PHYSICAL REVIEW D 105, 055027 (2022)

New physics footprints in the angular distribution
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Hints of lepton flavor universality violation observed in various flavor ratios such as Rp, Rp-, R/, PP,

and F?" in B — D" ¢y and B, — J/wtv charge current decays have opened new avenues to search for
indirect evidences of beyond the standard model physics. Motivated by these anomalies, we perform a
detailed angular analysis of B, — D} (— Dy, D,x)¢v decays that proceed via similar b — c£v quark level

transition. We use the most general effective Hamiltonian for b — clv process and give predictions of
several ¢ and cos @ dependent observables for the B, — D*(— Dy, D,x)¢v decays in the standard model
and in the presence of various real and complex new physics couplings. The results pertaining to this decay
are competent to address the anomalies in the charge current sector.
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I. INTRODUCTION

Lepton flavor universality that treats the three genera-
tions of charged leptons (e, u, 7) to be identical except the
differences in their masses in the weak decays of flavor
changing processes has exposed the possibility of new
physics (NP) which lies beyond the Standard Model (SM).
The hunt of new physics lies not just at the frontiers of the
lepton flavor violating decays at the collider experiments
but also in various other phenomena such as matter-
antimatter asymmetry of the universe, dark matter, neutrino
mass, mass hierarchy problem and so on. The B factories,
since their inception, have been instrumental in exploring
NP. In recent years, the B factories have reported several
hints of lepton flavor universality violation in b — clv
charged current and b — sI*[~ neutral current transition
decays. More precisely, flavor sensitive observables such as
Rp. Rp-, Ry, PP, and F?" in B— D"¢y and B, —
J/wtv charge current decays deviate from the SM expect-
ation at 1.40, 2.90, 1.80, 1.60, and 1.5¢ level, respectively.
Similarly, Rg, Ry, P5 in B— K¥¢* ¢~ and B(B, —
¢utu~) in neutral current decays deviate from the SM
expectation at 3.10, 2.40, 3.30, and 3.606 level, respectively.
Although the results of several decay modes revealed the
signature of lepton flavor universality violation, none of
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them are statistically significant to account for the evidence
of new physics. The future upgrade of LHC with improved
precision and with more number of new measurements can
reduce the systematic error in the existing measurements
and at the same time the efforts to study various similar
decay modes eventually add up to tackle the possible new
physics puzzle in semileptonic B decays. In the present
context, we limit ourself to discuss the anomalies in the
b — clv charged current quark level transitions.

(i) Anomalies in Rp: The ratio of branching ratio Rp

for the decay mode B — Dlv is defined as

B(B — Dtr,)

Ko = BB = Dle/u)oi)

(1)

A very precise SM prediction of Rp = 0.299 £
0.003 and Rp = 0.300 £ 0.008 [1-6] was reported
using the B — D form factors obtained in lattice
QCD approach. In 2016, FLAG working group
predicated the most accurate SM results of Rp =
0.300 £ 0.008 by combining two lattice QCD re-
sults with the experimental form factor of B — Dlv
obtained from BABAR [7] and BELLE [8]. In 2012,
for the first time BABAR collaboration experimen-
tally measured the value of the ratio of branching
to be Rp = 0.440 £ 0.058 + 0.042 [9]. This meas-
urement was found to be deviated from the theo-
retical prediction at 2.6c0 level. Later, BELLE
collaboration in 2015 [10] measured the value to
be Rp = 0.375 4+ 0.064 £+ 0.026. Similarly in the
Moriond 2019, the BELLE collaboration announced
the updated measurement in R, and reported it to be
Rp =0.307 £0.037 = 0.016 [11]. Although it is
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(i)

(iif)

consistent with it’s previous measurement, the aver-
age of all the three measurements obtained from the
HFLAV still deviates at 1.4 from the SM expect-
ation [1-6]. Although the deviation from the SM
prediction is decreased from 2.66 to 1.40, the
tension between theory and experiment still exists.
Anomalies in Rp.: The ratio of branching ratio Rp:
for the decay mode B — D*[v is defined as

B(B — D*tr,)
B(B —» D*{e/u}b(esn))

The first SM prediction of Rp- = 0.252 £ 0.003
was reported in Ref. [12]. Several new calculat-
ions have become available since 2017 [5,6,13].
Although there are differences in the evaluation of
the theoretical uncertainty, all the new calculations
are found to be in very good agreement with each
other. They are more robust and are consistent with
the old predictions for Rp- as well. The arithmetic
average obtained by HFLAV is R = 0.258 +0.005
[5,6,13]. As of B — D* lattice QCD form factors are
concerned, earlier some unquenched calculations at
the zero recoil existed from the Fermilab Lattice and
MILC Collaborations [14,15]. Very recently in
2021, using the lattice inputs, again the FNAL/
MILC announced the first unquenched lattice cal-
culation of B — D* form factors [16] at nonzero
recoil and reported the value of Rp- =0.265+0.013.
First experimental measurement of Rp- = 0.332 £
0.024 £ 0.018 was reported by BABAR collabora-
tion [17] and it was found to be deviated at 2.7¢ from
the SM predication. Later in 2015, 2016, and 2017,
Belle collaboration measured the value of R to be
0.293 £ 0.038 £ 0.015 [10], 0.302 £ 0.030 £ 0.011
[18] and 0.270 & 0.0357005% [19], respectively.
Similarly, in the year 2015 and 2017, LHCb col-
laboration also measured the value of Rp- to be
0.336 +0.027 £ 0.030 [20] and 0.291 +£0.019 £
0.029 [21], respectively. The recent update of R-
measurement from the Belle collaboration [22]
announced in the Moriond 2019 is Rp- = 0.283 £
0.018 £ 0.014. At present, the average of various
measurements of Rp- from HFLAV still deviates
from the SM expectation at the level of 2.9¢.

Anomalies in R, ,,: The ratio of branching ratio R,
for the decay mode B, — J/wlv is defined as

RD* -

2)

BB, J/yw,)
Ry = B(B, — J/V/{e/y}z"/(e/ﬂ))- (3)

The SM prediction of R;,, can be found in the
Refs. [23-29]. In addition, the authors in Ref. [30]
provide the SM bound to be R, € [0.20,0.39] at
95% confidence level. Very recently, the HPQCD

collaboration reported the first lattice QCD results of
R, and reported it to be 0.2582 + 0.0038 [31]. The
experimental measurement of R;,, from the LHCb
collaboration in 2017 has reported the value of
Rj;, = 0.71 £ 0.17 £ 0.18. This measurement of
R, deviates from the SM prediction at 1.8c level.
Anomalies in PP and FP': The ¢ polarization
fraction and the longitudinal polarization fraction
of D* meson in B — D*7v decays are defined as

@iv)

o I''(B - D*tp,) —I'"(B - D*t,)
‘ ['(B - D*ti,) '
pp = LB = Dirh), (4)
I'(B —» D*10,)

The measured value of the 7 polarization fraction
PP =-0.38 £0.51707 [32,33] deviates from
the SM prediction of 0.497 +0.013 [34] at 1.60
level. Similarly, for F?", the measured value F?" =
0.60 & 0.08 £ 0.035 [35] deviates from the SM
expectation of 0.46 4 0.04 [36] at 1.5¢ level.

So far till date there have been several model indepen-
dent and model dependent NP analysis on b — clv decays.
We report here an incomplete list of various literatures
[37-81]. Recently, in Refs. [82,83], the authors calculate
the best fit values of vector, scalar, and tensor NP couplings
in 1D and 2D scenarios by fitting the experimental

measurements of R, P? 3, and F; by considering the
correlation between the observable R, — Rp-. Similarly, in
Ref. [61], the authors obtained the best fit values of NP
Wilson coefficients (WC) by considering the experimental
values of Rp —Rp- in a Bayesian statistical approach
assuming complex NP WCs. Moreover, in Ref [84], the
authors perform a global fit of NP WCs by considering the
constraints coming from the measured value of R, PP,
FP", differential g distribution of B — Dzvand B — D*7v
decays and branching fraction of B, — zi, decays.

The SM analysis of B, — Djlv decays has been per-
formed by several authors using the form factors obtained
in the constituent quark meson (CQM) model [85], the
QCD sum rule [86,87], the light cone sum rule (LCSR)
[88,89], the covariant light-front quark model (CLFQM)
[90], the instantaneous Bethe-Salpeter equation [91,92], the
lattice QCD at zero recoil point [93], the perturbative QCD
approach [94,95], the BGL parametrization of lattice QCD
data. [96] and the relativistic quark model (RQM) based on
the quasipotential approach [97]. In Ref. [98], the authors
perform a model independent analysis of NP effects in
B; — Dilv decays by using the RQM form factors of
Ref. [97]. They, however, treat D} meson to be stable and
did not consider any further decay of D% to Dy or D,x.

In the present paper, we use the most general effective
Lagrangian in the presence of NP and perform a detail
angular analysis of By » D} (— D,y, D,x)lv decays using
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the lattice QCD form factor results in the full ¢* range.
Among the two decay channels, the probability of D} going
to D,y is 93%, whereas, for D} — Dz, it is 5%. In this
analysis we treat the NP WCs to be both real and complex.
We give prediction of the branching fraction, longitudinal
polarization fraction of D} meson, forward backward
asymmetry and several other angular observables pertinent
to By — Di(— Dy, D,n)lv decays.

