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The first measurements of differential branching fractions of inclusive semileptonic B — X, 7" v, decays

are performed using the full Belle data set of 711 fb~! of integrated luminosity at the Y (4) resonance and
for £ = e, u. With the availability of these measurements, new avenues for future shape-function model-
independent determinations of the Cabibbo-Kobayashi-Maskawa matrix element |V, | can be pursued to
gain new insights in the existing tension with respect to exclusive determinations. The differential
branching fractions are reported as a function of the lepton energy, the four-momentum-transfer squared,
light-cone momenta, the hadronic mass, and the hadronic mass squared. They are obtained by subtracting
the backgrounds from semileptonic B — X ¢ "v, decays and other processes, and corrected for resolution

and acceptance effects.

DOI: 10.1103/PhysRevLett.127.261801

In this Letter, we present the first measurements of the
differential branching fractions of inclusive semileptonic B —
X, ¢ Vv, decays, obtained from analyzing the full Belle data
set of 711 fb~! of integrated luminosity at the Y(4S)
resonance and for £ = e, u. The measured distributions can
be used for future studies of the nonperturbative decay
dynamics of B — X,#" v, transitions, and novel determina-
tions of the b-quark mass m;, and of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix element |V,,|. The presented
measurements use the same collision events that were ana-
lyzed in Ref. [1]. Therein, partial branching fractions of
charmless semileptonic decays were reported using an analy-
sis technique relying on the full reconstruction of the second B
meson of the eTe™ — Y (4S) — BB process. This approach
allows for the direct reconstruction of the four momentum of
the hadronic X system of the B — X, v, process and other
kinematic quantities of interest. The analysis strategy of the
presented measurements follows Ref. [1], but more stringent
selection criteria are applied to improve the resolution of key
variables and further suppress backgrounds from B —
X v, decays and other processes. Charge conjugation is
implied throughout this Letter and B — X, £ v, is defined as
the average branching fraction of B* and B meson decays.

Differential branching fractions are reported as a function
of the lepton energy in the signal B rest frame EZ,

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

the invariant mass My and mass squared M?% of the hadronic
X system, the four-momentum-transfer squared ¢> =
(pg — px)?* of the B to the lepton and neutrino system,
and the two light-cone momenta P, = (EE F |p%|) with
E% and p? in the signal B rest frame. Measurements of these
distributions are of great interest as they allow for the study
of nonperturbative shape functions [2]. Shape functions
describe the Fermi motion of the b quark inside the B
meson, and enter in the calculation of the dynamics of B —
X, ¢ v, decays. Currently, properties of the leading-order
Aqcep/my, shape function can only be studied using the
photon energy spectrum of B — Xy decays and moments of
the lepton energy or hadronic invariant mass in charmed
semileptonic B decays [3-5]. The modeling of both the
leading and subleading shape functions introduce large
theory uncertainties on predictions of the B — X, v,
decay rate, and hence on the determination of |V ,,|. With
the presented differential branching fractions, we provide the
necessary experimental input for future model-independent
approaches, whose aim is to reduce this model dependence
by directly measuring the shape function [6,7]. This will lead
to more reliable determinations of |V,,| from inclusive
processes and give new insights into the persistent tension
with the values obtained from exclusive determinations [8]
of about 3 standard deviations.

We analyze (772 £ 10) x 10% B meson pairs recorded at
the Y (4S) resonance energy and 79 fb~! of collision events
recorded 60 MeV below the Y (4S) peak, which were both
recorded at the KEKB e'e™ collider [9] by the Belle
detector. Belle is a large-solid-angle magnetic spectrometer
and a detailed description of its subdetectors and perfor-
mance can be found in Ref. [10]. Monte Carlo (MC)

