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Recent experimental results in B physics from Belle, BABAR, and LHCb suggest new physics (NP) in
the weak b — ¢ charged-current processes. Here we focus specifically on the decay modes B® — D*T¢~
with £ = e and p. The world averages of the ratios Ry, and R}, currently differ from the Standard Model
(SM) predictions by 3.4¢ while recently a new anomaly has been observed in the forward-backward
asymmetry measurement, Agg, in B® — D**u~p decay. It is found that AApg = Agg(B — D*uv) —
Agg(B — D*ev) is around 4.1 away from the SM prediction in an analysis of 2019 Belle data. In this work
we explore possible solutions to the AAgg anomaly and point out correlated NP signals in other angular
observables. These correlations between angular observables must be present in the case of beyond the
Standard Model physics. We stress the importance of A type observables that are obtained by taking the
difference of the observable for the muon and the electron mode. These quantities cancel form-factor
uncertainties in the SM and allow for clean tests of NP. These intriguing results also suggest an urgent need
for improved simulation and analysis techniques in B — D**#~7 decays. Here we also describe a new
Monte Carlo event generator tool based on EVTGEN that we developed to allow simulation of the NP
signatures in B® — D**#~v, which arise due to the interference between the SM and NP amplitudes. We
then discuss prospects for improved observables sensitive to NP couplings with 1, 5, 50, and 250 ab™! of

3.8

Belle II data, which seem to be ideally suited for this class of measurements.

DOI: 10.1103/PhysRevD.107.015011

I. INTRODUCTION

A powerful way to study physics beyond the Standard
Model (SM) is via virtual effects of new particles, not
present in the SM, in low energy experiments. These virtual
effects can in many cases probe mass scales beyond the
reach of present or proposed colliders, where the new
particles are expected to appear. There is also the possibility
that beyond the Standard Model physics comes in the form
of weakly coupled light new states. These new states are
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more likely to be detected at low energy, high precision
experiments. In this work we will focus on charged current
semileptonic B decays, B’ — D**¢~v with £ = e and p.
These decays originate from the underlying quark-level
transitions b — ¢~ U,, where £ = e, u, or 7. At the hadron
level they manifest as decays such as B — D¢ p,.

The charged-current decays B — D)zu, have been
measured by the BABAR, Belle, and LHCb experiments.
Discrepancies with SM  predictions of Rg(*) =B(B -
DYt 1,)/B(B - D¥¢-1,) (£ = e, u) [1-10] have been
observed thus far. The SM predictions and the correspond-
ing world-averaged experimental results from the heavy
flavor averaging group (HFLAV) [11] are shown in Table I.
The deviation from the SM in R% and R¥. (combined) has
a significance of 3.40 [11]. These measurements suggest
the presence of new physics (NP) that is lepton-flavor
universality violating (LFUV) in b — ctv, decays.

We will focus on the decay B® — D**#~1 as a labo-
ratory to explore NP effects in b — ¢/~ U, transitions. At
leading order, the BY — D*t ¢~ D transitions proceed via
the SM. However, new interactions can affect these decays.

Published by the American Physical Society
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TABLE I. Measured values of observables that suggest NP in
b — ctv,. Measurements presented in this table refer to world
averages (WA). Note that in [12], the most recent lattice data from
[13] on B —» D*/v form factors were used to obtain the SM

prediction for R%’, 0.2586 + 0.0030.

Observable SM prediction Measurement (WA)
R} 0.258 £0.005 [11]  0.295 £ 0.011 =£ 0.008 [11]
RY’ 0.299 +0.003 [11]  0.340 £ 0.027 £ 0.013 [11]
R ~1.0 1.04 £ 0.05 £ 0.01 [14]

In experiment, the underlying transition is b — c¢£X where
the invisible state X can be a left-handed (LH) neutrino (part
of the SM LH doublet of leptons) or a light right-handed
(RH) singlet neutrino. Here we will focus on NP scenarios
that produce only LH neutrinos in the final state.

Although theoretical work on NP has concentrated on
the semileptonic 7 modes, where experimental statistics are
limited, attention is now also being paid to the semileptonic
muon and electron modes where large data samples will be
available. For example, scaling the Belle results in [15] to
Belle II at 50 ab~!' we expect a yield of 8 x 10° events in
each of the muon and electron modes. Similarly, scaling the
BABAR results in [16] on B — D*/v with a fully recon-
structed hadronic tag, we expect 3 x 10° events with no
background.

An additional advantage is that the missing neutrino
momentum can be calculated from kinematic constraints of
ete™ production at the Y'(4S) and the angular distributions
can be fully reconstructed. Unlike the 7, which is detected
through its decay products, the muon and electron are
directly detected in experiment. In contrast, for semilep-
tonic B decays to the 7 lepton, the final state contains one or
more additional neutrinos from the z decay, which com-
plicates the situation. Examining NP in the muon mode is
further motivated by the anomalous (g — 2), measurements
[17] as well as by the neutral-current LFUV B anomalies in
the b — su™u~ decays (see, for example, Ref. [18]). At first
glance, when studying the B anomalies within the frame-
work of an effective field theory (EFT), these anomalies
may appear unrelated. However, within an SMEFT frame-
work NP in the b — su*u~ transition could imply NP in
the b — cu~v, decay [19]. In this article, therefore, we will
focus on the muon and electron modes, assuming that the
electron decay mode is well described by the SM, but NP
contributions are allowed in the muon mode.

Although hints for NP have appeared in the ratio of rates
such as R, establishing NP and diagnosing the type of NP
will require examination of deviations from the SM in other
observables as well. Several observables can be constructed
from a complete differential distribution of events using
helicity angles. Figure 1 shows a schematic definition of the
three helicity angles in B — D*(— Dzx)¢70.

FIG. 1. Schematic diagram defining various angles in B —
D*(— Dr)¢~p decay [20]. We have aligned the coordinate axes
so that the decaying B meson is at rest at the origin and in this
frame the momentum of the D* meson is oriented along the z
axis. Subsequent decays are shown in the rest frames of the
corresponding object that is decaying—D™* — Dx is in the rest
frame of the D* and a virtual particle decays into £~ . The polar
angles, 0 and 6,, are, respectively, defined in these subsequent
rest frames, while the azimuthal angle, y, is defined in the rest
frame of the B meson.

Angular observables are even more interesting as these
may provide one or more unambiguous signals for NP. One
such sensitive angular observable is the forward-backward
asymmetry of the charged lepton, Apg, which can be
reconstructed as the difference between the number of
leptons with the lepton’s helicity angle, 8, (see Fig. 1),
greater and less than /2. Another observable is S5, which
can be reconstructed as an asymmetric integral over the
angle y, which measures the difference between the decay
planes of the D* and the lepton-neutrino system (see
Fig. 1). There are additional interesting and correlated
angular observables, such as S5 and §;, which require
asymmetric integrals over multiple helicity angles. In
Ref. [20], it was shown that NP in the ¢ modes can also
be detected in the CP-violating triple-product terms, like
S5, in the angular distribution [21,22]. Some previous work
in the literature on the effects of new physics in angular
observables of semileptonic B-meson decays can be found
in [23-28].

A nonzero Agg is present in both the muon and electron
channels in the SM due to interference between different
helicity amplitudes of the virtual W boson. However, in a
A-type observable,' AApy = Afg — Agy, where one con-
siders the difference between the muon and electron
channels, the SM contributions approximately cancel,
except for a small residual effect due to the dependence
on the muon mass close to its threshold. Furthermore,
we find that the observable AAgrg has reduced sensitivity
to hadronic uncertainties in form factors. Therefore, any

'Such observables were first proposed in Ref. [29] for angular
analyses study on B — K*Z¢ decay.
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deviation from the SM prediction for AAgg is likely due to
NP effects. Recently, using the tables of Belle data from
Ref. [15], an anomaly in AAgg was reported in Ref. [30].
This could be a signature of LFUV NP [30-32].