Study of this decay channel is well motivated for several
reasons. From the experimental point of view, very
recently, LHCb collaboration has provided a complemen-
tary information regarding the CKM matrix element V
using this decay channel. Similarly, LHCb collaboration
has also reported the measured shape of the normalized
differential decay distribution with respect to ¢>. It will
allow to make a direct comparison between the experi-
mental measurements with its theoretical values. Moreover,
BELLE collaboration is accumulating large data samples
which will help in measuring the branching fractions to a
very good precision. A total of (6.53 & 0.66) x 10° BB,
pair is obtained at the BELLE detector [99] at electron-
positron collider KEKB asymmetric energy. In BELLE-II
the statistics will be increased by a factor of 40, and in the
next decade the datas are expected to be more than 50
times. Hence a precise measurement of observables per-
taining to B; — D} lv decays may be feasible in near future

|

4Gr

which eventually will be crucial to reveal the evidence of
lepton flavor universality violation in B meson decays. At
the same time, from theoretical point of view, very recently
in 2021, first lattice QCD results for B, — D} form factors
have been reported by the HPQCD collaboration [100].
From the lattice QCD point of view, the B, — D? form
factors have an advantage over the B — D* form factors
mainly for two reasons. First, the B; — D7 does not contain
the valance u/d quarks. Second, the D} meson can be
treated as stable as there is no Zweing-allowed strong two
body decays because of its very narrow width.

This paper is organized as follows. In Sec. II, we
start with the most general effective weak Lagrangian
for b — clv decays in the presence of vector, scalar and
tensor NP operators. We also report the relevant formula for
all the observables pertaining to B; - Di(— Dy, D;x)lv
decays in Sec. II. In Sec. III, we discuss the results obtained
in the SM and in the presence of several NP couplings.
Finally, we conclude with a brief summary of our results
in Sec. IV.

II. THEORETICAL FRAMEWORK

In the presence of NP, the effective weak Lagrangian
for the b — clv transition decays at renormalization scale
1 = my can be written as [101,102]

Legt = A Veod (14 gy, )Ly wi ey by + gy, Loy, wicrr*br

+ gs, [rvrCrbL + g5, lrviC bR + 91, IR0 VL CR0™DL} + Hoc., (5)

where, G is the Fermi coupling constant and V., is the Cabibbo-Kobayashi-Maskawa (CKM) matrix element. The vector,
scalar, and tensor type NP interactions denoted by gy, .. gs, ,» and gr, NP couplings are associated with left handed

neutrinos. We have not considered the right handed neutrino interactions in our analysis.

A. Angular decay distribution of B; — D} (— D,y)lv decay mode

The four body differential decay distribution for the B, — D%(— D,y)lv decay can be expressed in terms of the angular

coefficients as [103]

d'T(B — Di(— D,y)lv) i

dq*d cos 0,d cos Op d

2
=N,Pp. <1 - mé) {1,,sin*0p +1;.(3 +cos20), ) + (Ip,sin® Op + I,.(3 + cos26), )
. p . .

X €08 20, + I5 sin? ), sin® 0; cos 2¢ + 14 sin 26, sin 26, cos ¢ + I sin 26, sin 6 cos ¢
+ (Ig sin? Op + I6.(3 + cos 26, )) cos 6; + I sin 26}, sin 0, sin ¢
+ Ig sin 20, sin 26, sin ¢ + Iy sin 0, sin® 0, sin 2¢} (6)

where the three momentum vector of the D} meson and the normalization constant are defined as

P 5o

= ’1("13.?’ mp:, 612)/2’”3,\.’

_ 3G%|Vcb|ZB(D? - DsY)

N, =
7 128(27) mpp

(7)

In the presence of vector, scalar and tensor NP couplings, the angular coefficients /;, where i = 1, ....6, can be expressed

as [103]
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I = 1+ ey PIM + [egPIYOR + |epPIYT + 2Refeg (1 4 e) )TN R + 2Refep (1 + €)1 "
+ 2Reler(1 + e[ INTT 4 2Releges | IINTRT + 2Re[epes | IINTFT 4 2Relepel] ITNTFR, (8)

Similarly, the angular coefficients I;, Ig, and I¢ can be written as

I; = 2Im[eg (1 + €)]EENTR 4 20m[ep(1 + €)1V 4 2Im[ep (1 + ;)| N7

+ 2Imeges | VTR 4 2Im[epei ] NPT 4 20mlepe | IENTRT

* INT.R
1(8/9) = ZIm[eR(l + SV)]I(S/Q) . (9)
where
ev =gy, €R = Gv,» €p=9s,—9s, € =9s,+9s, €r=9r,- (10)

Here I3M represents the angular coefficients in the SM and all other terms correspond to NP, interference of NP with NP, and
interference of SM with NP, respectively. We refer to Ref. [103] for all the omitted details.

1. The ¢* dependent observables

We define several ¢> dependent observables for the B, — D*(— D,y)lv decay mode.

(i) The differential branching ratio, the lepton forward-backward asymmetry ALg(g?), the forward-backward
asymmetry of transversely polarized D meson A%, (g?), the longitudinal polarization fraction of the D} meson
F;(¢?) and the convexity parameter C%(g?) are defined as [61]

ar
dq?

m*\2 16

(4%) :Ny|ﬁDf <1 —?> 3”(31“ + 121 = I — 41,)

= m?\2 > 22
8a Ny |Pp: (1 = 3) (Iss + 4l5.) 322N [P (1 =) I,
Aps(*) =5 y 2 ’ Fe(@®) =%~ Z ,
3 dr'/dq 3 dTr/dg
B oI(1="? _ 2 mi\2
Fuq) :m_ﬂNy|PD;|(1 qz) (311 — 1) L) :&NY\PD; (1 qz) (125—1—4]20)' n
L) ="y T/ dg ’ P ="3 T/ dg

where

ar, 161 . - m2\ 2
d—qQZTNAPD:'(l —q—zl) (121, — 415.).

(ii) The angular observables A3(g?), A4(q?), As(q?), Aes(q%), A7(q%), Ag(q?), and Ag(g?) are defined as [61]

p mi2 =4 m2\2
As( 2) = 16Ny|PD? u _‘71) = ( 2\ 64NJ’|PD§ (1 _qTI) Iy
M= dr/dq? ’ )= dr/dg? .
p 2 B m?\2
As(q?) = 8x Ny Pp;|(1=24) s Ag(q?) = 2887 N |Pp; (1= 75) g,
s\ = 3 dT/dq2 ’ 6s\q") = 24 dF/dq2 ’
p mi\2 =4 m2\2
A(g?) = 8x Ny Pp;|(1=24) 1 Ay(a®) 6N P (1 =) I
7d N 3 dT/dq2 ’ s\ - 9 ClT‘/dqz )
- m2 2
A ( 2) _ 16NY|PD§ (1 _q_2]) 19 (12)
M= dr/dg?
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(iii) The ratio of branching fraction is defined as follows

dr/dq2|r—mode ) (13)

Ry (g?) = ——L 2 t—mode
. (q ) dF/dq2|e—mode

2. The cos 0 dependent observables

We also define several cosp and cos6; dependent observables. They are

N m22 2
P p N},|PD}« (1 —q—zl) 2ﬂf£{;:x(2]1s —%123)(1 —COS2 GDJ)dqz
L(cosbp,) = (B, —» Di(= Dy)l)
- m2.2 2
N|Pp (1 =23) 4z [T (21 = 315.)(1 + cos® Op, )dg?
Fr(cosbp ) = min

F(B — Di(- Dy)lv)

87Ny |Pp;
FL(COSHI):?H !

(1-2¢ f" (115 + Ig(2cos? 0, — 1) + I, cos 0,)dg?
F(Bs — Di(= Dyy)lv)

322Ny Pp;

(1= 20" [ (1 + Do (2005° 0 = 1) + I c050,)d?