261801-3
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samples of B meson decays and continuum processes
(eTe™ — qg with g = u, d, s, ¢) are simulated using the
EvtGen generator [11] and a detailed description of all
samples and models is given in Ref. [1]. The simulated
samples are used for the background subtraction and to
correct for detector resolution, selection, and acceptance
effects. The sample sizes used correspond to approximately
ten and five times, respectively, the Belle collision data
for B meson production and continuum processes.
Semileptonic B — X, v, decays are modeled as a mix-
ture of specific exclusive modes and nonresonant contri-
butions using a so-called “hybrid”” approach [12], following
closely the implementation of [13,14]. In the hybrid
approach, the triple differential rate of the inclusive and
combined exclusive predictions are combined such that
partial rates of the inclusive prediction are recovered. This
is achieved by assigning three dimensional weights to the
inclusive contribution as a function of the generator-level
q*, EB, and My. For the inclusive contribution, we use
two different calculations, i.e. the De Fazio and Neubert
(DFN) model [15] and the Bosch-Lange-Neubert-Paz
(BLNP) model [16], and treat their difference as a sys-
tematic uncertainty. The simulated inclusive B — X ,¢ v,
events are hadronized with the JETSET algorithm [17] into
final states with two or more mesons. A summary of the
used B — X, 7" v, branching fractions and decay models is
given in Table 1. Semileptonic B — X.£"v, decays are
dominated by B — Df"v, and B — D*¢"v, decays,
which are simulated with form factor parametrizations
discussed in Refs. [18-20] and values determined
by Refs. [21,22]. The remaining B — X.£"v, decays
are simulated as a mix of resonant and nonresonant modes,
using Ref. [23] for the modeling of B — D**¢*v, form
factors. The known difference between inclusive and

TABLE L. Semileptonic B — X ,¢ v, decays are modeled as a
mixture of specific exclusive modes and nonresonant contribu-
tions. The branching fractions are from the world averages from
Ref. [24] and the models and form factors (FFs) used are listed.
We use natural units (2 = c = 1).

Value B
(1.5 £0.06) x 107*

B Value B+

B = altv,* (7.8+0.3) x 1075
B — nttuy, (3.940.5) x 1075
B -ttty (2340.8) x 1075

( )

( )

(

B — ot v, 1.24+0.1) x 10
B — pttu,S° 1.6 £0.1) x 10~* (29402) x 107*
B = X, v, 22403)x 1073 (2.0 +£0.3) x 1073

*BCL FFs [25] from fit to LQCD [26] and Ref. [27].

®Pole FFs from LCSR [28].

‘BSZ FFs fit [29] to LCSR [30] and Refs. [31-33].

‘DEN [15] (mfN = (4.66 £0.04) GeV, a"N =13+0.5) or
BLNP model [16] (m3F = 4.61 GeV, u2°F = 0.20 GeV?).
“Inclusive and exclusive decays are mixed using hybrid
approach [12].

the sum of measured exclusive B — X _.£ Vv, is filled with
B — DYyt tu, decays.

Collision events are reconstructed using the multivariate
algorithm of Ref. [34], in which one of the two B mesons
is fully reconstructed in hadronic final states (labeled as
By,,)- Signal candidates are reconstructed by identifying an
electron or muon candidate with E2 = |[p2| > 1 GeV in the
signal B rest frame, and by reconstructing the hadronic X
system of the B — X,£"v, semileptonic process using
charged particles and neutral energy depositions of the
collision event not used in the reconstruction of the By,
candidate. The largest background after the reconstruction
is from the CKM-favored B — X.£"v, process, which
possesses a very similar decay signature, completely
dominating the selected candidate events. To identify
B — X, v, candidates, eleven distinguishing features
are combined into a single discriminant using a multivariate
classifier in the form of boosted decision trees (BDTSs)
using the implementation of Ref. [35]. The most discrimi-
nating variables are the reconstructed neutrino mass M2,
the vertex fit probability of the X7Z decay vertex, and
the number of identified K* and K§ in the X system. To
improve the resolution on the reconstructed variables or
the signal to background ratio, additional selections are
applied. For the measurements involving the hadronic X
system (My, M%, ¢*, P), we demand the missing energy
E iss and the magnitude of the missing momentum |p ;|
of the collision to be consistent with each other by requiring
|Emiss — |Pmiss|| < 0.1 GeV. This improves the resolution
by 21%-37%, depending on the observable, and removes
poorly reconstructed events. The signal efficiency after the
BDT selection and this additional requirement is 8% while
rejecting 99.5% of all B - X_.£"v, background events, as
defined with respect to all selected signal or B — X £ v,
events after successfully identifying a suitable By,, candi-
date. To reduce the contamination of B — X .#"v, and
other backgrounds, for the measurements of g and the
light-cone momenta P., an additional requirement of
My < 2.4 GeV is imposed: this selection, mostly targeting
poorly understood high-mass X, states, removes in addition
background from secondary leptons and reduces the
B — X,.¢"v, contamination by an additional 20%. The
reconstruction resolution of the lepton energy is excellent,
thus no requirement on the missing energy and the
magnitude of the missing momentum of the event is
imposed, but to reduce background contributions we also
require My < 2.4 GeV. This results in a signal efficiency
of 17% and 99% of B — X.£"v, background events are
rejected as defined with respect to all events after the B,,
selection.