LFUV NP in the electron and muon sectors is tightly

constrained by the measurement of the ratio of rates R’l’)"(*) =
B(B - DYyu~1,)/B(B - DWe~1,) which is 1.04 + 0.05
[14]. We restrict ourselves to NP scenarios in which a
deviation of at most 3% from unity is allowed, which could
be tested in the future. Even if the effects of LFUV NP are
small in the ratios of decay rates, larger effects may be
visible in the angular distributions.

In this paper, we discuss various solutions to explain the
AAgg anomaly. The framework we use is based on a
Monte Carlo generator to simulate a realistic experimental
environment. Hence, in this work, we describe a newly
developed Monte Carlo (MC) event generator tool [33] to
allow simulations of the NP signatures in B — D*/v
arising due to the interference between SM and NP
amplitudes. We employ our MC tool primarily to study
semileptonic decays with a muon and electron in the final
state. We assume that the electron decay mode is well
described by the SM, but allow for NP contributions in the
muon mode. Using this MC tool we generate results for
three distinct scenarios with different NP couplings that are
consistent with current data and can explain the AAgg
anomaly, while remaining consistent with other constraints.
Furthermore, using MC simulations we demonstrate that

|

GF Vcb
V2

Heff =

A-type observables, such as AAgg and ASs, eliminate most
QCD uncertainties from form factors and allow for clean
measurements of NP. We introduce correlated observables
that improve the sensitivity to NP. We also discuss
prospects for improved observables sensitive to NP cou-
plings with the expected 50 ab=! of Belle II data, which
seems to be ideally suited for this class of measurements.
These measurements may also be possible at LHCb and
other hadron collider experiments. We provide both inte-
grated observables, for the benefit of current experimental
analyses, and distributions of the observables as a function
of g%. We also suggest experimental requirements on ¢> and
on laboratory lepton momenta to optimize sensitivity to NP
and reduce systematics.

The layout of the remainder of this article is as follows.
In Sec. II, we discuss the theoretical basis of the full angular
distribution for B — D*#~p in an effective theory frame-
work. In Secs. III-V, we present the implementation of our
NP MC tool, the signatures of and sensitivity to NP,
respectively; finally, we conclude in Sec. VI.

II. THEORY

In the study of NP in charged-current semileptonic B
decays it is useful to adopt an EFT framework. In an EFT
description of the b — c£~v decays, one writes down all
possible dimension-six four-quark operators at the scale of
the h-quark mass. The effective Hamiltonian that describes
SM and NP effects can be expressed as

{[(1 4 gr)era(l —ys)b + grey (1 +vs)blay*(1 —ys)v,

+ [gs¢b + gptysblia(1 — vs)v, + greo™ (1 — ys5)bjio,s(1 — ys)v,} + Hee., (1)

where the factors gy, X = L, R, S, P, and T, are coupling constants that describe NP effects. As indicated earlier, we have
only included LH neutrinos in this EFT, however, we have allowed for both LH and RH NP couplings.
Based on the effective Hamiltonian of Eq. (1), one can express the decay amplitude for the process B — D*(— Dx)£v

as [20,34],

4GrV,
M: FVYcb
V2

{(Dxley*[(1 + g1)P1 + grPr]b|B) (Z7,PLv)

+ (Dx|e(gs, Pr + gs,Pr)b|B)(£PLv) + gr(Dx|co* b|B)(£6,,PLv)}. (2)

where P ; = (1 & y5)/2. This decay amplitude contains several hadronic matrix elements that describe the B — D* — Dx
transitions through LH and RH scalar and vector currents, as well as a tensor current. The D* — Dz decay is mediated
solely by the strong force, so that

(Dz|D*(k.€)) = € (Pp = Px), (3)

where pp ) is the four-momentum of the D(n),k = pp + p, is the four-momentum of the D* and € is its polarization. Note

that these satisfy the on-shell condition k - e = 0.
The remaining parts of the hadronic matrix elements that appear in Eq. (2) are (see, for example, [35])

2V(q?)

D*(k.€)|cy,b|B(p)) = —iey, e Pk ,
(D (k. €)[er,b|B(p)) = ~iewpoe™ PR 20

Hvpc
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2
(D" (ke )fer b)) = eilms + A1) = (0 + ) e+ 0) 22T L
- 0, 0) T As() = Ao g
(D" (k. NerBlB(p) = =" )2 Ao(g?) (©
my, + m,
m2 - m2 *
(D" (k. ey blB(P)) = ey = (p 4 T () + g7 "B (1, (P) = To(g?)
&t - 2
25 Lt 1) = T ) - el | )

where p is the four-momentum of the B meson, ¢
represents the four-momentum of the lepton-neutrino pair,
while mpp-) represents the mass of the B(D*) meson.
Here, V,A(y, A, Ay, A3, T, T, and T are the relevant form
factors for a B — V transition. The BGL [36], CLN [37],
and HQET [38] parametrizations for these form factors are
given in Appendix B. For the Levi-Civita tensor, ¢,,,,, we
use the convention gyjo3 = +1.

For easy comparison with similar literature in the
field, below we present an alternative notation and
its connection to the notation used in this article.
Following the presentation in Ref. [30], the effective
Lagrangian that describes b — ¢£~ U transitions can be
written as

AGp
L=—_2F
V2

where i =V, Vg, S;,Sg, and T, and C; represents the
Wilson coefficient (WC) corresponding to the operator O;.
Note the negative sign added to this Lagrangian in order to
obtain the correct sign for the SM term [see, for example,
Eq. (20.90) in [39] with errata in [40]]. The WCs can be
|

ZCiO,» +H.c., (8)

d'T -
dg*dcos@*dcosO,dy 32n

easily converted into the NP coupling constants that appear
in Eq. (1) as follows.

Cy, =1+,
Cs, = 9s + gp,

CVR = 9r> Cs,‘ =9s — 4gp,

Cr=gr. )
Note that only Cy, has both SM and NP parts while all
other WCs are NP only. Furthermore, for a B — V
transition, where V denotes a vector meson, the scalar
matrix element (V|gh|B) =0. As a consequence, the
following condition must be imposed,

CSR + CSL = 295 = O (10)

Thus, there are only four independent NP parameters that
can be used to describe the decay B — D*#~ process,
namely, g;, gr, gp, and gr. We will use the g; parameters to
describe the results and plots presented in this article.

One can now express the differential decay distribution
for B — D*(— Dx)¢~v as a function of four kinematic
variables—q? and three helicity angles 6*,6,, and y (see
Fig. 1 for a schematic diagram defining these angles)—in
the following form.

9
——[(I3 sin? @ + I cos? %) + (I3 sin® 0" + I5 cos® 6*) cos 20,,.