F 0) =—
r(cos ) 3 I'(B, » D:(— Dy)l)
- n12 2
N7|PD*§ (1 ——2[) ZEI%%QX[(165+2I6C) + (2160 _IGS) 00529D ]dq2
Al p(cosOp ) = g 1 Tinin - , (14)
g dr'/dcosOp,
where
dF 47T qmax mlz 2 2 2
W 3 N |PD* 2 (315 = Iy + 611, = 2I5.) + (Ing = 31 + 61, — 21, )cos*0p |dg”.

min

B. Angular decay distribution of B, — D;(— Dx)lv decay mode

Starting with the effective Lagrangian of Eq. (5), the four body differential decay distribution of B; — D}(— Dx)lv can
be written as follows [61,104].

d‘T'(B - Di(— Dm)lv)
dg*d cos 0,d cos Op, d¢p 32
+ (1308 2¢ + 1o sin 2¢) sin® O, sin® 0; + (I, cos ¢ + Ig sin ) sin 26, sin 26,
+ (Iscos ¢ + I7 sin ) sin 20, sin6; + (Ig, sin” Op_+ I, cos® Op ) cos 6;}, (15)

——{Iysin*Op_+ 1. cos? Op_+ (I;sin* Op + Ip. cos” Oy, ) cos 26,

where the angular coefficients are [61,104]
16
&%

2 3
<3+%>(|Aﬁ|2+|flﬁ|2)+2(1 Z>(|A P AL P - L Re[ AL AL + AL AL

v

2
zlc:NF[2(1+%)<A5+4|A%0>|2>— el AL ALs) + M| 41, @

1

I,y =Np [5

mZ
=—2NF( q;)uAéP AL )

1
zzszizvp( ") QAL + AFP) — 4045, + 145 )

NF( %)(M P o AL — 40 2 + A )
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2
[

Iy = V2Ng (1 — %) Re[Af Al — 445, A% ]
2
I — 2VAN [Re[(AL oM )(AL*—zﬂAL*H _ﬁRe[A,L* <AL oM )}
5 F 0 \/? 70 L \/? T1 7 P I \/? T||
8m? VT

l

_ L m; L Lx m; Lx
I6s = 4NFRe[(A| _2\/—?"4T|> <AL _2\/—?ATL>:|

1y = <2V, i (a5 =2 g ) (A 2™t ) " ity (ar — 2L
7= Np (Im]| { Ag 27 I 27Tl +q2 m|Ap | AL my Tt

2
16(‘ = NF7RC |:AtL;>F <A6 - 27A§‘~0>:|

2
1y = VAN (1= Il AL 4455

2
Io = 2Ny (1 - %) Im[ AL AL — 4AL AL, (16)

with

GHVeal® 5,10 mi\? s
The longitudinal, transverse, and timelike component of amplitude A%O’T L)) written in terms of NP couplings, are taken
from Ref. [104]. We refer to Ref. [104] for the omitted details.

1. The q* dependent observables
(i) The differential branching ratio, the lepton forward-backward asymmetry AL,(g?), the forward-backward
asymmetry of transversely polarized D meson A% (g?), the longitudinal polarization fraction of the D} meson
F;(¢?) and the convexity parameter C%(g*) can be defined as [61]

dF 2 1 3(16 +216)
() == (6], +31,, - 2L, — I Al (g?) =28 T 265/
131, - I,) 6 I 6 (21, + 415,)
Fo(g?) ==-"2¢ =</ AL (g?) = ——2 Cl(g?) =2~ 25/ 18
where
dary 1
dq2 :Z(6lls_212s)- (19)

(ii) The angular observables A3(g?), A4(q?), As(q?), Ags(q%), A7(q%), As(g?), and Ag(g?) can be defined as [61]

1 I 2 1,

As(q?) = 2rdl)df Ay(g?) = ~rdl/dg

M) =~ Al =g

M) == A =t

Mole) = 3 (20)
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2. The cos 0 dependent observables

The cos @ and cos ; dependent observables can be defined as follows [64].

2
o [ 21y, -3 120 0
16 I'(B; — D;(— D;n)lv)
2
9 f;]max (21]3 — %125)(1 — COS2 HDx)dCIZ

2
F 9 - min
r(c0s0b,) = 16— T E = Dr (= Da)lb)

F(cos ‘9D.y)

9 f;ﬁz;‘* (I, + Ir.(2cos? 0, — 1) + I¢. cos 0,)dg*

F 0,) =
L(cos0) =7 (B, = Di(= Dya)lv)
9 fq"f““* (I, + I5(2cos? 0, — 1) + I, cos 0,)dg?
F 6 —— min
rleostn) =15 [(B, = D (= D,7)lb)
2
Al ) 9 f:z:“ (Ies + (Isc — I65) cos® Op )dq* .
Fp(cos DX) 16 AT/ d cos 0, ) (21)
where
dar 9 Frax
’ (3115 — Ing) 4 (Ipg = 315 + 31, — 21,,) cos® Op, |dq*. (22)

dcostp T 24 e

min

In general, for all ¢2, the coefficients in Dz and Dy angular distributions obey the following relations.

I]]Ts _ I’]Zc _ IIZTS _ Igc _ Igs _ﬁ_

E__ni __I5_
ar,,. 2r, AL, 20, 4l 217

20, 20, 206

Using these relations one can easily see that the
observables Ry (¢%), Arp(q°), Afg(q). Fr(q). Cr(q?),
F;(cos®,;) and Fp(cos@,) are numerically equal in both
D, and D,y decay channels.

III. RESULTS AND DISCUSSION

A. Input parameters

In Table I, we report all the theory inputs such as the
masses of various mesons, leptons, the branching fraction
of B(D} — Dyy), B(D} - D) and mass of b quark and ¢
quark evaluated at renormalization scale y = m,, [105]. The
mass parameters are expressed in GeV unit and the B,

[
meson life time 75 _is expressed in second. We consider the
uncertainties associated with the CKM matrix element
|V.p| and the relevant vector and axial vector form factor
inputs V, Ay, A; and A, of Ref. [100]. The relevant formula
for the form factors pertinent for our discussion, taken from
Ref. [100], is

F@) =5 Y ad (@), (23)

where F stands for the form factors V, Ay, A, A, and q,
aj, a,, as are the z-expansion coefficients. The pole
function P(g?) and z(g>.t,) are defined as

TABLE I. Theory input parameters.

Parameters Values Parameters Values Parameters Values

mg, 5.36677 mp: 2.112 m, 0.5109989461 x 1073
my, 4.18 m, 0.91 [Vl 0.0409(11)

mg 5.27964 mp- 2.010 m, 1.77682

B(D; — Dyn) 5.8 x 1072 B(Di - Dyy)  93.5x 1072

Gr 1.1663787 x 107° Tp, 1.515 x 10712
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TABLE II. Form factor input parameters.
ag a a az M o1
Ay 0.1046(79) —-0.39(15) 0.02(98) —0.03(1.00) 6.275 6.872 7.25
Ay 0.0536(28) 0.020(75) 0.09(81) 0.10(99) 6.745 6.75 7.15 7.15
A, 0.051(15) 0.02(26) —0.35(79) —0.07(99) 6.745  6.75 715 715
% 0.102(14) —-0.27(30) —0.007(0.998) —3e—-05+ -1 6.335 6.926 7.02 7.28
Vi —q*— T =1 Az, Ay, As, Agg, A7, Ag, and Ag for both e and 7 mode in
P(q*) = HZ(‘IZ’MgolJ (g 1) = \/ﬁ — Table III. Our observations are as follows.
Mpore +TC VT (i) The branching ratio of B; — D}(— D,x)lv mode is
(24) found to be of O(1073), whereas the branching ratio

where, 1o = (Mp —Mp.)?, t, = (Mp+ Mp)? and the
pole masses are represented by M. In Table II, we report
the form factor inputs relevant for our analysis. The
uncertainty associated with these parameters are written
within parenthesis.

We have used the equation of motion to find out the
relevant tensor form factors so that

my, +m, my, —m
T 2\ — b ¢ \% 2 , T 2\ — ¢ A 2 ,
1(q*) P (@%). Ta(q?) Pr— 1(q%)
my, —m
T5(¢?) = —— s—<[mp, (A1(q%) — Ax(q%)) + mp: (Ax(q?)

+A1(q?) =24(q%))].

B. SM prediction

We report the SM central value and the 16 uncertainty
associated with several observables such as the branching
ratio (BR), the ratio of branching ratio (R ), the forward
backward asymmetry (Akp), the convexity parameter (CL),
the forward backward asymmetry for the transversely
polarized D? meson (ALy), the longitudinal polarization
fraction of D meson (F ), the angular observables such as

(ii)

(iii)

@iv)

)

of By — D}(— D,y)lv decay mode is obtained to be
of O(1072).

As expected, the central value and the 1o uncertainty
associated with Rp., ALy, Ch, ALy, and Fp is
exactly same for the B; — Di(— D,y)lv and the
B, — Di(— D,x)lv mode.

The angular observables such as A;, Ay, As, Ag, are,
however, quite different for both the decay modes.
The central values obtained for A5, A4, and A5 in B, —
D}(— D,z)lv mode are twice as large as the values
obtained in case of By — Di(— D,y)Ilv mode.

The angular observables A5, Ag, and Ag are zero in
the SM and are nonvanishing only if NP induces a
complex contribution to the amplitude.

The ratio of branching ratio Rp: is found to be
0.2430 + 0.0015 which is quite similar to the value
reported in Ref. [100]. The authors in Ref. [100]
calculate Rj: by considering the 7 and the 4 mode.
However, in our paper, we have calculated Ry using
the 7 and the e mode. The slight difference in Ry is
mainly coming from the mass of the lepton. More-
over, by considering the 7 and the 4 mode, we have
obtained the value of Rp. to be 0.2442 + 0.0015

where the central value is exactly same with the

TABLE III. The central values and the corresponding lo ranges of various observables in the SM.

