries (TPA) ex-
ist. This has been discussed in detail in [108—114], and to
make the study self-sufficient, these details are given in
Appendix C. The three different transverse asymmetries

(AZ"Y) are [111]

4vr e T

A saay O Ty
@ Y
A (4) = YA (37)
and for the conjugate mode,
_ 4‘7T _ _VOT
3Gy MO EE
70 (2 v

Owing to CP even transformation, we are not interested
in that. The CP violating triple products are given as

4vr yor
M ( 2\ _ 5 @ (2 Vs
Ar(¢) = 3(AL+A7)’ ' (7) A+ AL
AP () = A (39)
T A +Ar

where the angular coefficients are denoted as V’s, where-
as the longitudinal and transverse amplitudes are repres-
ented as A, and Ar, respectively. For the CP-conjugate
decay, the descriptions outlined in Eq. (39) adopt the fol-
lowing formulations:

_ _4‘7T _ VOT

AD (P2 = — s AD(2) = 13 _

r (@) 3(A,+Ar) v (@) A, +A,

A(?)( 2) _ _VET (40)
TR YA

By employing Eqgs. (39) and (40), we define these TPAs
as follows [108]:

AP () =5 (AP () + AP (). @

AP () =5 (A2 () - 42 (). @)
3 1 _

Ay () =5 (47 () + A7 (4°))- (43)

To obtain a comprehensive understanding of these TPAs,
we have expressed the longitudinal, transverse, and
mixed amplitudes V’sat the central values of the form
factors. In addition, to assess the sensitivity of NP, Ap-
pendix C summarizes the analytical expressions of these
asymmetries in terms of the complex NP WCs.

C. Numerical analysis

In this section, we discuss the impact of the con-
straints of the NP, vector, scalar, and tensor WCs calcu-
lated in Sec. III on the above-mentioned physical observ-
ables, and we check their NP discriminatory power. Fig.
5 shows the predictions for Arg, Rag, Rrr, Az, A4, As,
and Ag, as functions of the square of momentum transfer
(qz). The band in each curve shows the theoretical uncer-
tainties resulting from FFs and other input parameters.
The SM value is indciated by the black band, whereas the
NP couplings C}, C3, C3, and CT are indicated in red,
orange, pink, and cyan bands, respectively. The corres-
ponding light and dark shades represent 1o~ and 20 inter-
vals. The corresponding numerical values in different ¢
bins are given in Table 3. We can observe that for
C3 =4CT, a significant deviation from the SM value oc-
curs in almost all CP-even angular observables, except
for the Arp. Particularly, its effects are constructive (en-
hancing the SM value) for Rup, A3, As and destructive
(decreasing the SM value) for the remaining angular ob-
servables, where the maximum fall-off is for the As,.
These outcomes make C; = 4C” a promising candidate for
investigating physics beyond the SM. In addition, the WC
C3 has the second most significant deviation, particu-
larly for Arp, Ras, and As, whereas, the WC C3 has the
same result for the observables R;r and Ag,. However,
the WC C} exhibits minimal deviation for all angular ob-
servables because it has the same SM Lorentz structure
and a small real component. Quantitatively, these find-
ings are given in Table 3. We hope that the experimental
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Fig. 5. (color online) CP-even angular observables exhibited for various NP coupling as functions of ¢*>. The width of each curve
comes from the theoretical uncertainties in hadronic form factors and quark masses. The 1o (207) intervals (dark color) of the complex
NP WCs ¢}, €5, €5, 5 =4CT, for the set of observables S are indicated in red, orange, pink, and cyan, respectively.

measurement of these physical observables will aid in ob- are zero. If we consider the right-handed neutrino operat-
serving particular NP phenomena. ors in the WEH (11), which are not considered in the cur-
In contrast to these physical observables, the values of  rent study, their interference with the corresponding left-
the CP odd observables A; are too small to measure ex-  handed operators lead to the non-zero values of Iy o.
perimentally. Eq. (48) indicates that the expressions of Figure 6 shows the predictions for (A% (4%) as func-
Is ¢ are proportional to the imaginary part of the combina- tions of ¢*. The description of the various bands and col-

tion of WCs that is real, and hence the asymmetries As o ors is the same as that of the above angular asymmetries.
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Table 3.

Numerical values of the abovementioned physical variables at the best-fit-points of various NP couplings in the various ¢

2

bins. The uncertainties result from hadronic form factors and the other input parameters. For distinct WCs CY, C5, C5, €3 =4CT, in-

corporated the maximum deviations within 20 intervals in the uncertainties.