+ I5 sin? §* sin® 8, cos 2y + 1, sin 26" sin 26, cos y + I5 sin 26" sin 6, cos y
+ (IS cos® 0 + IS sin” 0%) cos O, + I, sin 20" sin 0, siny

+ Ig sin 20" sin 20, sin y + Iy sin® 6" sin” 6, sin 2y,

where the 12 coefficients 7\"“(¢?) (i=1,...,9) can

i
be expressed in terms of eight helicity amplitudes that in
turn depend on the NP parameters g;, gr, gp, and gr.
For brevity, the exact dependence of the coefficient
(s.c)

functions, I;”" is given in Appendix A. The distribution

(11)

|
for the CP-conjugate process is obtained with the fol-
lowing transformation, 6, >z —6;, and y — 7+y.
The various helicity amplitudes transform as Agp —

—«_4510, Ar_—’ —vzln AO(,T) _—’ ;10(.7), AH(,T) - -/Ztll(.T),
Avr) = A (Asr) = Ag(r)) leading to the angular
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: : (a) 7la)
coefficients  transformations 17,347 = 15347 and

1?,2,8.9 - —72‘2’8.9.2 Note that if one writes A = |A]e/#+7,

then A = |A|e=* where ¢ is the CP-violating weak
phase and 6 is the CP-conserving strong phase.

The full phase space for the B — D*/~v decay is
obtained by varying the kinematic variables over their
allowed ranges which are as follows: m2 < ¢*> < m3% —m3,.,
0<0p,<m and 0 <y <2z One can now construct
several observables by integrating the distribution of
Eq. (11) over one or more of these kinematic variables.
The first of these is the differential decay distribution as a
function of g2, constructed by integrating over the full
range of allowed values for all three helicity angles.

ar 1
d—qz:Z[31f—I§+2(3I{ -I)]. (12)
Next, one can construct double-differential decay distribu-

tions as functions of g and one other angle variable at a
time, obtained by integrating over the other two angles.

d’r 3dr . . X L
dq?d cos 0 B Zd—qz 2F7 (q*) cos® 0" + 7' (%) sin® 0],
(13)

d’r
dq*dcos 6,

dr /1 1 =3F% 3cos?0, — 1
_d—qz<§—|—AFBcost9f—|— 1 L 2"’ ) (14)

d’r 1 dr .
m:gd—qz(l +S3 0052)(+Sg Sln2)(), (15)

D
L(T)
tion of the D*, Agp is the charged-lepton forward-backward
asymmetry, and S¢ is a triple-product asymmetry. The

coefficient functions that appear in Eq. (15) can be
(s.c)

i ’

where FP . (g?) is the longitudinal (transverse) polariza-

expressed in terms of the angular coefficients, / as

follows.

*Our convention is similar to the LHCb convention for the
B0 — K W0+ ¢~ decay where 6, is defined as the angle between
K*0(K*%) and u*(u~) for the B°(B°) decay leading to the

CP conjugation with y — 2z — y [41]. Alternatively, when 6,
is defined as the angle between K**(K*") and the lepton #~ for
the B°(BY) decay while y is the angle between the K*z 7T and the
£+¢ planes in both cases, the angular coefficients transform as
1(172),344.7 - 7(1243.4,7 and Ig?)’&g - —7?6)&9 for the CP-conjugate
process with 8, — 6, — wand y — —y [42,43]. Note that, in all of

d*(T+T) C .
dq*d cos 0*d cos 0,dy distribu-
tion for the untagged decay retains the contribution from the

“true” CP-violating terms [44,45].

these conventions, including ours, the

316 — I

FP'(g2) =1 = FP' (42) = R 16
P () = 1= PP () = g (19
3 205 + I

A PAN 6 6 , 17
) =33 15 + 203 — ) (17)

_ I$ =315 + 2(13 - 31
(g?) =2 ( L 3)’ (18)
30— 15 + 2331 - 1)
41
S+(g?) = 3 , 19
) =3 a6 -y (19)
41
So(q*) ; (20)

T3 -5 4203L - 1)

Note that there are additional observables that can be
extracted from data by performing asymmetric integrals
over more than one angles. We discuss some such observ-
ables in Sec. I'V.

III. NEW-PHYSICS IMPLEMENTATION
IN EVTGEN

We implement the preceding discussion in the EvtGen
MC simulation framework as the new BTODSTARLNUNP
decay model. This NP generator, BTODSTARLNUNP, can
run either in a standalone mode or be integrated into a
software framework of a B-physics experiment. The model
includes SM contributions, various NP parameters as well
as their interference. The model takes the NP parameters
oCy, =g, Cy,, Cs,, Cs,, and Cr as inputs. The user
specifies the NP parameters keeping in mind that the scalar
coefficients (Cs, , Cs,) are related to each other by Eq. (10).
Each of these parameters can take complex values as inputs
and are entered in the user decay file. The default value for
each parameter has been set to zero so that when no value is
specified for these parameters the code returns SM results.
Below we present an example of a user decay file to
illustrate the usage of the NP MC generator.

## first argument is cartesian(0) or
polar (1) representationof NP coefficients
which

## are three consecutive numbers { id, Re

(C), Im(C)} or {coeff id, |C|, Arg(C)}

## 1d==0 \delta C_VI—left-handed vector

coefficient change from SM

##  id== C VR—right-handed vector
coefficient

## id==2 C_SL—left-handed scalar
coefficient

##  id== C_SR—right-handed scalar
coefficient

## 1d==4 C_T—tensor coefficient

Decay BO

015011-5
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## BO ->D*- e+ nu_e is generated with the
Standard Model only

1 D*- e+ nu_e BTODSTARLNUNP;

Enddecay

Decay anti-BO

## anti-BO -> D*+ mu- anti-nu mu is gen-
erated with the addition of New Physics

1 D*+ mu- anti-nu mu BTODSTARLNUNP 0 O
0.06010.075020-02300.2;

Enddecay

End

To generate NP the user inputs several arguments in the
user decay file. The first of these specifies whether the
remaining arguments are to be entered in Cartesian (0) or
polar (1) coordinate system. Next, the user enters sets
of three values. The first specifies the type of NP coupling
(6CVL, CVR, C S, C Spr and Cy), while the second and third
represent the real and imaginary parts in Cartesian coor-
dinates, or magnitude and complex phase in polar coor-
dinates. In the above example we have shown how the
user can generate events for the SM as well as for a specific

|

NP scenario which in our case is NP scenario 2. A complete
version of the NP MC tool with an implementation
of the BTODSTARLNUNP decay model can be found
in Ref. [46].

IV. SIGNATURES OF NEW PHYSICS

The ratios of branching fractions as well as the differ-
ential ¢> distributions have limited sensitivity to NP for
b — cfv, ¢ = e, u, which receive tree-level contributions
in the SM and are hence unsuppressed. In contrast, angular
observables have much better sensitivity to the interference
between SM and NP. The optimal sensitivity to NP can be
obtained by studying these angular observables as func-
tions of ¢>. We will examine four angular asymmetries as
functions of ¢* to make predictions for our NP scenarios,
Agg, 83, S5, and S7. Apg and S3 are previously defined in
Sec. II, while S5 and S; are the coefficients of
sin O, sin 26* cos y and sin 8, sin 26" sin y, respectively.
These asymmetries can be constructed from the full angular
distribution of Eq. (11) through asymmetric integrals
shown below.

dr\-! I 0 d’T
Ars(@®) = | 2 = [ |deosb—————. 21
FE) <d512> {A /—1] o8 “dcosO,dg? (21)

dr\ -1 /4 /2 3n/4 z 57[/4 37[/2 /4
)= (o) UL L
dq 0 /4 /2 /4 Jx St/4 31/2

Am] dqzd;{ @)

N TS Wy 0 P S
S1(6) = (dq>_] U - ﬂd" U -/, }dmsa*dq%lise*dx @)