The differential branching fractions are extracted by
subtracting the remaining background contributions from
B — X .£*v, and other sources in the measured distribu-
tions. This is implemented in a four-step procedure: first a

261801-4



PHYSICAL REVIEW LETTERS 127, 261801 (2021)

binned likelihood fit to the My distribution is carried out to
estimate the number of background events. The My fit takes
the shape of signal and background from MC simulations
and includes as nuisance parameters systematic effects that
can impact the template shapes. To reduce the dependence
on the precise modeling of the B — X,/ v, process, a
coarse binning is used. In particular, the resonance region
(Mx € [0,1.5] GeV) is described by a single bin. The
analyzed hadronic invariant mass spectra with and without
the selection on |E s — |Pmiss|| < 0.1 GeV and the used
binning for the different fits are shown in Fig. 1.

In the second step, the background is subtracted using
the estimated normalization from the corresponding My fit
in the kinematic variable under study. The background
shape is taken from MC simulation. The statistical uncer-
tainty on the background-subtracted yields are determined
using a bootstrapping procedure [36,37] to properly incor-
porate the correlation from the My fit as the same data
events are analyzed. The same method is used to determine

x10%
\
I B-Div

T T T
[ Gap modes El B-X,lv
. B-D'Iv 3 Sec. & fake § Dpata

== B-D" Iy 3 Continuum 27, MC unc.
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Data/MC

. . .
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FIG. 1. The reconstructed My distributions after the BDT
selection without (top) and with (bottom) the requirement of
|Emiss — [Pmiss|| < 0.1 GeV are shown. The arrows indicate the
coarse binning used in the background subtraction fit for the
different variables. Removing the My > 2.4 GeV events im-
proves the signal to background ratio for E5, g%, and P_, but is
not necessary for measurements of My and M%.

