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We measure the complete set of angular coefficients J; for exclusive B — D*£7, decays (¢ = e, u). Our
analysis uses the full 711 fb~! Belle dataset with hadronic tag-side reconstruction. The results allow
us to extract the form factors describing the B — D* transition and the Cabibbo-Kobayashi-Maskawa
matrix element |V, |. Using recent lattice QCD calculations for the hadronic form factors, we find
[Veo| = (40.7 £ 0.7) x 1073 using the Boyd-Grinstein-Lebed parametrization, compatible with determi-
nations from inclusive semileptonic decays. We search for lepton flavor universality violation as a function
of the hadronic recoil parameter w and investigate the differences of the electron and muon angular
distributions. We find no deviation from standard model expectations.
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In this Letter, we present the first determination of the full
set of angular coefficients describing the full differential
decay rate of exclusive semileptonic B — D*£D, (£ = e, u)
decays. Our analysis uses the complete Belle dataset, with an
integrated luminosity of 711 fb~! at the T (4S) resonance.
The dataset was recorded at the KEKB e* e~ collider [1] by
the Belle detector. Belle is a large-solid-angle magnetic
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spectrometer. A detailed description of its performance and
subdetectors can be found in Ref. [2]. We use hadronic
tagging to reconstruct the accompanying B meson. The
measured angular coefficients allow us to determine the
form factors that describe the nonperturbative dynamics
describing the B — D* transition and consequently, in
conjunction with information from lattice QCD (LQCD),
to extract the Cabibbo-Kobayashi-Maskawa (CKM) matrix
element |V |. The angular coefficients are also sensitive to
beyond standard model (SM) effects and are used to test
lepton flavor universality. Our measurement is based on the
same dataset analyzed in a previous publication [3], which
focused on partial branching fractions in bins of the hadronic
recoil parameter
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2mgmpe (1)
with the B (D*) mass mp (mp:), the momentum-transfer
squared to the lepton-neutrino system ¢, and the decay
angles 6,, 6y, and y. The decay angles are defined as
follows: 6, is the angle between the direction of the charged
lepton in the virtual W-boson rest frame and W in the B
frame, 6y, is the angle between the direction of the D meson
|

dU(B — D*¢;) _ 2Gingw|Ve|*mpmp:
dwd cos@,dcosOydy 274

in the D* rest frame and the D* in the B frame, and y is the
angle between the two decay planes spanned by the Wt — #
and D* — D systems in the B meson rest frame. The analysis
strategy closely follows the methodology outlined in
Ref. [3], with modifications to facilitate the measurement
of angular coefficients as a function of w.

The four-dimensional differential decay rate for B —
D*¢v, can be expressed in terms of 12 functions
J; = J;(w), which depend only on w, as

x (J18in?0y + J,.co8?0y

+ (Jp8in%0y + Jo.c08%0y) cos 20, + J5sin’@ysin’6, cos 2y

+ J4 sin 20y, sin 20, cos y + J5 sin 20y, sin 0, cos y + (Jg,8in’0y + Jg.c08%0y) cos 0,

+ J7 sin 20y sin @, sin y + Jg sin 20y sin 20, sin y + Josin@ysin®6, sin 2y). (2)

The expression depends on Fermi’s coupling constant G,
the electroweak correction 7w [4], and the CKM matrix
element V,.

We determine the angular coefficients in bins of w,
Ji = [y, Ji(w)dw, from experimental data with the defi-
nition from Ref. [5]:

j, =L 0,0
fi= ﬁz D e R (3)

i =1 k=1

The normalization factor N; stems from trigonometric
integrals. The angles 6,, 6y, and y are divided into bins
of size /4. The weight factors ¢, with a € {y,0,,0y} are
given in Ref. [5], and the product of these factors defines a
specific phase-space bin where signal is extracted. The
factor R, represents the partial rate in the corresponding
phase-space bin jkI. We combine phase-space bins with
identical products of the weights #{, during signal extrac-
tion, resulting in yields of total 36 merged bins to obtain 12
J; coefficients using Eq. (3) in each bin of w. In the limit of
massless charged leptons, the angular coefficient Jg,
vanishes. Furthermore, the angular coefficients J;, Jg,
and Jy are zero within the SM of particle physics,
contributing only to scenarios involving new physics.
We reconstruct two B meson candidates: a tag B and a
signal B. Signal B meson candidates are reconstructed as
follows: We consider both charged and neutral B mesons
with the decay chains B — D**¢p,, D*t - Dzt,
D*t = D*2°% and B~ — D*%¢p, with D** — D%2° [6].
To select charged tracks, we apply the following criteria:
dr<2cm and |dz|] <4 cm, where dr is the impact
parameter perpendicular to the beam axis and with respect
to the interaction point and dz is the z coordinate along the
beam axis of the impact parameter. Tracks are also required