To extract these asymmetries from data, we calculate
the integrals in Eqs. (21)—(24) from binned distributions
of the appropriate angular variables. For example, con-
sider Ss. This distribution involves asymmetric integrals
over both cos @ and y. For a given bin of ¢, we first
divide the events into y bins of size z/2. In each of these
bins, we then divide the events into cos 8 bins of size 1.
This gives us 8 bins corresponding to the various terms
of Eq. (23), which we will label N; with i =1,2,...,8.
To find the value of S5 for a given ¢ bin, we then
combine the N,’s in the same way as the integrals in
Eq. (23), normalized by > % /N

When generating our predictions, we used AApg =
AFB(B d D*IMU) _AFB (B i D*el/), AS3 :S3 (B —)D*,Lll/)—
S3(B— D*ev), and ASs=Ss5(B— D*uv)—Ss(B— D*ev),
where the electron mode has been generated with the SM

only while the muon mode contains both SM and NP
contributions. These are A-type observables as defined
above, which eliminate most of the QCD uncertainties in
the form factors, allowing for a clean measurement of
LFUV NP. The asymmetry S; is always zero in the SM,
and therefore was not recast into the form of a A
observable. The NP dependences of Apg, S3, S5, and
S; are given in Table II. Note that these dependencies
have different weights, which are dependent on g>. For
all theory plots presented here, we have only used
uncorrelated central values of the form-factor parameters
as listed in Tables VI and VII. We verify that the A
variables have minimal dependence on form factors. As a
test, we consider BGL [36], CLN [37], and HQET [38]
form-factor parametrizations. There are also other form-
factor models [47,48]. Unless otherwise stated, we use

015011-6
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TABLE II.

Angular functions corresponding to angular observables Agg, S3, S5, and S, alongside NP parameters

that contribute to each. The dependence on NP parameters has been separated into different orders of m,/+/q>.

Observable Angular function NP dependence m, suppression order
Arp cos O, Relgrgp] o(1)
Re[(1+ g2 = gr)(1 + g + gr)’]
Re[(1 + g1 — gr)9p) O(ms/\/ %)
Re[gr(1 + g1 — gr)’]
Refgr(1 + g1 + gr)’]
11+ 91 = grl? O(mz/q%)
|9T|2
S; sin?6*sin’6, cos 2y 1+ g, + grl O(1),0(m2/q*)
1+ g = gg*
|£IT|2
Ss sin 26" sin O, cos y Re[grgp) o)
1+ g = gr* O(1),0(m3/4%)
Re[(1 + g1 — gr)gp) O(me/\/q%)
Re[gr(1 + g1 — gr)"]
Relgr(1 + g. + gr)"]
lgr|? O(mz/q%)
S5 sin 26* sin O, sin y Im[gpgy] o(1)
Im[(1 + g, + gr)9p] O(mg/ /4%
Im[(1+g. —gr)gr]
Im((1 + g, — gr)(1 + g1 + 98)’] O(mz/q?)

the CLN parametrization of the hadronic form factors as
the default in our plots.

V. NEW-PHYSICS SENSITIVITY AND RESULTS

The g? distribution alone has little sensitivity to NP, as
shown in Fig. 2. On the other hand, angular asymmetries
as functions of ¢* are quite sensitive to NP couplings. In
particular, the angular asymmetries in the angle 6, and y
can be promising probes of NP as shown in Fig. 2. In
this figure, we have used the CLN parametrization to test
that our Monte Carlo generator correctly implements the
theoretical expressions. However, the angular asymme-
tries remain quite sensitive to form-factor uncertainties.
As an example, the uncertainty in the predictions for Ay
in the SM with four different form-factor parametriza-
tions is shown below. To address this issue we consider
differences between angular asymmetries in the muon
and electron channels using A observables. Later in this
section, using AAgg as an example, we show that the
predictions for the A observables are robust against form-
factor uncertainties using the same four form-factor
parametrizations. In the SM the form-factor uncertainties
cancel effectively in the A observables while with NP the
cancellation is slightly less effective as the NP violates
lepton universality.

From our initial scan, we cannot reproduce the exper-
imental-AAgg anomaly with a single NP coupling. Instead,
we consider scenarios with several NP couplings. In order

to match AAgg from Ref. [30], we require a g NP
coupling. In order to maintain the LFU BR constraint
we also need to add a g;, NP coupling that is comparable to
gg. In addition, it is also possible to include a gp
contribution, but in order to satisfy the constraints it must
be imaginary. We also found that negative or complex
values for g; and gp are ruled out by these constraints.
Figure 3 shows the region of parameter space in the g; — gz

plane that is excluded by Fp—p42 = 1.00 % 0.03(0.06) in
red and the region in blue excludes AApg = 0.0349 +
0.0089(0.0178) when the error is taken in the 68%(95%)
C.L. Further, we observe that an additional nonzero
imaginary pseudoscalar interaction strength produces an
upward shift in the allowed region of g while g; remains
almost the same as shown in the right plot of Fig. 3. In this
section we provide results corresponding to the three
distinct NP scenarios indicated in Table III chosen with
the above constraints.

To optimize sensitivity, it is important to measure the A
observables as functions of ¢?>. Using the benchmark
scenarios above, we show in Fig. 4 the predictions for
the A observables. As discussed earlier these observables
are sensitive to NP couplings and have much reduced
dependence on form-factor uncertainties. In the figure,
the SM expectations for these quantities are shown using
solid black curves. In addition to the two A observables,
AApg and ASs, Fig. 4 also shows the ¢?> dependence
of the observable AS; and S;. S, represents an angular
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FIG. 2. Distribution of B — D*#~D events as functions of (clockwise from top left) g, cos 6", y, and cos 8,. Theory predictions are
shown for the SM (solid black curve) and for NP scenario 2 (dashed red curve). EvtGen data are shown for NP scenario 2 (solid red
histogram). Each plot is fully integrated over three of the four kinematic variables. The ¢> range is divided into 23 equal bins, to reflect
the expected resolution of experimental measurements. The angular bins are chosen to be sufficiently fine to compare MC data to the
theory. The cos 0 ranges are divided into 15 equal bins, and the y range, being twice as large as the 0 ranges, is divided into twice as

many bins.

asymmetry in sin y, where y is the azimuthal angle between
the decay planes. This is a CP-odd triple-product asym-
metry, which is predicted to be identically zero in the SM
for any g% We find that NP scenarios with an imaginary gp

are able to produce a small nonzero signal in the g>
distribution of S, as shown in Fig. 4.

The observable S; is the coefficient of cos 2y term in the
angular distribution and can be extracted using the

aL

gL

FIG. 3. Allowed parameter space in g; and gg, with gp = 0 and 0.6i. The two constraints used are that the branching ratio of the muon
and electron modes must be unity within 3%, and AAgg must be consistent with the value found in Ref. [30]. Nonzero values of gp
produce similar plots, with the allowed region in g shifting upwards. This exercise also showed that imaginary values of g; and gy are

not consistent with these constraints.
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TABLE III. Values of NP coefficients for three distinct NP
scenarios considered in this paper and used for generating the
results presented in this section.

gL 3 gr
Scenario 1: 0.06 0.075 0.2i
Scenario 2: 0.08 0.090 0.61
Scenario 3: 0.07 0.075 0

asymmetric integral defined in Eq. (22). Although ASj5 is
close to zero in the SM, NP can produce a nonzero ASj in
the g> range as shown in the lower left plot of Fig. 4. In
Fig. 5, using AApg as an example, we show that the
predictions for the A observables are largely independent of
form-factor parametrization and the uncertainties of the
form-factor parameters.