the statistical correlations between all bins of all measured
distributions. The systematic uncertainties associated with
modeling the background shape and normalization are also
propagated into the uncertainties of the estimated signal
yields. In the third step, the signal yields are unfolded using
the singular value decomposition (SVD) algorithm from
Ref. [38] with the implementation of Ref. [39]. The
regularization parameter of the unfolding method was
carefully tuned with simulated samples to minimize the
dependence on m;,, the shape function modeling, and the
composition of the B — X,/ Tv, signal. In the final step
the unfolded yields are corrected for efficiency and accep-
tance effects to the partial phase space defined by
El; > 1 GeV, also correcting for QED final-state radiation.
The full analysis procedure was validated with independent
MC samples and ensembles of pseudoexperiments and no
biases of central values or uncertainties were observed.
Systematic uncertainties from the background subtrac-
tion, the modeling of the detector response for
B — X,¢"v,, and uncertainties entering the total normali-
zation are consistently propagated through the background
subtraction, unfolding, and efficiency correction procedure.
For the background subtraction we evaluate B — X ,¢ v,
and B — X.£"v, modeling (FFs, nonperturbative param-
eters and composition) and detector related systematic
uncertainties. The largest systematic uncertainties are
typically from the assumptions entering the modeling of
the B — X,¢"v, signal composition, but depending on
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FIG. 2. The relative systematic uncertainties on the unfolded
differential branching fraction as a function of My and ¢ are
shown. The different uncertainty sources are color coded.
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the region of phase space also the background subtraction
uncertainty can be a dominant source of uncertainty.
Figure 2 shows the relative uncertainties on the unfolded
differential branching fractions as a function of My and g°.
The total systematic uncertainties range from 9% to
130% in relative error, and the background uncertainty
is the dominant source of error in regions of phase space
that are enriched in B — X . v, (e.g., above My~ mp =
1.86 GeV). The exclusive B — X,¢"v, modeling errors
only contribute significantly in the resonance region at low
My or high g*. The full systematic and statistical corre-
lations between all measured distributions are determined
to allow for a future simultaneous analysis of all measured
distributions, and are provided with the full systematic
uncertainties of all measured distributions in Supplemental
Material, Ref. [40].
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The measured differential branching fractions as a
function of EZ, ¢>, My, M%, P_, and P, are shown in
Fig. 3 and the numerical values with full correlations can be
found in Supplemental Material, Ref. [40]. The distribu-
tions are compared to the B — X, v, hybrid MC and
the fully inclusive DFN [15] and BLNP [16] predictions
with model parameters listed in Table 1. All predictions
are scaled to match the B — X, "v, partial branching
fraction (AB) with EZ > 1 GeV of AB=1.59 x 1073
from Ref. [1]. The uncertainty band of the hybrid prediction
includes variations on the composition, form factors, and
the inclusive modeling, whose central value is based on the
DFEN prediction but includes the difference to BLNP as an
additional uncertainty. The agreement between the mea-
sured and predicted distributions is fair overall, with
differences occurring for the fully inclusive predictions

0.18 T
® Data
= 0.16 —— Total uncertainty
= —e— Stat uncertainty
> 0.14 e —— Hybrid Bo>X,tv MC
o—_t== 1 1 . DEN E

é 012 T e I s 1_—- BLNP
NO- 0.10 rl' l ‘l : i E

0.08 | l:r'—' ]
kol S 4
R 0.06 F |=i..1 ]
°
m_ 0.04f Lia . ]
o iy
— 0.02F == 1

0.00 . . . | |

0 5 10 15 20 25
q? [GeV?]

T
® Data

—e— Total uncertainty

—e— Stat uncertainty

—— Hybrid B=X,fv MC

1 S DFN

i1 BLNP ]

i
______ - |

o

o

]
T

e ©
> w
S o
T T

103 dB/dME(B-X,Lv)

0.20 | ]
@]
0.10 f l | ]
0.00 F ‘ ‘ ‘ — ‘ 3
0 2 4 6 38 10 12 14
M2 [GeV?]
0.80 -
® Data
~~ 0.70 f—=— Total uncertainty ]
3; —e— Stat uncertainty
5 0.60 | —— Hybrid B=X,ty MC ]
T e DFN =1
om 050 F BLNP l F
= i |
Q 040f I l [
= 030 I [ 1]
Q7 e —e—
© 020k L 1. ] i
m N 1= i
o .......
— 0.10 F . —Ij ]
==
0.00 - L L I L
0 1 2 3 4 5

FIG. 3. The measured differential B — X,¢ v, branching fractions are shown: the lepton energy in the B rest frame (EZ), the four-
momentum-transfer squared of the B to the X,, system [¢?> = (pg — px)?*], the invariant hadronic mass and mass squared of the X,
system (M, M%), and the light-cone momenta of the hadronic X, system [P, = (E% F |p%|)]. The hybrid MC prediction and two
inclusive calculations are also shown and scaled to AB = 1.59 x 1073,

261801-6



PHYSICAL REVIEW LETTERS 127, 261801 (2021)

in the resonance region of, e.g., low My, and near the end
point of ¢*> and EZ. There the hybrid MC describes the
B — X, v, process more adequately due to the explicit
inclusion of resonant contributions. The largest discrepancy
is observed in EZ, but the data points in the range of EZ €
[1-1.8] GeV exhibit strong correlations and are only
weakly correlated or anticorrelated with the other bins of
the spectrum. To quantify the agreement with the three
displayed predictions we carry out a y? test using the
experimental covariance only. We find a good y? of 13.5 for
the measured EZ spectrum and the hybrid prediction with
16 degrees of freedom. Similarly we find for the DFN and
BLNP predictions y? values of 16.2 and 16.5, respectively.