B, - D}(— D,x)lv decay mode B, — D} (— D,y)lv decay mode
Observable e-mode 7 mode e mode 7 mode
BR (3.0516 4 0.0988) x 1073 (0.7415 +£0.0231) x 1073 (4.9194 4 0.1593) x 1072 (1.1954 4 0.0372) x 1072
Al —0.2640 £ 0.0031 —0.0896 + 0.0020 —0.2640 + 0.0031 —0.0896 + 0.0020
AT, —0.5436 £ 0.0035 —0.3842 + 0.0026 —0.5436 +0.0035 —0.3842 4+ 0.0026
Fr 0.5143 £ 0.0040 0.4482 £ 0.0015 0.5143 £ 0.0040 0.4482 £ 0.0015
A —0.0252 +£ 0.0003 —0.0162 +£ 0.0001 0.0126 £ 0.0001 0.0081 £ 0.0001
Ay 0.1909 =+ 0.0005 0.0883 £ 0.0001 —0.0954 + 0.0002 —0.0442 £+ 0.0001
As —0.2139 £ 0.0019 —0.2265 + 0.0010 0.1069 £ 0.0010 0.1133 £ 0.0005
Ags 1.1882 £ 0.0140 0.9539 £ 0.0077 —0.0000 = 0.0000 —0.5509 + 0.0026
Ct. —0.4071 £ 0.0091 —0.0550 £ 0.0014 —0.4071 + 0.0091 —0.0550 + 0.0014
A 0.0000 0.0000 0.0000 0.0000
Ag 0.0000 0.0000 0.0000 0.0000
Ag 0.0000 0.0000 0.0000 0.0000
Rp: 0.2430 £ 0.0015 0.2430 £ 0.0015
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FIG. 1.

g* and cos 0, dependence of B, — Di(— D,y, D,r)lv decay observables in the SM for the e (red) and the 7 (green) mode.

central values obtained in [100]. We, however,
observe a slight difference in the uncertainties
associated with it.

In Fig. 1, we show several ¢> and cos#, dependent
observables such as Rp:(q%), Arp(q?), ALg(4?), Fr(q%).
Ch(q?), Fi(cos®,), and Fy(cos®,) for the By — Di(—
D,y,D;x)lv decay mode. It should be mentioned that
these observables show exact same behavior for the D,z
and the D,y mode. Here the red color represents the ¢ mode
and green color represents the r mode, respectively. Our
main observations are as follows.

®

Al-2(g*) : We observe a zero crossing of A%,(q?)
at g> = 5.25+0.10 GeV?>.

(i) ATz(¢%): ALz(¢?) is minimum at low ¢* and

(iii)

(iv)

™)

(vi)

assumes negative values for the whole g* range in
both ¢ mode and = mode. Moreover, it increases with
g*> and becomes zero at ¢> = G2

C%(¢?) : The convexity parameter C%(g?) is found
to be minimum at low g¢> and it increases as g>
increases. At g = g2 it is equal to zero for both e
and the 7 mode.

F;(¢*): The longitudinal polarization fraction
F1(¢?) is maximum for low value of ¢?. It gradually
decreases and becomes minimum at g*> = g2,,.
F(cos@,): The distribution is found to be symmet-
ric in case of e mode but not for the z mode. This is
due to the presence of lepton mass term in the
amplitude. At cos8, =0, F;(cos@;) is maximum
for e mode, whereas, for the 7 mode, the maximum
occurs at cosd; = 1.

Fy(cos@;): The maximum value of F; is obtained
for cos@, = —1 for both e and the z mode. it
gradually decreases with increasing cos 8, and be-
comes minimum near cosd; = 1.

In Fig. 2, we display the ¢> and cosfp depen-
dence of several observables that are different for

B, — D}(— Dx)lv

and B, - D(— Dyy)lv decay

modes. Here the red color represents the e mode and green
color represents the 7 mode, respectively. Our observations
are as follows.

(@)

(i)

(iif)

@iv)

v)

055027-9

DBR: In case of B, —» D}(— D,y)lv decay mode,
the maximum value of DBR = (0.567 + 0.037) x
1072 is observed at g*>~6.04 GeV? for the e mode,
whereas, the maximum value of DBR = (0.241 £
0.015) x 1072 is observed at g*~ 8.28 GeV? for
the 7 mode. Similarly, for B; - D}(— D,x)lv, the
DBR peak of (0.351 4 0.023) x 1073 is observed
at ¢>~6.15 GeV? for e mode and maximum
DBR = (0.150 & 0.010) x 1073 is observed at ¢* ~
8.07 GeV? for the 7 mode.

As(q%), A4(¢?), As(g?): The angular observables A;s
obey a strict relation A7 = —2A7 at all values of ¢*
for the D,z and D,y mode.

Ag,(g%): For the D,y channel, Ag,(g?) is observed to
be zero for the e mode, whereas, it is minimum at
low ¢? and maximum at high ¢* for the 7 mode.
It should also be mentioned that value of Ag is
negative for the whole ¢> range. For the D,z
channel, the maximum of Ag, is observed at ¢* ~
5.98 GeV? for the e mode and it is observed at g* ~
7.28 GeV? for the 7 mode.

F(cos@p_ ): The behavior of F; is symmetric about
cosOp . The maximum value of F; is obtained at
cosfp = 0 for both e and the 7 mode in the Dy
mode, whereas, in D,z mode, we observe a mini-
mum at cosp = 0.

Fr(cosfp ): Fr is symmetric in cos@p for both
Dgy and Dy mode. F'; is minimum at cos 6y = 0,
whereas, it is found to be maximum at cos 0, = +1
for the D,y mode. For the Dz mode, the maximum,
however, occurs at cos 6’D\_ =0 and it goes to zero
at cosfp = +1.
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FIG. 2. ¢? and cos 0p, dependence of B, — Di(— Dyy, D,r)lv decay observables in the SM for the e (red) and the 7 (green) mode.

(vi) ALg(cos6p ): Alg(cosBp ) is symmetric in cos 6y,
for both D,y and D,z modes. For D,y mode,
Al p(cos@p ) is minimum at cos @ = +1, whereas,
it is maximum at cos @ = O for both ¢ and the 7 mode.
However, for D,z mode, it is completely opposite.
Alp(cosBp ) is maximum at cos @ = +1 and mini-
mum at cos@ =0 for both e and the 7 cases. It
should also be mentioned that, a zero crossing in
Afp(cos@p ) is observed at cosfp = +0.456 &
0.018 for the D,y mode, whereas, the zero crossing
point is observed at cos0p = +0.626 + 0.007 for
the D,z mode.

The parametrization of the B; — D} form factors con-
sists of a pole factor with no uncertainty and a polynomial
in z for which the coefficients with their uncertainties are
given in Table XIII of Ref. [100]. They also provide the
correlations between the z-expansion coefficients which are
necessary for reconstructing their results explicitly. In our
error analysis, however, we have not considered the
correlations between the z-expansion coefficients. Hence
our errors are smaller than the errors reported in [100]. The
parametrization of the B, — Dj; form factors consists of a

pole factor with no uncertainty and a polynomial in z for
which the coefficients with their uncertainties are given in
Table XIII of [100]. They also provide the correlations
between the z-expansion coefficients which are necessary
for reconstructing their results explicitly. In our error
analysis, however, we have not considered the correlations
between the z-expansion coefficients. Hence our errors are
smaller than the errors reported in [100].

C. New physics analysis

We now proceed to discuss the NP effects on various
physical observables in the angular distribution of B, —
Di(— Dyy)tv and By — Di(— D,r)tv decays in a model
independent framework. We have taken three possible NP
scenarios. The best fit values of the NP couplings under
each scenarios, taken from recent global fit analysis
[61,82,83], are reported in Table IV.

1. Scenario 1

In scenario I, we choose four different 1D NP hypothesis
and the corresponding best fit values of Refs. [82,83]

055027-10
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TABLE IV. Best fit value of NP couplings.

New physics scenarios

Scenerio—I [82,83]

Scenerio—II [82,83]

Scenerio—III [61]

gVL =0.07
g5, = 0.09
gSI, =0.07

gsL == 4gTL =-0.03

(9v,.9s, = —4gr,) = (0.10,-0.04)
(gs,» gs,) = (0.21,-0.15)(SetA) or
(gs,» gs,) = (—0.26,—0.61)(SetB)
(gv,.9s,) = (0.08,-0.01)
(95, = 4gr,) = (-0.06 + i0.31)

gy, = 0.07 - i0.16
gy, = —0.01 —i0.39
gs, = 0.29 — i0.67
gs, = 0.19 + i0.08
gr, = 0.11—i0.18

obtained at scale 4 = 1 TeV are reported in Table I'V. For
our analysis, we run these NP couplings down to the
renormalization scale u = m, [82,83]. The effect of these
NP couplings on several physical observables pertaining to
B, —» Di(— Dyy)wv and By —» D}(— D,z)tv decay
modes are reported in Table V.

It is clear from from Table V that in the presence of
gy, NP coupling, the branching ratio gets considerable
deviations from the SM predication. However, no
deviation from the SM prediction is observed for observ-
ables that are in the form of ratios. The NP dependency
cancels in these ratios. In the presence of gs,, g5, and
gs, = 4gr, NP couplings, A%, is found to be at more
than 46 away from the SM prediction for both D,y and
D,z mode. Similarly, a deviation of around 3.4c, 4.71c
and 1o is observed for F;, in the presence of gg, , gs, and
gs, = 4gr, NP couplings. Moreover, the deviation from
the SM expectation observed in case of R)): is at the level
of 2.05¢ and 3.83 significance in the presence of gg, and
gs, = 4gr, NP couplings respectively, whereas, it is at
the level of 156 significance for gy, NP coupling. The
observables A; and AL, show slight deviation from the
SM in the presence of g5, =4gy, NP coupling. As
expected, A7, Ag and Aq are all zero and hence we do not
report them in Table V.