Note that due to lepton mass and helicity effects, AAgg is
negative in the low ¢ region even in the SM. In fact, at the
lower momentum transfer threshold, i.e., in the limit
g*> - m2, the forward-backward asymmetry A& — —1
which is seen as a large dip in the g distribution as shown
in Fig. 5. Hence, for the best experimental sensitivity to NP,

boooo o S, Loommece o e e B [E—

0.025F----- SRR [ERREEEEEES SRR IERRREEEEE

-
0.0150--- 1. i—: i T
IR

-’ pa WY
5 0.010»—:?;, e TR I e
< 4 ; 1 1 ! s M
0.0057 1 e R - ?M\l‘
| | | ' o,
0.000 : : : : —
~0.005}--=----nnnnznncfosmonannes A S
o010l [—SM — NP1 - NP2 - NP3] |
2 4 6 8 10
q° (GeV?)

we advocate a necessary low ¢> cut of 1.14 GeV? on such
observables in order to predict them unambiguously.

In addition, in order to improve systematic uncertainties
from lepton identification efficiencies, we recommend
using the same laboratory momentum cutoff for both
¢ = e and yu channels (see, for example, [49]). In order
to define the detector acceptance we will represent the
magnitude of the transverse momentum of particle x in the
lab frame by |pr | and the ratio of the z component of
the momentum over the total momentum as cos a. We
use the Belle II acceptances of |pr,| > 0.8 GeV for the
lepton momenta, |pr,| > 0.1 GeV for the slow pion
momenta, and —0.866 < cos a < 0.956 for all final state
particles. The theoretical predictions and uncertainties
for these observables integrated over the range of ¢ €
[1.14 GeV?, (mg — mp-)?] using the BGL parametrization
are displayed in Table IV both for the SM and the specific
NP scenarios listed in Table III. One can see that the
theoretical uncertainties are less than ~5% for both the
SM and NP predictions of all integrated observables
except (AS;) which has a ~15% uncertainty. We also
show the variation of the expected statistical uncertainties
as a function of the total integrated luminosity for present

0.035/
0.0250

w 0.015¢

AS

0.005¢

-0.005F

0.006
0.004

0002+ {1l T

S7

0.000

-0.002

(- M NP1 NP2 NP 3)

~0.004 ‘ z ‘
2 4 6 8 10
q° (GeV?)

FIG. 4. AAgg, ASs, AS5, and S plotted as functions of g for different values of NP coefficients. Here we have used the CLN
parameterizations of the form factors. The NP parameters were chosen so that the ratio of semileptonic branching fractions is constrained
to be within 3% of unity, as well as the AAgg for the full ¢> range is within the interval 0.0349 + 0.0089. EvtGen data for NP scenario 2
(g, = 0.08, gr = 0.09, gp = 0.6i) generated with 107 events (anticipated Belle II statistics) are shown as points with error bars. Theory
curves are presented for all three NP scenarios: Scenario 1 is dot-dashed blue, scenario 2 is dashed red, and scenario 3 is dotted blue.
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FIG.5. Afg (left plot) in the SM and AApg = Al — Agy (right plot) for different form-factor parametrizations. The left plot shows the
SM predictions for various form-factor parametrizations, while the right plot demonstrates the effects of form-factor uncertainties on
AAgg in NP scenario 1 (g; = 0.06, gr = 0.075, and gp = 0.2i). The solid black curve in the right plot represents the SM prediction for
both CLN and HQET (2/1/0) parametrizations. Note that the vertical scale of the right plot is approximately a factor of 10 smaller than
that of the left plot. Note also the large negative value at the low ¢ limit. A cutoff of 1.14 GeV? is chosen to avoid this. Note that for the

SM and NP 3, (§;) is exactly zero and are not distinguishable.

and future experimental datasets in Fig. 6 using MC
simulations.

Initially, experiments will measure integrated A observ-
ables. As statistics improve, they will proceed to coarse-
binned measurements, as shown, for example, in Fig. 7. At
high statistics, unbinned fits to angular observables will be
performed, as shown, for example, in Fig. 4.

Furthermore, from Fig. 4 we see that NP couplings
produce correlated signatures of deviations from the SM in
multiple A observables, such as AAgg and ASs5. As shown
in Fig. 8, the size of the effect on A observables is
determined primarily by gr. In this plot, we have varied
the NP parameter g; between 0 and 0.2 for fixed values of
gg. In the presence of NP there are strong correlations
between the A observables AAgg, AS5, and AS5. Therefore,
if an experimental signal in AAgg is observed, it should be
accompanied by an observation of nonzero ASs and AS;.
Conversely, if a nonzero ASs is observed, there must also
be a nonzero AAgg. In the absence of a tensor coupling, a
correlation with AS5 is also required.

TABLE IV. Theoretical predictions of integrated AAgg, AS3,
ASs, and S, for SM and each NP scenario using the BGL form-
factor parametrization with estimated theoretical uncertainties.
Note that for SM and NP 3, (S;) is exactly zero as all associated
couplings are real.

(Mps) % (AS3) % (ASs) % (Sy) x1073
SM:  —0.2340.02 0.0525%0 0.044 +0.005 0
NP 1: 2740.1 0.87f§:{)§ 2.21j§;§9: 0.56f§;§;§
NP2: 28+01 1275983 2.2550% 169550
NP3: 28401 083702 2.2410% 0

For the benchmark scenarios described above, we have
also checked the constraints from the longitudinal polari-
zation fraction of the D* meson, F;, and another angular
observable F;, which are proportional to the coefficients of
the cos? @ and cos” @, terms in the angular distribution,
respectively. These quantities were extracted for the first
time by [30] using the binned CP-averaged differential
decay distribution data provided by Belle [10]. They obtain
a CP-averaged SM prediction for the integrated (AF; ) and
(AF;) to be (5.43+0.36) x 10™* and (—5.20 £ 0.30) x
1073 respectively. By fitting the data, they also report
(AF,)®® = —0.0065 4 0.0059 and (AF, )P = —0.0107+
0.0142. We have verified that our benchmark values
satisfy these experimental bounds within a 1o confidence
interval.

0.007F

o OAAm 6AS; + O6ASs . 6S;

| TN

0.006(

Expected Statistical Uncertainty
> Heo

0.000E

1 5 50 250

Integrated Luminosity (ab™")

FIG. 6. Expected statistical uncertainties for the four observ-
ables at 1, 5, 50, and 250 ab™! of Belle II data. These expected
uncertainties were found using the BTODSTARLNUNP MC
simulation.
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FIG. 7. Coarse-binned distributions of AAgg and ASs versus ¢2. The horizontal axis spans the allowed range for ¢> which has been
divided into three bins. The vertical lines at 4 and 8 GeV? indicate the other edges of these bins. The central values are calculated from
theory, and the error bars indicate statistical uncertainties taken from MC simulation with an integrated luminosity of 50 ab~!. The NP1
and NP3 predictions have been offset from the center of each bin for clarity.
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FIG. 8. Correlations between (AAgg), (AS3), and (ASs) in NP scenarios. For each point, g; is varied between 0 and 0.2 (light to dark
in the color scale as depicted in the bar legend; applies for each value of gy), with g = 0, 0.1, or 0.2, which are representative values in
the allowed range, and gp = 0. All points for which only g; is nonzero return the SM values of the three observables.
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VI. CONCLUSIONS

Motivated by the AAgg anomaly in B — D**u~ decay,
which could be a sign of physics beyond the Standard Model
[30], we have developed a new Monte Carlo new physics
(NP) generator tool for B - D*/v, with £ = e, u, 7 in the
EvtGen framework [46]. The full theoretical description for
the effective basis we use to parametrize NP as well as the
different angular asymmetries has been comprehensively
discussed in this article. We used this tool to examine
signatures of NP, which are consistent with current data
and with the hints of NP in B — D*uv,, assuming that the
decay B — D*ev, is well described by the SM. We found
that the angular asymmetries, Agg, S5, S3, and S, which can
be extracted from the fully reconstructed angular distribu-
tion, are sensitive to new physics. With current experimental
constraints, we show the part of the g; NP parameter space
that is still allowed (see Fig. 3).