In conclusion, this Letter presents the first measurements
of differential branching fractions of inclusive semileptonic
B — X,/ v, decays as a function of EB, ¢, My, M%, P_,
and P (a first preliminary measurement of the shape of the
spectrum of M % was presented in Ref. [44] and Ref. [45]
reported a differential branching fraction measurement as a
function EZ, but without providing the full experimental
uncertainties). The measurements use the full Belle data set
of 711 fb~! of integrated luminosity at the Y(4S) resonance
and for £ = e, u in which one of the two B mesons was fully
reconstructed in hadronic modes. The differential branching
fractions are obtained by subtracting B — X.£ v, and other
backgrounds with the normalization determined by a fit to
the My distribution of the hadronic X system. The resulting
distributions are corrected for detector resolution and effi-
ciency effects and unfolded to the phase space of the lepton
energy of EZ > 1 GeV in the rest frame of the signal B
meson. The measurements are, depending on the region of
phase space, statistically or systematically limited, and show
fair agreement to hybrid and inclusive predictions of
B — X, v, decays. The measured distributions are sensi-
tive to the shape function governing the nonperturbative
dynamics of the b — u transition and will allow future direct
determinations of the shape function and |V, |, as proposed
by Refs. [6,7]. These novel analyses will provide new
insights into the persistent tensions on the value of |V, |
from inclusive and exclusive determinations [8].

We thank Kerstin Tackmann, Frank Tackmann, Zoltan
Ligeti, and Dean Robinson for discussions about the content
of this manuscript. L.C., W.S., Rv.T.,, and F.B. were
supported by the German Research Foundation (DFG)
Emmy-Noether Grant No. BE 6075/1-1. L.C. was also
supported by the Helmholtz W2/W3-116 grant. We thank
the KEKB group for the excellent operation of the accelerator;
the KEK cryogenics group for the efficient operation of the
solenoid; and the KEK computer group, and the Pacific
Northwest National Laboratory (PNNL) Environmental
Molecular Sciences Laboratory (EMSL) computing group
for strong computing support; and the National Institute of
Informatics, and Science Information NETwork 5 (SINETS)
for valuable network support. We acknowledge support from

the Ministry of Education, Culture, Sports, Science, and
Technology (MEXT) of Japan, the Japan Society for the
Promotion of Science (JSPS), and the Tau-Lepton Physics
Research Center of Nagoya University; the Australian
Research Council including Grants No. DP180102629,
No. DP170102389, No. DP170102204,
No. DP150103061, No. FT130100303; Austrian Federal
Ministry of Education, Science and Research (FWF) and
FWEF Austrian Science Fund No. P 31361-N36; the National
Natural Science Foundation of China under Contracts
No. 11435013, No. 11475187, No. 11521505,
No. 11575017, No. 11675166, No. 11705209; Key
Research Program of Frontier Sciences, Chinese Academy
of Sciences (CAS), Grant No. QYZDJ-SSW-SLHO11; the
CAS Center for Excellence in Particle Physics (CCEPP); the
Shanghai Pujiang Program under Grant No. 18PJ1401000;
the Shanghai Science and Technology Committee (STCSM)
under Grant No. 19ZR1403000; the Ministry of Education,
Youth and Sports of the Czech Republic under Contract
No. LTT17020; Horizon 2020 ERC Advanced Grant
No. 884719 and ERC Starting Grant No. 947006
“InterLeptons” (European Union); the Carl Zeiss
Foundation, the Deutsche Forschungsgemeinschaft, the
Excellence Cluster Universe, and the VolkswagenStiftung;
the Department of Atomic Energy (Project Identification
No. RTI 4002) and the Department of Science and
Technology of India; the Istituto Nazionale di Fisica
Nucleare of Italy; National Research Foundation (NRF) of
Korea Grants No. 2016R1D1A1B01010135, No. 2016R1-
D1A1B02012900, No. 2018R1A2B3003643, No. 2018-
R1IA6A1A06024970, No. 2018R1D1A1B07047294,
No. 2019K1A3A7A09033840, No. 2019R111A3A010-
58933; Radiation Science Research Institute, Foreign
Large-size Research Facility Application Supporting project,
the Global Science Experimental Data Hub Center of the
Korea Institute of Science and Technology Information and
KREONET/GLORIAD; the Polish Ministry of Science and
Higher Education and the National Science Center; the
Ministry of Science and Higher Education of the Russian
Federation, Agreement No. 14.W03.31.0026, and the HSE
University Basic Research Program, Moscow; University of
Tabuk research Grants No. S-1440-0321, No. S-0256-1438,
and No. S-0280-1439 (Saudi Arabia); the Slovenian Research
Agency Grants No. J1-9124 and No. P1-0135; Ikerbasque,
Basque Foundation for Science, Spain; the Swiss National
Science Foundation; the Ministry of Education and the
Ministry of Science and Technology of Taiwan; and the
United States Department of Energy and the National Science
Foundation.