|

to have transverse momenta p; > 0.1 GeV/c. In addition,
we utilize particle identification subsystems to identify
electrons, muons, charged pions, kaons, and protons.
Electron (muon) tracks are required to have momenta in
the lab frame p'® > 0.3 GeV/c (p'*®* > 0.6 GeV/c). The
momenta of particles identified as electrons are corrected
for bremsstrahlung by including photons within a 2° cone
defined around the electron momentum at the point of
closest approach to the interaction point.

Photon selection criteria are based on their energies:
E, > 100 MeV for the forward end cap (12° < 6 < 31°),
150 MeV for the backward end cap (132° < 8 < 157°), and
50 MeV for the barrel region (32° < 6 < 129°) of the
calorimeter. 7° candidates are formed from pairs of photons
with invariant mass within the range of 104—165 MeV /c?.
The difference between the reconstructed z° mass and the
nominal mass (m, = 135 MeV/c? [7]) must be smaller
than 3 times the estimated mass resolution.

K9 mesons are reconstructed from oppositely charged
track pairs within a reconstructed invariant mass window of
398-598 MeV /c? and selected with a multivariate method.
For details on the multivariate method used, see Ref. [8].
The reconstructed K9 mass has to differ from the nominal
value (ng =498 MeV/c? [7]) by less than 3¢ of the
estimated mass resolution.

We reconstruct the following decays of the D mesons:
Dt > K rtat, Dt > K 2tx 2% Dt - K ntatatn,
D' - Kizt, DY - K2, D' > KSztnta, DY -
KYK*, D" - K*K~n", D" — K=z, D’ - K z*z°
D - K rntnta=, D°— K rntnta 2% D°— K%
D° - K4ztn, D°— K%xtz=z% and D° - K K*.
We apply a decay-channel-optimized mass window selec-
tion to the D meson candidates. The z° daughters from D
meson candidates are required to have center-of-mass
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momenta  pGYS > 0.2 GeV/c,
D —» K=n"ntn~ 2" where this criterion is not applied.
To reduce combinatorial background, the reconstructed D
mesons within an event are ranked based on the absolute
difference between the reconstructed mass and the nominal
mass (mp+ = 1.870 GeV/c?, mp = 1.865 GeV/c? [7]),
and up to ten candidates with the smallest mass difference
are selected.

D* mesons are reconstructed in three decay channels:
D — D20 . D" — D*z% ., and D*" — Dz .
Charged slow pions must have a center-of-mass momentum
below 0.4 GeV/c, and the mass difference between the
reconstructed masses My of the D* and D candidates
AM = M. — Mp, has to be smaller than 0.155 GeV/c?
(0.160 GeV/c?) for D** (D**) mesons.

Signal-B meson candidates are reconstructed by com-
bining selected D* candidates and a lepton candidate. The
loose selection 1 GeV/c? < Mp., < 6 GeV/c? is applied
to reduce combinatorial background.

We perform global-decay-chain vertex fitting using
TREEFITTER [9]. Events that cannot be successfully fitted
are rejected.

Tag-B meson candidates are reconstructed using
the Full Event Interpretation (FEI) [10] algorithm. The
algorithm fully reconstructs B mesons in 36 B-decay

modes. Selection criteria include the requirement Mglcg =

\/8/2 = Phg > 527 GeV/c?,  AE,, = E,, —\/s/2€
[-0.15,0.10] GeV, where py, = (Eyg. Dug) 15 the
4-momentum of the B, meson in the center-of-mass
frame, and the probability of the classifier for the tag
candidate Ppg; > 1073, We form an Y (4S) candidate from
combinations of tag- and signal-B mesons, requiring that
there are no additional charged particles in the event. The
reconstructed invariant mass of the Y(4S) candidate is
limited to M 45 €[7.0,13.0] GeV/c?.

Nonresonant e'e™ interactions are suppressed using
event shape variables: the magnitude of the thrust of the
full event [11], the angle between the thrust axis of the tag-
B and the beam line, the angle between the thrust axes of
the two B mesons [11], the reduced Fox-Wolfram
moment R, [11], the modified Fox-Wolfram moments [12],
and the CLEO cones [13]. These variables are combined
using a multivariate classifier based on gradient boosted
decision trees [14].