We introduce the A observables, which are obtained by
taking the differences between the observables for the muon
and the electron modes, in order to avoid theory uncertainties
due to form factors, which might obscure signals of NP. We
suggest experimental requirements on ¢> and lepton
momenta in order to increase sensitivity to NP and reduce
systematics. We identify AAgg and AS5 as the most powerful
probes of NP with little sensitivity to form-factor uncertain-
ties; this is shown in Fig. 5. We also observe that correlated
signatures of NP in multiple observables such as AAgg and
AS5 are required to confirm the presence of NP (see Fig. 4.)
Therefore, if a NP signal for AAgg is observed in future
experiments, it must be accompanied by a corresponding
signal in ASs both in the integrated variable and the g*
distribution. We calculate integrated observables and plot
coarse binned expectations for AAgg and ASs, as well as
correlations between the two. The NP signatures described
here are ideally suited for Belle IT at 1, 5, 50, and 250 ab™!
and might also be explored at hadron collider experiments.

|

I(s,c) _ G%"|Vcb|2(q2 - mzza)2|pD*
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APPENDIX A: ANGULAR COEFFICIENTS

The angular distribution of B — D*/~ presented in

Eq. (11) contains 12 coefficients labeled 1 ,(.S’c) with
i=1,...,9. The full list of angular coefficients are pre-
sented below as functions of eight helicity amplitudes,
Asp, A, Ag, A AL Aors A r and A 7. These helicity
amplitudes depend on hadronic form factors as well as NP
coefficients. The form of the eight helicity amplitudes are
given in Appendix B.

' 19273 m3q?

2 2
15 = (1A + ZELA) 21425 ) (AP + 161d07P) + 875 (RelA 4] - 4Reldodi ).

- 3
Ti= {Z0A P+ 1AL + 80401 + 14,0 | - 16

my
2(

m2
Is = —2(1 —q—§>{|«40|2 16l Ag ).

2 (1
2 { A+ JALP) + 244 1 + |AL,T|2>},

B(D* — Dm)I™, (A1)
A2
Ve (A2)

% {Re[ Al A7 ] + Re[A A 7]}
(A3)
(A4)
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mZ
Ty = 5 (1= 2 LAY+ LALP) = 16041 + 1AL ), (43)
m2
Iy = ‘( - ﬁ){(\ftmz = [ALP) = 16(14) 77 = AL )} (A6)
m2
T = V21 - "% ) {16Reldor A ] - ReLAo Al (A7)

2

Ty = 23] (RelAg A1 + 4RelA 1))+ 2 (16Rel Ay ]~ Ref 4]

+ m—fz (4RC[AH’T.Aﬂ - 4RG[A0AIT] - 4R6[A07T.Aj] - RG[AH.AEPD } s (A8)
Vi
2
¢ = 32Ref Ao Ajp] + % {32Rel Ay 4] — SRe[ApAfy ]} — 87 FRel Ao (A9)
2
~ m m
Ig = —4R6[A|‘Aj_] + 16\/—%{RC[AHAIT] + RC[A”TAj_]} - 64q_§Re[AH~TAj_,T}’ (AIO)
2
I, = —8v2Im[Agp A ;] - 2v2Im[ Ay Ai] +2V2 %Im[A,Aj]
+2v2 - {Am[ A Al ] — 4Im[ A AS 7] — 4ImA A7 ] — Im[AL A3}, (A1)
V&
- m2
Iy = —ﬁ<1 - ?> Im[A, A3, (A12)
2
To = 2(1 —%)Im[.,éhAﬁ, (A13)

where |pp:| = \/A(m3, m3,.,q%)/(2mp) represents the magnitude of the D* 3-momentum, and A(a,b,c) =
a* + b* + ¢® —2ab — 2bc — 2ca.

APPENDIX B: HELICITY AMPLITUDES AND FORM FACTORS

The 12 angular coefficients needed to construct the full angular distribution of Eq. (11) were presented in Appendix A.
These angular coefficients depend on eight helicity amplitudes that can be further expressed in terms of NP coefficients
(9p, 91> gr, and gr) and hadronic form factors. We list the helicity amplitudes below [35,50].

A(my, mp,.. q°)

= — An(g? B1
Asp ap m, + m, 0(q”). (B1)
(149, — gg)(mp + mp-) Mm%, m3., g°)
A — _ m2_m2*_ 2A 2\ _ B D A 2 , B2
: e (mh = = ) (?) = TR ES Ao () (B2)
Mm%, mA., g*
A =—(1+9g.—gr) (. q)Ao(qz), (B3)

Mm%, m3., g>
( B Mp Q>V(q2)’ (B4)

Ay =(1+ g, — gr)(mg + mp-)A,(¢? 149, +
+ =(1+ g1 = gr)(mp +mp)Ai(¢°) F (1 + 91 + gr) My + My
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gr
-A().T = 2 2 ((mlz'f - m%*)(m%’ + 3m%)*

VAmE mb. q*)T1(q*) £ (m} — m3.)Ta(q%)

— ¢*)T2(q%) — A(mg. mjy.. ¢*)T5(q?)). (B5)

Ai,T =J9r

(B6)

s

The angular coefficients requiring vector and/or tensor type contributions may also require the amplitudes to be expressed in

the transversity basis as follows.

Ajr = (Asen + A V2, (B7)
Air = (Ar — A/ V2. (B8)
The above helicity amplitudes depend on the seven hadronic form factors listed below.
V() = T g (), (B9)
2 mpm p«
+m *)2 - q2
A(g?) = st ha, (w(q?)), B10
l(q ) 2\/%(’”3 +mD*) Al(w(q )) ( )
+ mpy- My
A 2y mp D h 2 _Dh 2 s Bl1
2(0) = 3 e, O0(42) 52 i, (v() (B11)
1 (mg +mp)? — ¢ m—m?, + ¢ m —m2,. — g
Ao(g?) = h ) ——L 2L p 2) -2 h )|, (B2
o) = e | (7)) = () = ()| (B2
1
T\(q*) = W [(mp + mp:)hy, (w(g?)) = (mp = mD*>hT2<W<q2))]v (B13)
1 (mg +mp)* = ¢* (mg —mp)* = ¢*
o) = iy, (w(q?))— hr,(w(g?)). B14
) = g | ()= P () (B14)
2y _ 1 2 5 my —m3,. 5
T5(q%) = W (mp —mp)hy, (w(q*)) = (mp + mp:)hr,(w(q”)) -2 — hr,(w(g®))|.  (B15)

where the recoil angle, w(g?) can be expressed as is
w(q?) = (m% + m3. — g*)/2mgmy.. The above expres-
sions depend on several lepton and meson masses that
are used as input parameters. In our calculations we use the
values of meson and lepton masses given in Table V. We

TABLE V. Input values used for meson and lepton masses
taken from the Particle Data Group [51]. Numbers in parentheses
represent the errors in the last two digits.

Masses Value (MeV)
Mo 5279.63(20)
Mpe+ 2010.26(05)
m, 0.5109989461(31)
m, 105.6583745(24)

|
have also used the following values for the quark masses,
my, = GeV and m,. = GeV.