*cao@physik.uni—bonn.de
*florian.bernlochner @uni-bonn.de

[1] L. Cao et al. (Belle Collaboration), Phys. Rev. D 104,
012008 (2021).

261801-7


https://doi.org/10.1103/PhysRevD.104.012008
https://doi.org/10.1103/PhysRevD.104.012008

PHYSICAL REVIEW LETTERS 127, 261801 (2021)

[2] M. Neubert, Phys. Rev. D 49, 3392 (1994).

[3] P. Gambino and N. Uraltsev, Eur. Phys. J. C 34, 181 (2004).

[4] C. W. Bauer, Z. Ligeti, M. Luke, A.V. Manohar, and M.
Trott, Phys. Rev. D 70, 094017 (2004).

[5] D. Benson, I.I. Bigi, and N. Uraltsev, Nucl. Phys. B710,
371 (2005).

[6] F. U. Bernlochner, H. Lacker, Z. Ligeti, I. W. Stewart, F.J.
Tackmann, and K. Tackmann (SIMBA Collaboration),
Phys. Rev. Lett. 127, 102001 (2021).

[7]1 P. Gambino, K. J. Healey, and C. Mondino, Phys. Rev. D 94,
014031 (2016).

[8] Y.S. Amhis et al. (HFLAV Collaboration), Eur. Phys. J. C
81, 226 (2021).

[9] S. Kurokawa and E. Kikutani, Nucl. Instrum. Methods
Phys. Res., Sect. A 499, 1 (2003); and other papers included
in this Volume; T. Abe ef al., Prog. Theor. Exp. Phys. 2013,
03A001 (2013) and references therein.

[10] A. Abashian et al., Nucl. Instrum. Methods Phys. Res., Sect.
A 479, 117 (2002); also see detector section in J. Brodzicka
et al., Prog. Theor. Exp. Phys. 2012, 4D001 (2012).

[11] D.J. Lange, Nucl. Instrum. Methods Phys. Res., Sect. A
462, 152 (2001).

[12] C. Ramirez, J. F. Donoghue, and G. Burdman, Phys. Rev. D
41, 1496 (1990).

[13] M. Prim et al. (Belle Collaboration), Phys. Rev. D 101,
032007 (2020).

[14] M. Prim, b2-hive/effort v0.1.0 (2020).

[15] F. De Fazio and M. Neubert, J. High Energy Phys. 06 (1999)
017.

[16] B.O. Lange, M. Neubert, and G. Paz, Phys. Rev. D 72,
073006 (2005).

[17] T. Sjostrand, Comput. Phys. Commun. 82, 74 (1994).

[18] C. G. Boyd, B. Grinstein, and R. F. Lebed, Phys. Rev. Lett.
74, 4603 (1995).