The average number of Y (4S) candidates is 4.3. In events
with more than one candidate, we retain only the candidate
with the lowest Excp , the sum of unassigned photon clusters
in the full event reconstruction. If multiple candidates remain,
the one with the smallest |AE,,,| is chosen. If a conclusive
selection cannot be made, a random candidate is selected.

The angular coefficients are extracted in four bins of w. In
each w bin, we determine the signal yield in bins of the decay
angles 6,, 6y, and y, defined in Eq. (3). The signal yield in

except for the decay

the bins of 36 angles x4w bins x4 decay modes is
determined using the M2, = distribution, where M2, =
(Pete- — Pug — Pp- — Pr)*- A binned maximum likelihood
fit is performed using Monte Carlo (MC) simulations to
determine template shapes for signal and background events.
Nuisance parameters account for systematic effects on the
shapes of the templates in the fit. The M2, distribution is
binned into five bins to reduce dependence on the modeling
of the M2, resolution. The statistical correlation of the
partial rates in different phase-space regions projected onto
M2 is determined by bootstrapping.

The determined signal yields Rj; are transformed into
partial rates I';;;, through a process of unfolding, utilizing
the matrix inversion method, and subsequent correction for
efficiency. A more detailed description of the individual
steps can be found in Ref. [3]. Unfolding is necessary to
correct for resolution effects causing migration of signal
events into different regions of phase space. Systematic
uncertainties in the migration matrix and efficiency cor-
rection are accounted for by the differences created through
reweighting the simulated events. The most significant
source of systematic uncertainty is from the limited
available MC sample size used to derive migration matrices
and efficiency corrections. Smaller uncertainties arise
from D decay branching fractions [7], assumptions about
B — D*¢v, form factors [15], the impact of the FEI on the
measured shapes, lepton identification efficiency, and the
efficiencies for reconstructing tracks, neutral pions, slow
pions, and K mesons.

Subsequently, the angular coefficients J; are calculated
from the AI'/Ax using Eq. (3). Because of the challenges
in calibrating the absolute efficiency of the FEI, we quote
normalized angular coefficients J; = J;/N, with N =
gn Z;V:%ns (3.7512 + 6.7(11_) - .7&’2 - 2.7&)) summing over the
four w bins.

The analysis is validated using Asimov data [16] and
pseudoexperiments, for which we see no biases in central
values or uncertainties. The measured normalized angular
coefficients J; as a function of w are displayed in Fig. 1.

We calculate the average of the J; determined in the four
decay modes (B** — D*fb,, ¢ =e, u), taking into
account the correlations and uncertainties. We fit the
Caprini-Lellouch-Neubert (CLN) [17] and Boyd-
Grinstein-Lebed (BGL) [18,19] form factor parametriza-
tions to the averaged central values of the normalized
measured angular coefficients within the SM (i.e.,
J789 = 0) and neglecting electron and muon masses (so
that J. = 0). Beyond zero-recoil lattice calculations by the
MILC [20], HPQCD [21], and JLQCD [22] groups are
included in the fit to constrain the form factors. To obtain
|Vp| from the normalized angular coefficients, we use the
absolute branching fraction of B(B’ — D**¢v,) =
(5.03+£0.10)%. This value is obtained from the
branching fractions B(B~ — D*%¢p,) = (5.58 +0.22)%
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FIG. 1.

The data points correspond to the averaged central values of the four measured normalized angular coefficients described in the

text, with the uncertainties including statistical and systematic uncertainties. The vertical dotted lines indicate the binning in w. The blue
(orange) curves correspond to the BGL;3, (CLN) fit described in the text, with the 1o uncertainty band. The angular coefficients J.., J7,

Jg, and Jg are not fitted and expected to be zero in the SM.

and B(B® — D**¢p,) = (4.97 4 0.12)% [23] and the life-
times 7z = 1.520 ps and 73- = 1.638 ps [7], assuming
isospin symmetry.

The fit is performed by minimizing the y* function
defined as

7= =T E)Cop (U -1 @)"
+ [0 =7 (Ve D) fo(I™)?
+ I = B ()] Cien 5 =y (D), (4)

where the components of the vector J™®) are all measured
(predicted) normalized angular coefficients in bins of w.
The quantity T"(?) represents the externally measured
(predicted) absolute rate. The predicted rate is a function
of the form factor coefficients X and |V |, taking mp =
5.28 GeV/c?, mp- =2.01 GeV/c?, and m, =m, = 0.
The parameters h, , R, and R, are used for the predicted