Note that the above form factors still depend on several
additional functions of ¢?, namely, hy, ha,» ha,, hays by,
hr,, hr,, Ry, Ry, and Rj. There are several ways of
parametrizing these functions using heavy quark effective
theory (HQET). Two such parametrizations are presented in
Appendix C.

APPENDIX C: PARAMETRIZATIONS OF THE
HADRONIC FORM FACTORS

The hadronic form factors described in Appendix B
depend on several form factors that appear as functions of
g* in HQET. At present there are several ways of para-
metrizing these functions. Although each parametrization
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gives a slightly different value for the underlying function,
a conclusive identification of the best way to parametrize
these functions still eludes us. This problem adds to the
theoretical uncertainties associated with the determinations
of some of the NP observables discussed in this article.

A commonly used parametrization for the HQET form
factors, first presented by Caprini, Lellouch, and Neubert
(CLN) in Ref. [37] is given below.

hy(w) = Rl(w)hA,(W)’ (C1)

(C2)

(C3)

h =
n0) =0T )

x {%(1 — rp 2w+ Dy, (w)
LR 1>hv<w>]

(C4)
mpg + mpy«

hr,(w) = ha, (W)

(1—rp)w+1) [my—m,
Mp — Mp+

2(1+ 1% = 2rp-w)
my + m,

St ).

mp + mp-

(C5)

1
2(1 + }"D*)(l + r2D* —ZFD*W)

X {27’% —n

hr, (w)=-

£ rps 1)h
mB_mD*rD (w+1)hy (w)
my, — m, )
— (1 . =2rpw)(h
+mB_mD*( + 1rpe = 2rpw) (hy, (W)
my + m, 5
———— (1 +rp)*hy(w)|,
2o LR (1 4y ()

(Co)

—rp-hy, (w))

where rp- =mp-/mp and the w dependencies are
expressed as

hy, (W) = hy, (1)[1 = 8p}.z + (53p3. — 15)2?
— (231p3. —91)77], (C7)

Shy = ————
Vi 6Zcb (W - ch)

_12Zcb(w - ch) - (Z%h -

1) IOg Zcb] + V(ﬂ)’

TABLE VI. Input values of parameters needed for the CLN
parametrization of form factors used here were taken from [35].
Parameter Value
hA](l) 0.908 £ 0.017
Pl 1.207 + 0.026
R (1) 1.403 £+ 0.033
R, (1) 0.854 £ 0.020

Ri(w) =R;(1) = 0.12(w — 1) + 0.05(w — 1)%,  (C8)
Ry(w) = Ry(1) + 0.11(w — 1) = 0.06(w — 1)2,  (C9)
R3(w) = 1.22-0.052(w — 1) + 0.026(w — 1)2.  (C10)

The parameter z is related to the recoil angle w through
W) = (VwH+1-=v2)/(vw+1++/2). The values of
hs (1), Ri(1), Ry(1), and pj,., listed in Table VI, were
taken from Ref. [35].

Yet another way of parametrizing the HQET form factors
is to express them in terms of the leading Isgur-Wise (IW)
function &(w) [52] and subleading IW terms, which
represents higher order power corrections to the leading
IW function as

(X=V,ALA), A3, T, T,.T3),
(C11)

~

hy(w) = ilx,o + 8(15]:1X.al‘ + €b5iix,m,, + €c5i1x,m‘. + 535]A1x,m§-
(C12)

Here, ¢,, €,, €. denote the expansion coefficients corre-
sponding to the higher order corrections in a, and 1/m, .,
respectively, which were worked out by [37,53] using
heavy quark symmetry.

The leading term in (C12) is

N 1 fOrX:Al,A3,T1,
hxo = (C13)
’ 0 fOYX:A2,T2,T3.
The a; corrections are given as
(4265 (W = wep)Qu (W) + 2(w + 1)((3w = )zep, = 22, = 1), (w)
(C14)

015011-15



BHUBANJYOTI BHATTACHARYA et al. PHYS. REV. D 107, 015011 (2023)

A 1
oh =———[4z.,(Ww—w,,)Q 2(w—=1)((3 Dz, — 22, — 1)1,
Aja 6Zcb(w _ ch) [ Zcb(w ch) w(w) + (W )(( w+ )Zcb e )rw (W)
=12z (W —wep) — (22, — 1) log zep] + V (), (C15)
R -1
(3]1142.% = m [(2 + (2W2 - 5W - 1>Zcb + 2W(2W - 1)Z§b + (1 - w)zib)rw(w)
- chb (Zcb + 1)(W - ch) + (Zgb - (4W + Z)Zch +3+ ZW)Zcb log Zcb]» (C16)
Shpya, = Ohp, a, + 3 [22eh(zep + 1) (Wep = W) + (22, + 2, (2W7 = Sw—1)
o ’ 6Zch (W - ch)
+zep (@ =2w) —w+ 1), (W) — (22, 2w + 3) =z, (4w + 2) + 1) log 2., ], (C17)
N 1
5hT1,a A [2Zcb<w - ch)Qw(W> =+ Q'Zcb(w2 - l)rw(w) - 6Zcb(W - ch)+(1 - Z%b) 10g Zcb] + T(/")’ (CIS)
! 3Zcb<w - ch)
- w+1
oh = [(1-22 271 , C19
75,0y 3ZCb(W _ ch) [( Zcb)rw(w) + Zeb 108 Zcb] ( )
A 1
oh =——[(zepw — 1 — Zep 1 b C20
T304 3Zch (W _ ch) [(Zchw )VW(W) Zcp 108 Zcb] ( )
where
me 1 -1 2
Leb = > ch:_(zcb+zch)v W:i:(w) =wxVvw -1, (Czl)
my, 2
1
ro(w) = 2t w0, (C22)
w?—1
w
Q,(w) = ———=[2Lir (1 —w_(w)z,) —2Lir(1 —=w(w)z,.
( ) Zm[ 2( ( ) b) 2( +( ) b)
+ Lip(1 = wi (w)) = Lip(1 = w2 (w))] —wr,,(w) log 2, + 1. (C23)
Here Liy(x) = [Ydtlog(1 — 1)/t is the dilogarithm func- A
tion and V(u), T(u) are scale factors given as Oho.m, = 0. (C30)
Shp, = Ly(w) + Le(w), (C31)
2 Aym 3 6
V(g) = == (wr, (w) — 1) log 22 (C24) . .
3 H Sha, m, = Li(w) = Ly(w), (C32)
1 A N . . .
T(u) = -3 (2wr,,(w) —3)log mb;nc . (C25) Ohg, m. = La(w) — Ly(w) + Lg(w) — Ls(w),  (C33)
In our calculations we choose the scale 4 = 4.2 GeV. The Ohr, m, = Li(w). (C34)
1/m,, . corrections in Eq. (C12) are given as .
/my, q. (C12) are g Sy = La(w). (C35)
Shy = Li(w) = Ly(w), C26 .
vy = Ea () = Ea(w) (C26) i — i) 0
Sy . = Ly(w) — Ls(w), C27 R
V,m, Z(W) S(W) ( ) 5hT2 = LS(W), (C37)
~ A~ w — 1 a ~
Ohgm, = Li(w) == La(w), (C28) Shr, m, = 0. (C38)
~ ~ w — 1 LS ~ 1 A
Ohp m, = Lo — o Ls(w), (C29) Ohy, i, = 3 (Le(w) — L3(w)), (C39)
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where the L(w) functions read

Ly(w) = =4(w = D)ia(w) +1223(w),  (C40)
Ly(w) = =433 (w), (C41)

Ls(w) = 422(w), (C42)

Ly(w) = 2n(w) - 1, (C43)

Ls(w) = -1, (C44)

Eo(w) = _2(1w+4:7(1W)) (C45)

The corrections of order 1/m? are included via the
subleading reduced IW functions 7;_¢(w) as [38,54]

Ohy 2 = fz(w) -5 (W), (C46)
N w—1 4
Shy, e = Cr(W) = i lfs(W)’ (C47)

8
fow) = fO +8fWz 4 16(f1) 4+ 2f3)) 2% + 3 (9f1W) + 482 +32f0))z3 4 - .. (higher orders).