[19] B. Grinstein and A. Kobach, Phys. Lett. B 771, 359 (2017).

[20] D. Bigi, P. Gambino, and S. Schacht, Phys. Lett. B 769, 441
(2017).

[21] R. Glattauer et al. (Belle Collaboration), Phys. Rev. D 93,
032006 (2016).

[22] E. Waheed et al. (Belle Collaboration), Phys. Rev. D 100,
052007 (2019).

[23] F. U. Bernlochner and Z. Ligeti, Phys. Rev. D 95, 014022
(2017).

[24] P. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys.
2020, 083CO01 (2020).

[25] C. Bourrely, L. Lellouch, and I. Caprini, Phys. Rev. D 79,
013008 (2009); 82, 099902(E) (2010).

[26] J. A. Bailey, A. Bazavov, C. Bernard, C. M. Bouchard, C.
DeTar et al. (Fermilab Lattice and MILC Collaborations),
Phys. Rev. D 92, 014024 (2015).

[27] Y.S. Amhis et al. (HFLAV Collaboration), Eur. Phys. J. C
81, 226 (2021).

[28] G. Duplancic and B. Melic, J. High Energy Phys. 11 (2015)
138.

[29] F. U. Bernlochner, M. T. Prim, and D.J. Robinson, Phys.
Rev. D 104, 034032 (2021).

[30] A. Bharucha, J. High Energy Phys. 05 (2012) 092.

[31] A. Sibidanov et al. (Belle Collaboration), Phys. Rev. D 88,
032005 (2013).

[32] J.P. Lees et al. (BABAR Collaboration), Phys. Rev. D 87,
032004 (2013); 87, 099904(E) (2013).

[33] P. del Amo Sanchez er al. (BABAR Collaboration), Phys.
Rev. D 83, 032007 (2011).

[34] M. Feindt, F. Keller, M. Kreps, T. Kuhr, S. Neubauer, D.
Zander, and A. Zupanc, Nucl. Instrum. Methods Phys. Res.,
Sect. A 654, 432 (2011).

[35] T. Chen and C. Guestrin, Proceedings of the 22nd ACM
SIGKDD International Conference on Knowledge Discov-
ery and Data Mining KDD ’16 (ACM, New York, 2016),
785, 10.1145/2939672.2939785.

[36] B. Efron, Ann. Stat. 7, 1 (1979).

[37] K. G. Hayes, M. L. Perl, and B. Efron, Phys. Rev. D 39, 274
(1989).

[38] A. Hocker and V. Kartvelishvili, Nucl. Instrum. Methods
Phys. Res., Sect. A 372, 469 (1996).

[39] T. Adye, in Proceedings of the PHYSTAT 2011 (CERN,
Geneva, 2011).

[40] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevlett.127.261801 for additional details on
this measurement including the split systematic uncertainties,
the efficiency correction factors, the migration matrices, the
experimental correlations of the measured differential spectra
and the extracted first three moments, which includes
Refs. [41-43].

[41] O. Buchmuller and H. U. Flacher, Phys. Rev. D 73, 073008
(2006).

[42] M. Althoff et al. (TASSO Collaboration), Z. Phys. C 27, 27
(1985).

[43] W. Bartel et al. (JADE Collaboration), Z. Phys. C 20, 187
(1983).

[44] K. Tackmann (BABAR Collaboration), Eur. Phys. J. A 38,
137 (2008).

[45] J.P. Lees et al. (BABAR Collaboration), Phys. Rev. D 95,
072001 (2017).