In Fig 3 we display the ¢*> and cos#, dependence of
several physical observables that exhibit same behavior for

the D,y and D,z modes. The contribution coming from
9v,»9s,» 9sg» 9s, = 4g9r, NP couplings are represented by
blue, black, violet, and orange lines and band respectively.
Our observations are as follows.

(i) In case of F;(cos®,), a slight deviation from SM
expectation is observed at cos §; > 0.5 with g5, and
gs, NP couplings and they are distinguishable from
the SM prediction at slightly more than 1o signifi-
cance. However, for F7(cos 6;), no such deviation is
observed and they all lie within the SM error band.

(ii) In case of Rp:(¢*), maximum deviation is observed
in case of ng NP coupling and it is clearly
distinguishable from the SM prediction at more
than 3¢ significance at high ¢ value.

(iii) The zero crossing in A%,z(g?) is shifted to lower
value of ¢* than in the SM with g5, NP coupling,
whereas, it is found to be shifted to higher value of
g* with gg_ and g5, = 4g;, NP couplings. The zero
crossings in A%L, at ¢> =5.06 GeV> +0.2, ¢> =
5.48 GeV? +0.11 and ¢*> = 5.43 GeV? +0.10 in
the presence of gs,, gs,, and gs, = 4gy, NP cou-
plings are clearly distinguishable from the SM
prediction of g> = 5.25 £0.10 GeV? at the level
of 0.85¢ and 1.54¢ and 1.27¢ significance.

(iv) At low ¢* range, AL,(¢?) deviates from the SM
predication in the presence of g5, = 4gy, NP cou-
pling. In case of F;(q*) and C%(g*) observables,

TABLE V. Prediction of By — D}(— D,y, D,x)tv decay observables in Scenario 1.

v, 9s,

(2R gs, = 497,

Dy Dyz Dy Dyz

Dyy Dsn Dy Dn

BR x 1072 1.3686 +0.0426  0.0849 + 0.0026

1.1798 £ 0.0367  0.0732 £ 0.0023

1.2174 £0.0379  0.0755 £0.0024  1.2382 +0.0392  0.0768 + 0.0024

A 0.0081 £0.0001 —0.0162 4 0.0001 0.0082 £ 0.0001 —0.0164 £ 0.0001 0.0080 £ 0.0001 —0.0159 £ 0.0001 0.0078 £ 0.0001 —0.0156 % 0.0002
Ay —0.0442 £ 0.0001 0.0883 £0.0001 —0.0448 4-0.0001 0.0895 4 0.0001 —0.0434 £ 0.0001 0.0867 £ 0.0001 —0.0426 £ 0.0001 0.0852 £ 0.0001
As 0.1133 £0.0005 —0.2265 4+ 0.0010 0.1104 £0.0005 —0.2208 +0.0010 0.1166 +0.0005 —0.2333 +0.0010 0.1119 £0.0005 —0.2238 +0.0010
Ags —0.5509 £0.0026 0.9539 £0.0077 —0.5076 4 0.0025 0.9665 4 0.0078 —0.6033 £ 0.0028 0.9366 £ 0.0076 —0.5673 & 0.0028 0.9098 £ 0.0078
Rp: 0.2782 £0.0018 0.2398 £ 0.0015 0.2475 £0.0016 0.2517 £0.0017

ALp —0.0896 + 0.0020 —0.1020 £ 0.0020 —0.0741 £+ 0.0021 —0.0761 £ 0.0021

Al —0.3842 £ 0.0026 —0.3842 £ 0.0026 —0.3842 £+ 0.0026 —0.3677 £+ 0.0026

Fy 0.4482 +0.0015 0.4409 + 0.0015 0.4582 £ 0.0015 0.4501 £0.0016

Ch —0.0550 &+ 0.0014 —0.0557 £ 0.0014 —0.0540 = 0.0014 —0.0531 +0.0014

055027-11



NILAKSHI DAS and RUPAK DUTTA PHYS. REV. D 105, 055027 (2022)

Y/ mode Y/Mt mode Y/t mode Y/t mode
3 4 0.6
VL
25 35 o5 05
/;s%aas 3 i
~ 2 ~ 95 = dgTu 0.4
2 ~ g% =
g1s / g 2 ; 0.3
Y . e 15 -~ %02
oSt 1 ;
0.5 o o 0.1
951 = 49T,
0 R R A 0 R s R
-1 05 0 0.5 1 -1 05 0 0.5 1 11
cosB; cos6; q2 [GeV?3]
Y/T mode Y/m mode
0 0.75 0 ,
” =
-0.05 et — | 07 e 001 f\ /
-0.1 9% / 0.65 o5 0.02
0.15 95 = 49T 0.6 oS = 4th -0.03
< 02 < L
<425 E 055 :c;-o.OA
s o 05 .-0.05
< 035 0.45 0.06 v
0.4 0.4 -0.07 9SL ——
-0.45 035 -0.08 g
-0.5 0.3 -0.09
4 5 6 7 8 9 10 11 3 4 5 6 7 8 9 10 11 3 4 5 6 7 8 9 10 11
q?[GeV?] q?[GeV?] q*[GeV?]

FIG. 3. The ¢* and cosé, dependence of B; — D:(— Dy, D,z)tv decay observables in the SM and in the presence of the NP
couplings of scenario I. The SM central line and the corresponding error band are shown with green color. The blue, black, violet, and
orange lines and bands represent the effect of gy, ., gs, . gs,. gs, = 4g9r, NP couplings, respectively.

Y mode T mode Y mode Tt mode
0.3 0.2 0.016 0
— 018 %% - == 0.0 ~~
0.25 0.16 I — 014 -0.005
< N ol 0.012 001
£ 02 2 \ & 014 o5 = 4o 0.01 .
% / \ 7 0.12 &G O &+0.015
: 0.15 = 01 <0.008 o4 0,02
B3 o
2 o1 £ 008 <0.006 % . < 5
2 9 —_ 9
a 8o 0.004 # - — 0025 .
005 gSn g | 0.002 g 95 -0.03 o
g g5, = 4qT, °~0(2) | ol aSu=daT, o g5,=dgT,
3 4 5 6 7: 8 9 10 11 3 4 5 6 7 8 9 10 11 3 4 5 6 7 8 9 10 11 : 3 4 5 6 7 8 9 10 11
q? [GeV?] q?[Gev?] q?[GeVv?] q [GeV?]
Y mode Tt mode Y mode T mode
0 0.14 0.16 0
oV, —— vy — > oV —
-0.01 95— 0.12 fos. — 0.14 S 0051 o5
9% 95% 0.12 ~ 958
0.02 asu= gt 0.1 gs, = agr, ) . 0.1 [gs, a1
&-0.03 & 0.08 o &-0.15
R £ £ 0.08 =
<E’-O.Oll < 0.06 £ 006 < -0.2
Vy
-0.05 0.04 ooaf T -0.25 .
-0.06 0.02 002} s 0.3
0.07 0 . — o L2 . 035 —
'3 4 5 6 7 8 9 10 11 3 4 5 6 7 8 9 10 11 3 4 5 6 7 8 9 10 11 P34 5 6 7 8 9 10 11
q*[GeV?] q?[GeV?] q?[GeV?] ¢?[GeV?]
Y mode Ttmode Y mode T mode
0 12 3 6 M
v
-0.2 =
95
-0.4 ! % : 9Sr
-0.6 0.8 2 2 24 95 = 4T
G038 Lt \ < Q
£ < 06 \ 2 15 23
3 & \ e B
12 - 0.4 gy, —_— \ af 4 e &2
-1.4 95— oS — 95 ——
o o5 0.2 g5, 05 o5 \ 1
3 951 = 49T, 95, = 49T, 95. = 49T, \ % P
-1.8 0 0 0
3 4 5 6 7. 8 9 10 11 3 4 5 6 7 8 9 10 11 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
q? [GeV?] q?[GeV?] cosOp, cosOp,
Y mode Ttmode Y mode T mode
3 3 1 3
Vi
25 25 05 2 o,
0 95r
~ 2 Ay 2 = 21 g5, = 4T,
-0.5
q"? 15 q"? 15 oé 1 % 0
g - g = &
L 1O
&1 v &1 a il v — E'l
oS oS —— < 2 95 ——
0.5 a5k 0.5 aSn \ 25 95 -2
o o5L = 49T X o 95c=49T X k A3 95 = 4dTi i 3 " = n
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
cos6p, cosBp, cosBp, cosBp,

FIG. 4. The ¢* and cos 0p, dependence of various physical observable of B, — D;(— Dy, D x)zv in the SM and in the presence of
the NP couplings of scenario I. The SM central line and the corresponding error band are shown with green color. The blue, black, violet,
and orange colors represents the effect of NP coupling gy, . gs, . 9s,.- gs, = 4gr, respectively.