(LQCD) form factors h)p((LQCD), and the form factors are
evaluated at the w values provided by the lattice QCD
predictions [20-22]. The three available lattice QCD
predictions are used simultaneously. The covariance matrix
Cexp (CrLqcp) corresponds to the experimental (lattice) data.
We perform a nested hypothesis test [24] to determine the
number of BGL coefficients required to describe the data,
resulting in the choice a = 3, b = 3, and ¢ = 2, which are
the number of free expansion coefficients for the BGL g, f,
and F form factors, respectively. The p values for the

BGL;3, and CLN fits are 0.75 and 0.39, respectively. The
fitted angular coefficients are shown in Fig. 1. The resulting
form factors, together with the lattice data used in the fit,
can be found in the Appendix. We find consistent values for
the CKM matrix element |V | for both form factor para-
metrizations:

V| = (40.7 £ 0.3 £ 0.4 +0.5) x 1073
V| = (40.3 £ 0.3 +£0.4 +0.4) x 1073

(BGL332),
(CLN), (5)

where the first uncertainty is from the measured data, the
second uncertainty is from the external branching fraction,
and the third uncertainty is from the LQCD inputs.

The lepton forward-backward asymmetry Apg and the
D* longitudinal polarization fraction F;(D*) are straight-
forwardly calculated [25] from the measured angular
coefficients within their corresponding w bins. The S;
observables in Ref. [27] are directly proportional to the
angular coefficients §; « J; and are discussed further in
Supplemental Material [26]. These observables can be
used to test lepton flavor universality between electrons
and muons via, e.g., AAgg = Ak — Afy to search for
new physics effects. We observe no significant deviation
from the SM expectation. The corresponding lepton flavor
universality observables are displayed in Fig. 2. Additional
details can be found in Supplemental Material [26].

In summary, we present the first complete measurement
of the angular coefficients J ; in bins of w describing the full
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FIG. 2. The results of the lepton flavor universality test described in the text. The AX = X*# — X¢ are the observables testing the lepton
flavor universal by calculating the difference between the decays with muons and electrons. AS5 « AJs is shown since a new physics
signal should show up simultaneously in AAgg and ASs5. These asymmetries are expected to be approximately zero in the SM.

differential decay distribution of B — D*/v, (£ = e, p),
probing both B® and B~ modes. In total, we measure the
partial rates in 4 x 144 distinct phase-space regions to
extract the 4 x 12 J ; coefficients, with full statistical and
systematic correlations, allowing the simultaneous analysis
of all measured angular coefficients. The measured coef-
ficients encode the full angular information of the B —
D*¢v, decay, providing a more comprehensive set of
observables than the one-dimensional partial rates of w,
cos @, cos Oy, and y measured in Refs. [3,15].

This Work
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FIG. 3. The results of the |V,| determination described in the
text with other previous determinations. The top section shows
the results of the analysis presented in this Letter. The middle
section shows the results in Ref. [3], where we have updated the
fit with beyond zero-recoil lattice data. The bottom section shows
the HFLAV [23] world average of |V |, the |V | determinations
from inclusive decays [28,29], and |V,| determination from
CKM unitarity. The BGL and CLN labels indicate the form factor
parametrization used to determine |V|. The lattice QCD
inputs are MILC [20], HPQCD [21], and JLQCD [22]. Numbers
in parentheses show goodness-of-fit p values for the correspond-
ing fits.

The measured angular coefficients are analyzed to deter-
mine |V | using the beyond zero-recoil lattice calculations
by the MILC, HPQCD, and JLQCD Collaborations and the
world average of the B — D*#D, branching fraction and
B-meson lifetimes. We find |V | = (40.7 +0.7) x 1073 in
the BGL parametrization. The origin of the upward shift
of |V| with respect to Ref. [3] is caused by the shift of
F(1) =0.900 &+ 0.009 in the average of the new lattice
results and the smaller slope of the form factor compared to
previous results. The resulting p value of the fit is 90%, and
the value of |V | is in agreement with the fit of the one-
dimensional partial rates determined from the same dataset.
The obtained values of |V| are compatible with the
determinations using the CLN parametrization. These
results are also in agreement with the two currently most
precise determinations of |V | from inclusive B — X .0,
measurements relying on heavy quark effective theory
[28,29]. Our results are in agreement with those determined
from partial rates [3], which use the same dataset. A
summary of our measurement of |V |, together with other
determinations, is shown in Fig. 3.

The measured angular coefficients are tested for lepton
flavor universality violation, and no deviation from the SM
expectation is observed.
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Appendix: Form factors—There is active discussion in ~ in comparison to lattice QCD calculations in Fig. 4.
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