Observables Bins/GeV? SM cy c3 cs C3 =4cT

[3.16,5] 0.144 +0.009 0.144 +0.009 0.135+0.054 0.108 £0.045 0.160+£0.015

Ay [5,7] -0.015+0.008 -0.015+0.008 —0.027 £0.068 —0.055 +0.049 0.007 £0.027
[7,9] —0.095 +0.007 —0.095 +0.007 —0.104+0.057 -0.125+0.038 -0.075+0.028

[9,10.69] —0.082 +0.004 —0.082 +0.004 ~0.087 +0.029 -0.097£0.019 -0.072+0.018

[3.16,5] 0.559 +0.002 0.559+0.002 0.560 +0.008 0.562+0.005 0.564 +0.005

Ras [5,7] 0.601 +0.004 0.601 +0.004 0.603 +0.013 0.605 +0.008 0.612+0.012
[7,9] 0.574+0.003 0.574+0.003 0.575 +0.007 0.576£0.005 0.584+0.008

[9,10.69] 0.525+0.001 0.525+0.001 0.525 +0.002 0.525+0.001 0.529 +0.004

[3.16,5] 1.953 £0.061 1.953+0.061 1.896+0.430 1.794 £0.236 1.377£0.382

Rer [5,7] 1.136 £0.026 1.136+0.026 1.105 +0.244 1.060+0.114 0.951+0.140
[7,91 0.762+0.011 0.762+0.011 0.747+0.120 0.731+0.048 0.702 +£0.049

[9,10.69] 0.567 +0.003 0.567 +0.003 0.563 +0.034 0.559+0.012 0.554+0.011
[3.16,5] ~0.003 +0.000 —0.003 +0.000 —0.003 =0.000 —0.003 £ 0.000 —0.003 +0.000

A [5,7] —0.010+0.000 —0.010+0.000 -0.010+0.001 —0.011+0.000 ~0.009 +0.001
[7,9] —0.019+0.000 —0.019 +0.000 -0.019+0.001 ~0.020 +0.000 -0.016+0.002
[9,10.69] —0.028 +0.000 —0.028 +0.000 -0.028 +0.001 ~0.028 +0.000 —0.024 +0.004

[3.16,5] 0.025 +0.000 0.025 +0.000 0.025+0.003 0.026 +0.001 0.020+0.003

" [5,7] 0.068 +0.000 0.068 +0.000 0.069 +0.006 0.071£0.003 0.056 +0.008
[7,9] 0.101 £0.000 0.101 +0.000 0.102+0.006 0.103 £0.002 0.084£0.013

[9,10.69] 0.122 +0.000 0.122+£0.000 0.122 +0.002 0.123 £0.001 0.103+0.016
[3.16,5] —0.289+0.003 —0.289 +0.003 —0.288 +0.004 -0.280+0.011 —0.226 +0.044
A [5,7] —0.259 +0.002 ~0.259 +0.002 -0.255+0.017 ~0.241+0.019 -0.207 £0.038
[7,9] —0.198 +0.002 —0.198 +0.002 —0.193 £0.025 ~0.178 +0.022 -0.161+0.028
[9,10.69] —0.105+0.001 —0.105+0.001 —0.101 £0.020 -0.092+0.014 -0.086+0.015

[3.16,5] 0.650+0.023 0.650+0.023 0.662+0.100 0.686+0.062 0.371+0.186

Ac, [5,7] 0.862+0.025 0.862+0.025 0.874+0.110 0.893 +0.061 0.632+0.188
[7,9] 0.870£0.022 0.870+0.022 0.877+0.077 0.885+0.041 0.703 £0.165

[9,10.69] 0.557+0.013 0.557+0.013 0.559 +0.027 0.560+0.017 0.472+0.100

In the SM, the values of these triple product asymmetries
(TPAs) are zero; hence, any non-zero value is attributed
to the presence of NP. Specifically, from (49), we ob-
serve that V{7 and VI are zero, giving us (A}’ (¢?)) and
(A (¢%)) zero for any NP WCs. The only non-zero con-
tribution is from the CP violating triple product asym-
metry (A (4%)). In this context, for the NP WC C}, the
largest non-zero value or maximum deviation from the
SM reaches 0.28 at ¢>=6.5GeV* when C}=-1.5+0.9i.
This data point falls within the 20 interval. In a 1o inter-
val, the maximum deviation is 0.23, occurring at
¢* =6.5GeV* for C} of —1-1.05i and —1.17 + 1.06i. The
other non-zero deviation from the SM result is for
C3 =4CT; however, the maximum value here is 0.008 at

¢*> = 6.5GeV?, corresponding to WC C5 of —0.08 +0.33i
and —0.11+0.34i; however, this is too small to be meas-
ured experimentally. Similarly, for the WCs C3 and C3,
this asymmetry remains zero in the entire ¢° range.
Therefore, we can conclude that experimental observa-
tion of (A% (¢*)) will make the new vector type operat-
ors an important candidate to hunt for the NP in flavor
sector.

