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P. Chang,78 R. Cheaib,120 V. Chekelian,69 Y. Q. Chen,135 Y.-T. Chen,78 B. G. Cheon,26

K. Chilikin,64 H.-E. Cho,26 K. Cho,58 S.-J. Cho,147 S.-K. Choi,25 S. Choudhury,33

D. Cinabro,144 L. Corona,111, 47 L. M. Cremaldi,131 D. Cuesta,117 S. Cunliffe,14 T. Czank,141

N. Dash,34 F. Dattola,14 E. De La Cruz-Burelo,8, 13 G. De Nardo,108, 44 M. De Nuccio,14

G. De Pietro,49 R. de Sangro,43 B. Deschamps,119 M. Destefanis,114, 50 S. Dey,102

A. De Yta-Hernandez,8 F. Di Capua,108, 44 S. Di Carlo,63 J. Dingfelder,119 Z. Doležal,9
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63Université Paris-Saclay, CNRS/IN2P3, IJCLab, 91405 Orsay, France

4



64P.N. Lebedev Physical Institute of the Russian Academy
of Sciences, Moscow 119991, Russian Federation

65Liaoning Normal University, Dalian 116029, China
66Ludwig Maximilians University, 80539 Munich, Germany

67Luther College, Decorah, Iowa 52101, U.S.A.
68Malaviya National Institute of Technology Jaipur, Jaipur 302017, India

69Max-Planck-Institut für Physik, 80805 München, Germany
70Semiconductor Laboratory of the Max Planck Society, 81739 München, Germany

71McGill University, Montréal, Québec, H3A 2T8, Canada
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112Università di Roma “La Sapienza,” I-00185 Roma, Italy
113Dipartimento di Matematica e Fisica, Università di Roma Tre, I-00146 Roma, Italy
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Abstract
This document presents the measurement of B0 meson lifetimes using the 2019 Belle II dataset

that corresponds to an integrated luminosity of 8.7±0.2 fb−1. Each candidate is fully reconstructed

with hadronic decay final states on the signal side, while the rest-of-event technique allows to infer

the decay vertex position on the other (tag) side. B0 lifetime is extracted from an unbinned

maximum likelihood fit to the distribution of the difference between the signal side B0 candidate

and the tag side decay times. The measured lifetime is τB0 = 1.48± 0.28± 0.06 ps, where the first

uncertainty is statistical and the second is systematic.
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I. INTRODUCTION

This document summarizes the B0 lifetime measurement from hadronic decays using
the Belle II experiment early dataset. The analysis demonstrates the use of vertex fitting
tools and time resolution modeling. We describe the data sets used, the selection of signal
candidates and the fit strategy to extract the lifetime parameter τB0 . Finally, we present
the results along with an evaluation of the systematic uncertainties.

II. BELLE II DETECTOR AND DATA SETS USED

The Belle II detector [1, 2] operates at the SuperKEKB asymmetric-energy electron-
positron collider [3], located at the KEK laboratory in Tsukuba, Japan. The detector
consists of several subdetectors arranged around the beam pipe in a cylindrical geometry.
The innermost subdetector is the vertex detector (VXD), which includes two layers of silicon
pixel detectors [4] and four outer layers of silicon strip detectors [5]. Currently, the second
pixel layer is installed in only a small part of the solid angle, and the remaining VXD
layers are fully installed. Most of the tracking volume is consists of a helium-based, small-
cell central drift chamber (CDC). Outside the CDC, a Cherenkov-light angle and time-of-
propagation detector (TOP) provides charged-particle identification in the barrel region. In
the forward endcap, this function is provided by a proximity-focusing, aerogel ring imaging
Cherenkov detector (ARICH). An electromagnetic calorimeter (ECL) consists of a barrel and
two endcap sections made of CsI(Tl) crystals. A uniform 1.5 T magnetic field is provided
by a solenoid situated outside the ECL. Multiple layers of scintillators and resistive plate
chambers, inserted between the magnetic flux-return iron plates, constitute the KL and
muon (KLM) identification system.