055027-12



NEW PHYSICS FOOTPRINTS IN THE ANGULAR ... PHYS. REV. D 105, 055027 (2022)

no significant deviation is observed and they all lie 8 % S g =S
within the SM error band. < S it = < s 3
In Fig. 4 we display the ¢ and cos 0p, dependence of several Sy Q L % RN S5 e @
physical observables that exhibits different behavior for the g § g E § 5 E 2 § § S §
D,y and Dz decay modes. Our observations are as follows. T STSTe=Sg 445+
(i) In case of differential branching ratio DBR(gq?), the - §g 3 8 g S &8 & 7
deviation from the SM prediction is more pro- ° 2333239 gl gl s gl
nounced with gy, NP coupling and the peak of E” i ; B g d
the distribution is clearly distinguishable from the 235838
SM prediction at the level of 26 significance. No -S3s9S
such significant deviation is observed with the rest NSzSe
of the NP couplings and they all lie within the SM 223823
error band. ) TR
.. . Q N 0 o o <t
(ii) The angular observable A3, A4 and As are slightly gs24s Z Sg82¢8
deviated from the SM in the presence of g5, = 4gy, & Ss352g3 i j P =
NP coupling. Similarly in case of Ag;, a slight devia- s e ZnE S A g
tion is observed with g, gs, and g5, = 4gy, NP > TE838E88 338
coupling for the D,y mode, whereas, Ag, shows > j j it 3 5 ° TTST
slight deviation in the presence of gs, = 4gr, for the S 2z g 2 §
D mode. TSz S
(iii) The observables F(cosép ) and Fr(cosfp ) do .- ol. 2 ;
not show any significant deviation from the SM g3 § g
prediction in the presence of the NP couplings of 5 i 3 3 7 i
scenario 1. 2R R8un880 g8 nwe
(iv) The deviation from the SM prediction observed in ;; g g g § § - é § § g §
case of Az(cosép ) is more pronounced with gg , = S f ! Z S 3 H i ﬁ
gs, and g5, = 4gy, NP couplings for the Dy mode. ﬁ $2855°2z258
The zero crossing in Afgz(cos@p ) is shifted to SN IR < gi gos29
cosfp =0.412+0.02,0.500 £0.016and 0.497 +=  E G aSax
0.018 in the presence of g, , gs,, and g5, = 49y, NP § % § § g §
couplings and they are clearly distinguishable from 2 !
the SM zero crossing of cos @y = +0.456 + 0.018 - g § § § g
at the level of more than 1.5¢ significance. Simi- _%é < S it = < =
larly for the D,z mode, A%5(cos@p ) shows slight £l = SY I j:" ol eSS n o
deviation in the presence of gs, , gs,, and g5, = 497, é 3 % g £ § § - é § § é §
NP couplings. The zero crossings in Af(cosfp ) =l = P - S H HH g
observed at cosfp = +0.642 4 0.005, £0.610 £ gl < 2282S°22288
0.007, and £0.613 £ 0.007 in the presence of g, , all S . g3 3 3 j Ssc3¢<
gs,» and gs, = 4gr, NP couplings are distinguish- D _ :% z 5 g Q
able from the SM zero crossing of cos@p = Q Q3 § 3 §
+£0.626 £0.007 at the level of more than 126 & oo
significance. 1 'g S % S §
s IMEELEE
2. (Scenario II) 1 2Q§§§§§ 258 c 2
In scenario II, we choose four 2D NP hypothesis such as Y ‘? § 2 % S § - § S22 § S
9v, 95, = =491,) (95, 95,) (Set Aor Set B), (gv,, 950 || | |- oS iad
and (g5, = 4gr,). The best fit values of these NP couplings é s 38 g 3 g° £ g3 0 2
at u=1TeV scale obtained from Refs. [82,83] are 2l e 5SS5sT <777
mentioned in the Table IV. In our analysis, we run them E Q 2gted
down to the renormalization scale of y = m,,. In Table VI, F82=2
we report the central values and the corresponding 16 range 5 Te T
of several physical observables for both B, — D}(— - E 3 “ =
Dgy)tv and By — D}(— D,x)tv decays in the presence /A x TILIT L cELT
of each 2D NP couplings. s =
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The deviation from the SM prediction observed for BR is
more pronounced in the presence of (gy,.gs, = —49r,)
and (gs, = 4gr,) NP coupling and it is clearly distinguish-
able from the SM prediction at more than 3¢ significance.
Similarly, a deviation of around 2 — 3¢ is observed with
(gs,-9s,) (set A or set B) and (gy,.gs,) NP couplings.
Significant deviation from the SM prediction is observed
for Rp: with all NP couplings. The observable A7 lies
more than 100 away from the SM expectation in the
presence of (gs,. gs, ) (set A or Set B) and (g5, = 4g7, ) NP
couplings. Similarly, the observable AL, deviates at more
than 100 significance from the SM expectation in the
presence of (g5, = 4gr,) NP coupling. In case of F;, the
deviation is more pronounced with (gs, .gs, ) (set A or set
B) NP couplings. A deviation of more than 2¢ is observed
for Cf. in the presence of (gs,.gs,) (set A or set B) NP
coupling. The angular observable A5 is found to be nonzero
in the presence of (gs, = 4gr, ) complex NP couplings for
both D,y and D,z modes. The angular observables Ag and
Ag are absent in this scenario II and hence we do not report
them in Table VI.

We display the g*> and cos®d, dependence of several
physical observables that show same behavior for the Dy
and D,z decay modes in Fig. 5. The blue, black, yellow,
violet, and red lines and its corresponding bands represent
the contribution coming from (gy, . gs, = —49r, ), (gs,-9s,)
(Set A), (gs,» gs,) (SetB), (gv, , gs,)- and (gs, = 4gr, ) NP
couplings, respectively. Our observations are as follows.

(i) Although a slight deviation from the SM prediction

is observed for F(cosf;) with (g5, = 4gr,) NP
coupling, the deviation, however, is quite significant
in the presence of (gs,.gs,) (Set A or Set B) NP
couplings. Similarly, F(cos®,;) is observed to be

deviated from the corresponding SM value in the
presence of (gs,.gs,) (Set A or Set B) and (g5, =
4gr, ) NP couplings.

Although the deviation from the SM prediction
for Rp:(¢*) is quite significant for all the 2D
NP couplings, it is more pronounced in case of
(QVL,QSL = _49TL)’ (QVL,!]SR) and (gsL = 49TL)
NP couplings and they are clearly distinguishable
from the SM prediction at more than 1006 significance.
The zero crossing in A%;(qg?) is shifted to higher
value of ¢> than in the SM in the presence of
(gs,-9s,) (Set A or Set B) and (g5, = 4gy,) NP
couplings. The zero crossings of A%z(¢?) at ¢*> =
6.28 +0.125 GeV? and ¢*> = 6.16 - 0.13 GeV? in
the presence of these NP couplings are clearly
distinguishable from the SM prediction of ¢> =
5.2540.10 GeV? at more than S5c significance.
Similarly, for AL,(g?), a significant deviation of
more than 106 is observed at low ¢ in the presence
of gs, = 4gy, NP coupling.

In case of F;(q?), although a slight deviation is
observed with (g5, =4gr,) NP coupling, the
deviation, however, is more pronounced in the
presence of (gs, . gs, ) (Set A or Set B) NP couplings.
Similarly for C%(g?), maximum deviation from the
SM prediction is observed with (gs, . gs,) (Set A or
Set B) NP couplings.

The g? and cos 0p, dependent observables which exhibit
different behavior for D,z and D,y modes are displayed in
Fig 6. The left panel figures correspond to the D,y mode
and right panel figures correspond to the Dz mode,
respectively. Our observations are as follows.

(i)

(iii)

@iv)

Y/ mode Y/ mode Y/t mode Y/ mode
3 4 0.6 0.3
= [ 025 (QVi, g5 = -4gT,) ——
25 I 3.5f 05 e - \ (gSg, GS,) (Set A) ——
—— 1 AN - - 0.2 (9Sg, 9S,) (Set B)
2 g S 04 0.15F W\ g —
= =25 N O o o1 A (g5, = 4gT)
2Q 2 N < e Y A
8 15 g 2 203 = 0.05
= (GVL, 95 = 49Ty —— To1sh (oveos=-agro \ £ (QVu, g5 = 4gT) —— 0
=l (9Sa. 950) (Set A) —— B (95n. 950) (Set A) —— — 0.2 (gSn, 950) (Set A) —— < 005
(95w, 9Su) (Set B) 1 (95w, 950) (Set B) B— (95w, 950 (et B) 0.1
0.5 (@Ve. 950) (oVe, 950) 0.1 (oVe, 950) ’
0.5 -0.15
0 (g5, = 4gTy) 0 (9S. = 4gTy) 0 (9S. = 4gTy) 0 2
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 3 4 5 6 7 8 9 10 11 “3 4 5 6 7 8 9 10 11
cosB, cos6, q? [GeV?] q?[GeV?]
Y/T mode Y/T mode Y/M mode

0

(VL. gS, = -49T,)
(9Sr, 95,) (Set A)
(9Sg. 95,) (Set B)

(QV, 95, = 49Ty ——
(gSr, gSU) (Set A) ——
(9Sa. 9S) (Set B)

(9VL, 9Sr)
(gS, = 49T

<055
< os +.-0.05 \ 7, oy —
= 045 ©.0.06 Moo caim —
0.4 0.07 \ - #d5n. 95U (Set B)
. (9VL. 9Sp)
v I 0| mp N e —
®3 4 s 6 7 8 9 10 11 %3 4 5 6 7 8 9 10 11 P34 s 6 7 8 9 10 11
q [GeV?] q? [GeV?] q? [GeV?]