VI. CONCLUSION

The Standard Model (SM) elegantly explains most
experimentally observed phenomena, and no new
particles beyond those present in the SM have been dis-
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(color online) CP-violating TPAs exhibited for various NP couplings as functions of ¢>. The width of each curve results from

the theoretical uncertainties in hadronic form factors and quark masses. The 1o sigma (20) intervals in color (dark color) of the com-

plex coupling WCs €}

covered thus far. However, some deviations occur from
the SM predictions observed in flavor-changing-charged-
current (FCCC) transitions involving the third generation
of leptons i.e., b — c7v.. In this scenario, it is important to
explain how to study these indirect the signatures of new
physics (NP).

In this paper, we have analyzed anomalies observed
in b — ctv, decays by including new vector, scalar, and
tensor operators in the SM effective Hamiltonian. We as-
sume the corresponding Wilson coefficients (WCs) to be
complex and also we consider the neutrinos to be left-
handed. Our study is composed of two sets of observ-
ables. In the first set (S;), we include R, (D),R:.. (D),
F; (D", and P,(D*), whereas in the second one (S,), we
include two more experimentally measured observables,
R.,,(J/y) and R.,«(X.). For these two sets, we have estim-
ated the best-fit points, p-value, x3y,, pullgy, and 1,20 de-
viations for these complex WCs. As the branching ratio
of B, — 77, is not yet measured, we have shown our res-
ults for the 60%, 30%, and 10% limits on it. We find that
the NP WCs C} and C3 are not sensitive to these bounds,
whereas the C; the p-value is maximum for 60% limits.
The value of BFPs and the p-value significantly change
for S,. This is attributed to the large errors in the experi-
mental measurements of R, (J/y) and R/ (X.). We ex-
pect that when these measurements are refined in the fu-
ture, we will have better control over the parametric
space of these new WCs.

Because of the same quark level transition, a strong
theoretical correlation exists between Ry (D) and
R:jue(Ac). Using the updated values of different input
parameters and the experimental measurements for
R:/u. (D®), the updated sum-rule was derived in [66].
We validate the sum rule in our case and find that the re-
mainder is < 107, Similarly, we derive similar sum rules
for R.), (J/y) and R,/ (X,) relating them with R, (D®).
We observe that in R/, (J/¢) the maximum contribution

, C3, €3, €3 =4CT, for the set of observables S; are in red, orange, pink, and cyan, respectively.

comes from the LFU ratio of D*; hence, large deviations
in the R,/ (D*) will strongly impact this ratio. Using the
best-fit values of our complex WCs, and the latest meas-
urements of the Rq. (D), we calculate R, (J/y)=
0.289 and R,/ (X.) =0.248. In addition, we plot the cor-
relation of Rp and Rp- with other observables and hope
that the correlation of R./,. (D) with other physical ob-
servables will aid us in discriminating between different
NP scenarios.

Furthermore, we investigate the effects of these NP
WCs on different angular asymmetries and the CP-viola-
tion triple product in B — D*tv, decays. We find that the
most promising effects on the different angular asymmet-
ries are attributed to the NP WC C§ =4C”. We know that
the CP-triple product in the SM is zero, and any non-zero
value would hint towards NP. We find that for the vector-
like new operators, the maximum value of (A (%)) =
0.28. We hope our results can be tested at the LHCb and
future high-energy experiments.
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APPENDIX A: GOODNESS OF FIT

We determine x? to test the hypothesis about the dis-
tribution of observables in distinct effective operators.
This enables us to quantify the discrepancy between the
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theoretical and experimental data used to fit. y* is ex-
pressed as [115, 116]

No[u
el = [0 -0t (ch)] & [0 -0 ().
sJ (Al)
where Ny, is the number of observables, O are the

data from experiments, and O™ are the theoretical para-
meters of the observables, which are complex functions
of scalar and vector WCs C%, (X=5,V) and (M =L,R).
The covariance matrix is the sum of theoretical and ex-
perimental uncertainties and consider the experimental
correlation between R, .(D) and R.,.(D*) in terms of
pull, calculated as