Shy, e = C3(W) + Eo(w). (C48)

5}AIA3,m§ = C2(w) = &3(w) = &5(w) + Cs(w),  (C49)
Shy, 2 = 22 (W), (C50)

Shy, e = Cs(w), (C51)

St = 5 (Z3(0) = Zo(w) (€52)

The IW functions are expressed, in general, as expan-
sions about w = 1 as

(n)
Fon) = 3L ey,
n=0

n:

(C53)

with f =& 1.7, 73 and LA”,-. One can further relate the
kinematic variable w with the expansion variable z as

w(z):2<1+z>2—1.

—Z

(C54)

One can then expand the IW functions up to any order in z as

(C55)

The authors of Ref. [55] have performed a simultaneous fit of the HQET parameters and the CKM element V., by
considering an expansion of the IW functions up to order NNLO (3/2/1) and NNLO (2/1/0), where

NNLO(3/2/1): &(w) uptoz3, 7,3(w), n(w) up to order z2 and #; up to order z,

NNLO(2/1/0): &(w) uptoz?, 753(w), n(w) up to order z and #; up to order z°.

The fitted value of the parameters for the above two
scenarios from Ref. [55] are given in Table VII.

The other alternate way of parametrizing the form factors
is due to Boyd, Grinstein, and Lebed (BGL) [36]. Both the
CLN and BGL form-factor coefficients are constrained
from the same dispersive bounds. However, unlike CLN,
they do not employ HQET relations to reduce the number
of form-factor parameters and are hence, more general. The
form factors F; = {f, g, F,F,} are expressed as series
expansions in z as

_ 1 = afij
Fil =55 rz%»(z); Tid, (C58)

where 7 is related to the recoil angle w as in Eq. (C54) and
Pi(z) =11, ]Z__ZZZ” are called the Blaschke factors that help

eliminate poles at z = z,, at the B. resonances given by

(C56)

(C57)

L= M- T

t
e =M+ T =1

ZP = t:t = (mB imD*>2.

(C59)
The pole mass (M) for the different types of reso-

nances are listed in Table VIII. The outer functions ¢;
are given as

_Arp- ny (142)(1-2)¥?
= \ e O o) (1=2) 42 (L L )

(C60)
b 16 [T (1+22(1-2)7
oS O T 4 7o) (1—2) 20+ 2]

(C61)
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TABLE VII.  Values of input parameters needed for the HQET

(3/2/1) and HQET (2/1/0) parametrizations of the hadronic
form factors taken from [55].

Parameter HQET (3/2/1) HQET (2/1/0)
&£0) 1 1
e —-0.93+0.10 ~1.10 £ 0.04
&2 +1.35+0.26 +1.57 £0.10
£ —2.67+0.75
po —0.05 + 0.02 —0.06 + 0.02
2V +0.01 £ 0.02 —0.06 + 0.02
Pos —0.01 £ 0.02
ey 0 0
pos —0.05 £ 0.02 ~0.03 +0.01
PP —0.03 +£0.03
n© +0.74 £ 0.11 +0.38 £ 0.06
n +0.05 £ 0.03 +0.08 £0.03
n? -0.05 £ 0.05 .
20 +0.09 £ 0.18 +0.50 +0.16
2 +1.20 £ 2.09
2 -2.29+0.33 —-2.16 + 0.29
A —3.66 + 1.56
7\ -1.90+12.4 —1.14+2.34
2\ +3.91 +4.35
20 —2.56 4+ 0.94 +0.82 + 0.47
2 +1.78 £0.93
7Y +3.96 + 1.17 +1.39 +0.43
2\ +2.10 + 1.47
7 +4.96 +5.76 +0.17 £ 1.15
2\ +5.08 +2.97
br, =20 [
my \ 6z (0)
5/2
(1+z)(1-z2)¥ (C62)

M+ -2 +2ym (2P

br, = 8V2r3,

ny

”)?f+ (0)

" (I+232(1 -2
(T4 rp)(1=2) +2y/rp (1 +2)]*

(C63)

The various relevant inputs for computing the outer
functions are listed in Table IX. The form-factor coeffi-

. Fi o o . .
cients a; ' satisfy the weak unitarity constraints given by

TABLE VIII. The pole masses corresponding to different types
of B, resonances as listed in [57].

Form factor Type Pole masses M, (GeV)

1- 6.329,6.920,7.020
fF I+ 6.739,6.750,7.145,7.150
Fs 0~ 6.275,6.842,7.250

TABLE IX. Relevant inputs for the outer functions taken
from [57].

Form factor Type
ny 2.6
27 (0) Gev—2 3.894 x 107*
7-(0) Gev2 5.131 x 107
75.(0) 1.9421 x 1072
N N -
S <l Yer <,
=0 =0
N
> @) <1 (C64)
j=0

In addition to this, they are also subject to two kinematic
constraints, one each at zero and maximum recoil, respec-
tively, given by

Fi(1) = mg(1 = rp)f(1), (C65)

1 + r'p
m%?(l + Wmax)(l - rD*)rD*

:FZ (Wrnax) =

*7:1 (Wmax) . (C66)

In our analysis, we consider the fitted values of the form-
factor parameters from [12]. Lastly, for completion, we
would like to list the relations between the BGL form
factors and the hadronic form factors [56]:

2
=—V, C67
g mpg -+ mp« ( )
[ =(mp +mp-)A;. (C68)
2mpny (W2 — 1
Fy = mylmg ) = )y = 2L g,
(C69)
Fa =2A,. (C70)

The form-factor dependences on g for the various types
of parametrizations are shown in Fig. 9.
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1S 1
> <
o5+ e - CLN 1 04r = - CLN 1
----- HQET(2/1/0) 5 - - -~ - HQET(2/1/0)
BGL 0.2 BGL ]
00 TR PR B—t PR PR R PR PR n
0 2 4 6 8 10
q*(GeV?)
1.0 T ——— T T
0.8 —
(\E 0.6 <\7;
< 0.4} 1<
----- - CLN ’ +=+=+= CLN
o2 m==e- HQET(2/1/0) A o2 === HQET (2/1/0) ]

BGL

BGL

T
iy
o4r . - CLN O - CLN
oot e HQET(2/1/0) 1 0.2t === HQET(2/1/0)
’ BGL BGL
00 1 1 1 1 1 1 00 1 1 1 1 1 1
0 2 4 6 8 10 0 2 4 6 8 10
q°(GeV?) q°(GeV?)
0.25¢ ]
0.20¢ ]
S 0.5} 1
W '
otof = .
005 == e HQET(2/1/0) ]
BGL
0.00 - .
0 2 4 6 8 10

q°(GeV?)

FIG.9. Form-factor dependence on ¢ for three different form-factor parametrizations. The shaded band show the region with the 1o
upper and lower limits of the form-factor parameters listed in Tables VI and VII are considered without any correlation. For the HQET
form factors, we show only the 2/1/0 scenario following the analysis presented in Ref. [55]. Here, T5(g?) is defined

as T5(q%) = T5(q*)q*/ (m} — m}?).
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