FIG. 5.

The ¢? and cos 6, dependence of various physical observable of By — D’ (— Dy, D,x)zv in the SM and in the presence of the

NP couplings of scenario II. The SM central line and the corresponding error band are shown with green color. The blue, black, yellow,
violet, and red color colors represents the effect of NP coupling (g, , g5, = —49r, ), (gs,- gs,) (Set A), (gs,.» gs,) (Set B), (gy, » gs,)» and

(gs, = 4gr,) respectively.
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FIG. 6. The ¢ and cos 0p, dependence of various physical observable of B; - D;(— Dy, D x)zv in the SM and in the presence
of the NP couplings of scenario II. The SM central line and the corresponding error band are shown with green color. The blue,
black, yellow, violet, and red color colors represents the effect of NP coupling (gy, , g5, = —49r,), (gs,» gs, ) (Set A), (g, gs,) (Set B),

(9v,- 9s,) and (gs, = 4gr,) respectively.

(i) In case of DBR(g?), although there is deviation from
the SM prediction with all NP couplings, the
deviation, however, is more pronounced once the

(gVL »Js,

= —4gr, ) NP coupling is switched on and

it is clearly distinguishable from the SM prediction
at more than 3¢ significance level.

(ii)

For the A3, A4, and A5 observables, the maximum

deviation is observed in case of (g5, = 4gr,) NP
couplings for both Dz and Dy modes. For Agy, the
maximum deviation is observed with (gs,. gs, ) (Set
A or Set B) for the D,y mode, whereas, for the D,z

mode, the maximum deviation is observed with
(gs, = 4gr,) NP coupling.

(iii)

For the D,y mode, F(cosép ) deviates signifi-

cantly from the SM prediction at cos p = 0 in the
presence of (gs,, gs,) (Set A or Set B) NP coupling
and it is clearly distinguishable from the SM error
band, whereas, for the Dz mode, F(cosfp )
shows a significant deviation at cos@p = +1. In
case of Fr(cosfp ), the deviation from the SM
prediction is more pronounced with (gs,, gs, ) (Set A
or Set B) NP couplings for both D,z and D,y modes.
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(= Dyy, Dyr)tv decay observables in Scenario III.

*
N

Prediction of B, — D

TABLE VII.

gr,

sy

Js,

9vy

v,

Dy Dgx

Dn
0.0759 £ 0.0024
—0.0159 4+ 0.0001

Dgy
1.2228 4 0.0381
0.0079 = 0.0001

D,n Dy D,n
—0.0432 +0.0001 0.0864 + 0.0001

0.0867 £ 0.0027
—0.0163 £ 0.0001

Dy
1.3980 =+ 0.0435
0.0082 4 0.0001

Dn

Dgy

1.3681 £0.0439  0.0849 £ 0.0027

0.0019 £ 0.0001
—0.0112 4+ 0.0005 0.0224 £+ 0.0011

1.1831 £0.0368  0.0734 £ 0.0023

0.0082 £ 0.0001
—0.0446 + 0.0001  0.0893 £ 0.0001

1.3992 £ 0.0436  0.0868 £ 0.0027

0.0081 £ 0.0001
—0.0442 + 0.0001
0.1133 £ 0.0005

BR x 1072
Az

—0.0038 + 0.0003

—0.0164 + 0.0001

—0.0162 £+ 0.0001
0.0883 £ 0.0001

—0.0443 +0.0001 0.0886 4 0.0001

Ay

—0.1132 + 0.0024

—0.2082 +0.0010 0.1173 +0.0005 —0.2346 4+ 0.0010 0.0566 4+ 0.0012

—0.1899 £+ 0.0007 0.1041 £ 0.0005

—0.2265 £ 0.0010 0.0949 £ 0.0004

5

Aﬁx

—0.5521 £0.0026 0.6915 4+ 0.0056 —0.4374 +0.0022 0.9638 £0.0078 —0.6141 £0.0028 0.9325 +£0.0076 —0.2392 +0.0056 0.3422 + 0.0095

—0.5509 + 0.0026 0.9539 4+ 0.0077

—0.0130 + 0.0001 —0.0260 + 0.0003 —0.0095 £ 0.0001 —0.0190 + 0.0002 —0.0011 £ 0.0001 —0.0022 £+ 0.0001 —0.0062 + 0.0010 —0.0124 + 0.0020

—0.0102 + 0.0001 —0.0205 + 0.0002

—0.0042 + 0.0001 —0.0083 £ 0.0001

0.0000

0.0000

0.0000
0.2844 +0.0018
—0.0896 + 0.0020
—0.3842 £+ 0.0026

A;

0.0000
0.0000
0.2781 £ 0.0028
—0.0229 +0.0018
—0.1124 4+ 0.0033
0.3237 £ 0.0025
—0.1316 + 0.0026

0.0000
0.0000
0.2486 + 0.0028
—0.0708 + 0.0021
—0.3842 £+ 0.0026
0.4606 + 0.0015
—0.0537 +£0.0014

0.0000
0.0000
0.2405 £+ 0.0015
—0.1170 + 0.0020
—0.3842 + 0.0026

Ag

Ag

0.2842 £ 0.0018
—0.0310 4+ 0.0016
—0.2790 £ 0.0019

*
s

Rp;

T

FB
T
FB

Fr

0.4425 £ 0.0015
—0.0555 £ 0.0014

0.4493 £0.0015

—0.0558 +0.0014

0.4482 +0.0015
—0.0550 +0.0014

[

F

(iv) For D;y and Dsz mode, Afpz(cosép ) deviates
significantly from the SM prediction in the presence
of (gs,.gs,) (Set A or Set B) and (g5, = 4gr,) NP
couplings. In the presence of (gs,.gs,) (Set A or
Set B) and (g5, = 4gr,) NP couplings, the zero
crossings in Af(cos 8, ) is observed at cos€, =
+0.601 +0.012 and cos 0, = £0.601 £ 0.015 for
the in Dy mode and at cos 0, = £0.563 £ 0.007
and cos@p = +0.563 £ 0.009 for the Dz modes.
Hence in each case the zero crossing point lie at 5o
away from the SM zero crossing point.

(v) We observe a non-zero ¢ distribution of A;(¢?) in
the presence of (g5, = 4gr,) complex NP cou-

plings.

3. (Scenario III)

In this scenario, we select five different complex 1D NP
couplings. The best fit values each NP couplings at
renormalization scale p = m; obtained from Ref. [61]
are reported in Table I'V. In Table VII, we report the impact
of each NP couplings on various physical observable in
D,y and D,z decay modes. We see significant deviation of
all the observables with these complex NP couplings. In the
presence of gy, , gy, and gr, NP couplings, branching ratio
deviates from the SM prediction at the level of 3 — 60
significance. A%, deviates more than 3¢ in the presence of
9v,» gs,» and gr, NP couplings and the observable AL,
deviates more than 10 from the SM expectation in case of
gv, and gr, NP coupling. Similarly, the longitudinal
polarization fraction of D}, F; is found to deviate from
the SM value at more than 10c significance in the presence
of gr, NP coupling for both the decay modes. In case of
Rp:, we observe a considerable deviation of around 10c in
the presence of gy,, gy,, and gr, NP couplings. The
observable C7 lies more than 106 away from the SM in the
presence of gr, NP coupling. Moreover, for A3, A4, and As
the maximum deviation from the SM prediction is observed
with g7, NP coupling. For the angular observable Ag,, the
deviation observed is more pronounced in case of gg, , gs,
and gy, NP couplings in D,y mode, whereas, gy, and gr,
show more significant deviation in case of D,z mode. A
nonzero value of A7 is also observed in the presence of gs, ,
9gs,» and gr, NP couplings. The angular observables Ag and
Ag assume nonzero values once gy, NP coupling is
switched on. It should also be mentioned that the values
of A;, Ag, and Ag in D,w mode is twice as large as the
values obtained for the D,y mode.

In Fig. 7 we show the g*> and cos#, dependence of
various physical observables that exhibit same behavior for
the Dy and D,z modes. NP contribution coming from gy,
9vgs 9s,» 9sg» and gr, complex NP couplings are shown
with blue, red, black, violet, and orange colored lines and
bands, respectively. Our observations are as follows.
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FIG.7. The ¢* and cos 6, dependence of various physical observable of B; — D:(— Dy, D,x)zv in the SM and in the presence of the
NP couplings of scenario III. The SM central line and the corresponding error band are shown with green color. The blue, red, black,
violet, and orange colors represents the effect of NP coupling gy, , gv, 9s,, gs,» and gr, respectively.

®

(i)

(iii)

(iv)

In the case of F;(cos#,), a significant deviation
from the SM prediction is observed due to gy, NP
coupling and it is quite distinct from the rest of
NP couplings. Similarly, we observe significant
deviation in Fr(cos¢;) once gy, and g, NP
couplings are switched on. Again, the behavior of
Fr(cos @) is quite distinct with g7, NP coupling.