The data used in this analysis were collected at a center-of-mass energy of 10.58 GeV,
corresponding to the mass of the Υ (4S) resonance. The energies of the electron and positron
beams are 7 GeV and 4 GeV, respectively, resulting in a boost of βγ = 0.28 of the Υ (4S)
relative to the lab frame. The integrated luminosity used in this analysis is 8.7±0.2 fb−1 [6].

We use also a generic simulated Monte Carlo (MC) sample that includes e+e− → B0B0,
B+B−, uu, dd, cc, ss, and τ+τ− processes in adequate proportions and also beam back-
ground. This sample corresponds to an integrated luminosity of 100 fb−1. All data and
simulated samples are analysed with the Belle II software [7].

III. EVENT SELECTION

The signal side B0 meson candidates are reconstructed as detailed in Table I, where Mbc

refers to the beam-energy-constrained mass, ∆E to the beam-energy difference [8], m is the
invariant mass of a particle and mPDG is its known mass. Charge conjugation is implied
throughout this document. The vertex position of the tag side B, the other B daughter of
the Υ (4S) decay, is determined from the tracks not used to reconstruct the signal candidate;
the number of such tracks is required to be two or greater.

Pions and kaons are identified as follows:

• The distance from the charged particle track to the interaction point in the r − φ
plane transverse to the beam is required to be less than 0.50 cm, and the track’s z

8



Decay Selection Criteria

B0 decays

B0 → D−π+

Mbc > 5.2 GeV/c2 and −0.2 < ∆E < 0.2 GeV
B0 → D−ρ+

B0 → D∗−π+

B0 → D∗−ρ+

D decays

D∗+ → D0π− 0.143 < mD∗+ −mD0 < 0.147 GeV/c2

D− → K+π−π− |m−mPDG| < 0.015 GeV/c2

D0 → K−π+

|m−mPDG| < 0.015 GeV/c2D0 → K−π+π0

D0 → K−π+π+π−

ρ decay

ρ+ → π+π0 |m−mPDG| < 0.10 GeV/c2

TABLE I: List of hadronic final states used to reconstruct B-meson decays.

position from the interaction point is less than 3.0 cm. A selection based on particle
identification likelihoods is used to identify π± and K±.

• Charged pions coming from the ρ± or directly from the B0 meson have an additional
requirement: the momentum in the Υ (4S) center-of-mass frame of the mother particle
must be larger than 0.20 GeV/c.

• π0 candidates are formed from pairs of photons, with each photon having an energy
greater than 30 MeV, 80 MeV, or 120 MeV if reconstructed in the barrel region,
backward end-cap region, or forward end-cap region, respectively. The angle difference
between the momenta of the two photons is required to be less than 0.90 radians and
less than 1 radian for the angle in the r − φ plane. The π0 mass is required to be
between 121 and 142 MeV/c2; subsequently, a mass constrained fit is then performed
and only candidates surviving the fit pass through the selection.

Suppression of continuum background (e+e− → uu, dd, ss, cc) is achieved by requiring
the following:

• Reduced Fox-Wolfram moment R2 < 0.3 [8],

• Cosine of angle between the thrust axis [8] of the signal B0 and the thrust axis of rest
of event cos θthrust < 0.8.

The fitted region, signal region, and sideband region are defined as follows:

• Fit region Mbc ∈ [5.20, 5.29] GeV/c2 and ∆E ∈ [−0.20, 0.15] GeV

• Signal region: Mbc ∈ [5.27, 5.29] GeV/c2 and ∆E ∈ [−0.07, 0.05] GeV

• Sideband region: Mbc ∈ [5.20, 5.26] GeV/c2 and ∆E ∈ [−0.20,−0.10]∪[0.10, 1.50] GeV
and R2 > 0.4 and cos θthrust < 0.8

9



The fraction of events with multiple candidates in the signal region used for the final fit
to extract B0 lifetime is 5%. No best candidate selection is required and all candidates are
kept.

The fit to the signal and tag side vertices is performed as follows. The signal side vertex
is reconstructed from the hadronic decays listed in Table I using a kinematic fit of the whole
signal decay chain [9]. The tag side vertex position is determined from the tracks not used
to reconstruct the signal side with an adaptive vertex fitter that accounts for the bias due
to secondary decays [10].