2
AR e(D)=Rejy o (D*)
—2xp=*pull
1-p?

2 2
_ XReje T XRe0) Rope ¥PUllR ey

. (A2)

where the correlation value p taking from the HFLAV is
—0.37. First, we determine the number of degrees of free-
dom (dof) we have, which is equal to Naot = Nobs — Npar,
where N, is the number of parameters to be fitted for
each parameter. For complex WCs, as we have in our
case, we have Np, =2 and Ny, =4 and 6 for the sets of
observables S; and S,. In the second step, we obtain the
minimum value of y? for each parameter to acquire best
fit points (BFPs). Third, we utilize the value of y? to ob-
tain the p-value. The p-value for the hypothesis can be
calculated as [115, 116]

= /f(z;nd)dz, (A3)

where f(z;n,) is the x> probability distribution function,
and n, is the number of dof. The p-values quantify the
consistency between data and the hypothesis of the NP
scenario. Finally, we estimate the value of pull from the
SM in units of standard deviation (o) determined by

pullgy, = VX éM X ﬁqim (A4)

where x%, = x*(0).

APPENDIX B: ANGULAR OBSERVABLES

After incorporating the form factors and other input
parameters, the integration over ¢* leads to the expres-
sions of the angular coefficients (X107'6) in terms of our
complex NP WCs, i.e.,

I; =436 {[1+C}[*+0.002|1+C} — 1.1 (C3 - C5)|°
+12.67|C7|* - 12.67R [(1+C)) (C7)']}

1 =555 {|1+C} [} +7.26|C[*-4.69R [(1+C}) (CT)]}

I5=237{~|1+CY[ +12.67|C" [},

B=119{]1+C/[ +12.68|C" [},

L=237{-[1+C}[*+12.67|C"|'},

L =237{-[1+C}['+12.67|C"'},

I;=0.069 {R [(1+C; -1.93C") (1+C} +3.62C")"]
+0.53R [(1+C}-6.55CT) (1+C} -1.1 (C3 - C3))'] ),

I£=0.074{R [(1+CY=6.55C") (1+C) ~1.1 (C5-C$))'] ),

I=0.137{-R [(1+C) -1.93C") (1+C] +3.62C")"] },

L=673{3[(1+C;-1.93C") (1+C} -1.94C")’]
+0.000063 [(1+C} +12.27C7)
(1+C)-1.1(c3-C3))]},

Iy=0024 {5 [|1+C} " +2376|C" "] } = 0.

)

0
L=0048 {5 [-|1+C]|"-23.74|C"|"] } =0. B1)

APPENDIX C: CP-VIOLATING TRIPLE
PRODUCT

Defining 6, and 6, as angles between the D meson
(that originates from the cascade decay of D" — Dn
mesons) and that of ¢ with the decaying B-meson, re-
spectively. Additionally, the angle ¢ indicates the angu-
lar difference between the decay plane of D* and the
plane defined by the momenta of the 7 lepton and the cor-
responding (v,) neutrino.

The relevant triple products are computed through the
integration of the complete decay distribution across dis-
tinct ranges of the polar angles 6, and 6.. This process
yields the following triple products as the outcomes of in-
terest [108, 110-114].

drro
— dcos8.dcosf
dg?rmd¢ //dq2d0059 dcosfpde CO8TACOsED
45
1 dr
= = 2ndg (1+A¢ cos2¢ + Al sin2¢)
drr®
dcosf- / /
dq2d¢
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d'r
dg*dcos6,dcosOpdg
1 dr

- 13 (A(Cz) cosp+AY sin({)) ,

dcosbp

and

arre d
— = - cosf.
dg*d¢ ’

d‘'r

- dcos@
dg?dcos6,dcosOpdeg €o8op

2 dr
:37? (A(g)COS¢+A(;)) sin¢) .
T dq

The coefficients Ag)of cos¢ and cos2¢ are CP—even,
and the coefficients A(C’)of sin¢ and sin2¢ are CP-odd, un-
der the CP transformation. The expressions of V's in

terms of the NP WCs are

VO =1787.12 {[1+C) [ +0.71[1+C) +0.34 (C3 - CF)|°
+4.73[1-0.9C"|* +4.35% [(1-0.9CT) (1+C})]},
Ve =195 {|1+C} | +3.06|C" |’}
Vi =45581{1+|C}[*+2R [c]] +1.76|C|’
+4.1R [CT] -2.05(C/C"*+C"C[")},
VI =97.47{1+|c]|" +2R [C}] -3.07|C"['}.
ViT =0.033 [(1+C)y -12.27C") (-C5+ C3 )"
+1437C] +7.18(1+C")C[ "],
VI =0, VT =0. (C1)

2
From Ref. [111], we observe that VI = \/5(1—’25)
3 [AL A, which after integrating over ¢* is proportion-

alto 3|1+C}|*, and hence it is zero.
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