261801-8


https://doi.org/10.1103/PhysRevD.49.3392
https://doi.org/10.1140/epjc/s2004-01671-2
https://doi.org/10.1103/PhysRevD.70.094017
https://doi.org/10.1016/j.nuclphysb.2004.12.035
https://doi.org/10.1016/j.nuclphysb.2004.12.035
https://doi.org/10.1103/PhysRevLett.127.102001
https://doi.org/10.1103/PhysRevD.94.014031
https://doi.org/10.1103/PhysRevD.94.014031
https://doi.org/10.1140/epjc/s10052-020-8156-7
https://doi.org/10.1140/epjc/s10052-020-8156-7
https://doi.org/10.1016/S0168-9002(02)01771-0
https://doi.org/10.1016/S0168-9002(02)01771-0
https://doi.org/10.1093/ptep/pts102
https://doi.org/10.1093/ptep/pts102
https://doi.org/10.1016/S0168-9002(01)02013-7
https://doi.org/10.1016/S0168-9002(01)02013-7
https://doi.org/10.1093/ptep/pts072
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1103/PhysRevD.41.1496
https://doi.org/10.1103/PhysRevD.41.1496
https://doi.org/10.1103/PhysRevD.101.032007
https://doi.org/10.1103/PhysRevD.101.032007
https://doi.org/10.1088/1126-6708/1999/06/017
https://doi.org/10.1088/1126-6708/1999/06/017
https://doi.org/10.1103/PhysRevD.72.073006
https://doi.org/10.1103/PhysRevD.72.073006
https://doi.org/10.1016/0010-4655(94)90132-5
https://doi.org/10.1103/PhysRevLett.74.4603
https://doi.org/10.1103/PhysRevLett.74.4603
https://doi.org/10.1016/j.physletb.2017.05.078
https://doi.org/10.1016/j.physletb.2017.04.022
https://doi.org/10.1016/j.physletb.2017.04.022
https://doi.org/10.1103/PhysRevD.93.032006
https://doi.org/10.1103/PhysRevD.93.032006
https://doi.org/10.1103/PhysRevD.100.052007
https://doi.org/10.1103/PhysRevD.100.052007
https://doi.org/10.1103/PhysRevD.95.014022
https://doi.org/10.1103/PhysRevD.95.014022
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1103/PhysRevD.79.013008
https://doi.org/10.1103/PhysRevD.79.013008
https://doi.org/10.1103/PhysRevD.82.099902
https://doi.org/10.1103/PhysRevD.92.014024
https://doi.org/10.1140/epjc/s10052-020-8156-7
https://doi.org/10.1140/epjc/s10052-020-8156-7
https://doi.org/10.1007/JHEP11(2015)138
https://doi.org/10.1007/JHEP11(2015)138
https://doi.org/10.1103/PhysRevD.104.034032
https://doi.org/10.1103/PhysRevD.104.034032
https://doi.org/10.1007/JHEP05(2012)092
https://doi.org/10.1103/PhysRevD.88.032005
https://doi.org/10.1103/PhysRevD.88.032005
https://doi.org/10.1103/PhysRevD.87.032004
https://doi.org/10.1103/PhysRevD.87.032004
https://doi.org/10.1103/PhysRevD.87.099904
https://doi.org/10.1103/PhysRevD.83.032007
https://doi.org/10.1103/PhysRevD.83.032007
https://doi.org/10.1016/j.nima.2011.06.008
https://doi.org/10.1016/j.nima.2011.06.008
https://dx.doi.org/10.1145/2939672.2939785
https://dx.doi.org/10.1145/2939672.2939785
https://dx.doi.org/10.1145/2939672.2939785
https://doi.org/10.1214/aos/1176344552
https://doi.org/10.1103/PhysRevD.39.274
https://doi.org/10.1103/PhysRevD.39.274
https://doi.org/10.1016/0168-9002(95)01478-0
https://doi.org/10.1016/0168-9002(95)01478-0
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.261801
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.261801
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.261801
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.261801
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.261801
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.261801
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.261801
https://doi.org/10.1103/PhysRevD.73.073008
https://doi.org/10.1103/PhysRevD.73.073008
https://doi.org/10.1007/BF01642477
https://doi.org/10.1007/BF01642477
https://doi.org/10.1007/BF01574851
https://doi.org/10.1007/BF01574851
https://doi.org/10.1140/epja/i2008-10645-y
https://doi.org/10.1140/epja/i2008-10645-y
https://doi.org/10.1103/PhysRevD.95.072001
https://doi.org/10.1103/PhysRevD.95.072001