In case of Ry (¢*), maximum deviation from the SM
prediction is observed with gy , gy,, and g, NP
couplings and they are clearly distinguishable from
the SM prediction. Although the shape of the g°
distribution is quite similar for gy, and gy, couplings,
it is, however, quite distinct for gr, NP coupling.

In case of A%,(g*), we observe a significant
deviation from the SM due to gy,, gs,, gs, and
gr, NP couplings. The zero crossing point is shifted
to higher values of g than in the SM for 9v,» gs, and
gr,» Whereas, it is shifted to a low value of q* for gs,
NP coupling. The observed zero crossings at
q> =6.16 £ 0.1 GeV?, g> =4.82+£0.2 GeV?, ¢*
5.54 £0.11 GeV?, and ¢*> = 6.49 +0.09 GeV? in
the presence of gy, gs,, gs,» and gy, are clearly
distinguishable from the SM zero crossing of ¢> =
5.2540.10 GeV? at the level of 6.46, 26, 1.950,
and 9.21¢ significance.

The observable ALp(g*) shows a significant
deviation from SM expectation once gy, and gr,
NP couplings are switched on. We also observe a
zero crossing in AL, (g?) at g* = 5.44 +0.11 GeV?
with gy, NP coupling. Similarly, a significant
deviation from the SM prediction is observed in
Ci(¢*) and F;(g*) in the presence of g, NP
coupling. The dip in C%(g?) is shifted to a higher
value of ¢ than in the SM.

In Fig. 8, we display ¢ and cos 0p, dependence of several
observable for D,y (left panel) and D,z (right panel)
modes. Our main observations are as follows.

®

(i)

(iii)

@iv)

™)
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In case of DBR(g?), we observe significant
deviation from the SM prediction with gr,, gy,,
and gy, NP couplings for both Dy and Dz modes.
The peak of the distribution, however, is shifted
to a low value of ¢* than in the SM with g;, NP
coupling.

The angular observable As(q?) and A,(q*) show
deviation from the SM in the presence of g, NP
coupling for both D,y and D,z modes. Similarly, in
case of As(q?), deviation from the SM prediction is
observed in the presence of gy,, gs,, and gr, NP
coupling in both the decay modes. The deviation in
As(g?), however, is more pronounced with gr, NP
coupling.

Deviation from the SM prediction in Ag(g?) is
observed with gs , gs,, and gy, NP couplings for the
D,y mode. The deviation is, however, more pro-
nounced in case of gy, NP coupling. Similarly, for
D, mode, we see significant deviation in Ag,(g?) in
the presence of gy, and gy, NP couplings. We also
observe a zero crossing in the Ag(q?) at ¢> =
5.45+0.11 GeV? with gr, NP coupling.

The A(g?) is nonzero with gy, gs, , gs,» and gy, NP
couplings for both Dgy and D,z decay mode.
Similar conclusions can be made for D,z mode as
well because of the strict AZ = 2A% relation.

The angular observables Ag(g?) and Ay(q?) are
nonzero only in the presence of gy, NP coupling
for both D,y and D,z modes. We observe a mini-
mum of Ag(q?) and Ag(q?) at ¢*> = 7.5 GeV? and
g% = 8.28 GeV?, respectively.
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FIG. 8. The ¢* and cos 0, dependence of various physical observable of B, — D;(— Dy, D x)tv in the SM and in the presence of
the NP couplings of scenario III. The SM central line and the corresponding error band are shown with green color. The blue, red, black,
violet, and orange colors represents the effect of NP couplings of gy, , gy,, gs,» 9s,> and gy, respectively.

(vi) Although a slight deviation in F(cos€p ) and
Fr(cos@p ) is observed with g5 NP coupling,
the deviation, however, is more pronounced with
gr, NP coupling for both Dy and Dz modes and it
is clearly distinguishable from the SM prediction.

(vii) Deviation from the SM prediction in Az (cos @), ) is
observed with gy, gs, , gs,> and gr, NP couplings for
both D,y and D,z modes. In the D,y mode, we
observe that the zero crossing in A%z (cos 6, ) shifts
to lower value of cos@p than in the SM with gy,
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gs, and gp, NP couplings, whereas, it shifts to a
higher value of cos @), with g5, NP coupling. The
zero crossing points in Afg(cosép ) at cos@p =
+0.605 £ 0.012, +0.330 4+ 0.025, £0.512 £ 0.012
and +0.703 4 0.032 in the presence of gy, gs, » Js,»
and gr, NP couplings are clearly distinguishable
from the SM zero crossing of cos @, = +£0.456 +
0.018 at 6.89¢, 4.090, 2.580, and 6.72¢ significance
level, respectively. Similarly, for D,z mode, the
zero crossing points in App(cosép ) at cos@, =
+0.560 + 0.008, £0.663 + 0.007, £0.604 + 0.0075
and £0.500 +0.024 in the presence of these NP
couplings are clearly distinguishable from the
SM zero crossing of cos@p = £0.626 4 0.007 at
60, 3.60, 2.070, and 5.01¢ level of significance,
respectively.

IV. CONCLUSIONS

Motivated by the anomalies present in several b — clv
quark level transition decays, we perform a detail angular
analysis of By — D}(— D,y,D,n)lv decays using the
recent lattice QCD form factors. We use the latest global
fit results of the possible NP couplings and estimate the
effect of each NP couplings on several physical observables
pertaining to D,z and D,y modes in a model independent
effective theory formalism.

We first report the SM results. In the SM, we obtain the
branching ratio to be of O(1072) for D,y channel and
O(107%) for D,r channel. The LHCb collabora-
tion reported the first measurement of the branching ratio
to be B(BY - D;p'v,) = (538 +0.25 +0.46) x 1072
[106,107] and it is in good agreement with our estimated
results for the Dy mode. The ratio of branching ratio is
found to be Rp: = 0.2430 £ 0.0015 in the SM.

For our NP analysis we work with three different NP
scenarios with the best fit values obtained from various
recent global fit results. We assume both real and complex
NP couplings in our analysis. We study the underlying
observables based on NP contribution coming from single
operators (1D) as well as from two different operators (2D).
A brief summary of our results are as follows.

(i) In scenario I, the observable A% ;(g?) is found to be
interesting as the zero crossing point observed with
gs, and g5, and g5, = 4gr, NP couplings stand at
1 —20 away from the SM zero crossing point.
Similarly, the effect of gy, NP coupling is found
to be prominent for DBR(g?) and Rp:(¢?).

(i1) In scenario II, the deviation from the SM predic-
tion observed for DBR(¢?) and Rp:(g?) is quite

significant in the presence of (gy,.gs, = —4gr,)
and (gy, . gs,) NP couplings. The zero crossings in
A%p(q?) with (gs,.gs,) and (gs, = 4gr,) NP cou-
plings are clearly distinguishable from the SM zero
crossing point at more than 5o significance. Sim-
ilarly, the zero crossing in Af(cosfp ) obtained
with (gs,.9s,) and (g5, = 4g7,) NP couplings are
distinguishable from the SM zero crossing at more
than 5S¢ for both the Dy mode and D 7z mode. We
find A; to be nonzero only in the presence of g5, =
4gr, NP coupling.

(iii) In scenario III, the zero crossings in A%;(g?) in the
presence of gy, gs, » gs,» and gy, NP couplings are
quite different from the SM zero crossing and they
are clearly distinguishable from the SM prediction at
the level of 6.40, 4.80, 1.950, and 9.21¢ signifi-
cance. We also observe zero crossings in AL, (q?)
and Ag,(¢*) with g7, NP coupling that are absent in
the SM. The angular observable A; is found to be
nonzero in the presence of gy,, gs, , gs,» and gr, NP
couplings, whereas, Ag and Ay are found to be
nonzero only for gy, NP coupling. Moreover, the
zero crossing points in A%z (cos@p ) obtained with
Gvgs 9s,» 9s,» and gr, NP couplings are clearly
distinguishable from the SM zero crossing at more
than 60, 40, 20, and 60 significance level for the Dy
mode and they are distinguishable at more than 60,
30, 20, and 5o significance for the D,z mode.
In general, the deviation from the SM prediction
observed with complex tensor NP coupling g, is
more pronounced for all the observables in this
scenario.

It should be noted that the angular observables A%;(¢*) and
Afp(cos@p ) are quite interesting as they can be used to
distinguish between several NP scenarios. Similarly, pres-
ence of zero crossings in AL;(¢*) and Ag(g*) would
be a clear signal of complex tensor NP coupling. Moreover,
the angular observables A;, Ag, and Ay will also play
an important role in identifying the exact NP Lorentz
structures. In conclusion, the results pertaining to B, —
Di(— Dyy,Dsr)lv decay observables are very useful to
explore ongoing flavor anomalies in b — clv transitions
and, in principle, it can provide us complementary infor-
mation regarding NP in various B meson decays. At the
same time, it can also be useful in determining the value of
the CKM matrix element |V ,|. Moreover, study of these
decay modes both theoretically and experimentally can act
as a useful ingredient in maximizing future sensitivity
to NP.
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