IV. TIME DIFFERENCE BETWEEN THE TWO B MESONS

The proper time difference ∆t = tsgn − ttag between the two B meson candidates (signal
and tag) is approximated from the distance ∆zboost between the two reconstructed vertices

along the collision boost direction ~β as follows;

∆t =
∆zboost

βγ c
. (1)

For each event, the uncertainty σ∆t on the calculated ∆t is computed. Candidates are
required to pass two additional cuts:

• |∆t| < 8 ps,

• σ∆t < 3.5 ps.

V. FIT STRATEGY

In order to estimate the B0 lifetime from the selected candidates, an unbinned maximum
likelihood fit is performed on the overall ∆t distribution. The ∆t function used in the fit is
the sum of three components,

Pall(∆t) = nsgn Psgn(∆t, τB0) + nbb Pbb(∆t, τeff) + ncont Pcont(∆t), (2)

where nsgn, nbb, and ncont are the yields, respectively, of signal events (B0 decaying in one of

the hadronic decays listed in Table I and correctly reconstruced), bb events (B0B0 or B+B−

wrongly reconstructed as signal decays) and continuum events (uū, cc̄, dd̄, ss̄ wrongly recon-
structed as signal decays). Psgn, Pbb, Pcont are consequently the signal, bb, and continuum
probability density functions, respectively, used in the unbinned likelihood fit.

An important ingredient of the fit to extract the B0 lifetime τB0 is the resolution function
R that describes the smearing impacting the ∆t measurement due to various experimental
effects. In this analysis R is modeled by the sum of three Gaussian distributions:

R(δ∆t) = f1 G(δ∆t;µ1, σ1) + f2 G(δ∆t;µ1 + ∆µ, s2 × σ1)

+(1− f1 − f2) G(δ∆t;µ1, s2 × s3 × σ1),
(3)

where G(x;µ, σ) denotes a Gaussian distribution with mean µ and width σ and δ∆t is
the difference between the reconstructed and the generated ∆t.
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R is also used to describe the z-vertex residual, the distribution of the difference between
reconstructed and generated signal or tag vertex z position, shown in Figure 4. The weighted
sigma obtained from this latter fits is ∼ 30µm for the signal side B and ∼ 80µm for the
tag side B. These values correspond to an expected ∆t resolution of ∼ 1 ps. The bias
toward positive values observed for the residual on the tag side is due to the contribution
from secondary decays.

The different contributions to Equation (2) are obtained from three separate fits as fol-
lows.

• Fit 1 nsgn, nbb, and ncont are obtained from a two-dimensional extended maximum likelihood
fit to the unbinned Mbc–∆E distributions (Figure 1). The yields in the signal region
are obtained with an integral of the probability density functions in the signal region.

• Fit 2 Pcont(∆t) is the sum of three Gaussian distributions having the same functional form
as R; this assumes no lifetime for the continuum component. In the final fit to extract
the B0 lifetime, its shape is fixed using the parameters obtained from the fits to the
data side-band ∆t distributions shown in Figure 2, from simulated and data samples.

• Fit 3 Pbb(∆t, τeff) and Psgn(∆t, τB0) are both modeled as an exponential function convolved

with the resolution model R described in equation 3. The bb effective lifetime (τeff) is
fixed from a separate fit to only the simulated bb contribution. R is shared between
Pbb(∆t, τeff) and Psgn(∆t, τB0) in the B0 lifetime fit. Its parameters, except µ1res and
σ1res, are fixed from a fit to the ∆t signal residuals obtained with the simulated sample
and shown in Figure 3.

The final fit using Equation (2) to extract the B0 lifetime from the ∆t distribution of all the
selected candidates is shown in Figure 5. In this fit, only three parameters are left floating:
µ1res, σ1res and τB0 . The obtained lifetime is τB0 = 1.48 ± 0.28 ps and the corresponding
reduced χ2 for this fit is 0.83. Table II enumerates the values of the parameters obtained
from fits to the simulated sample and that are fixed in the final fit extract the B0 lifetime on
data. All parameters extracted from fits to the data are summarized in Table III. To avoid
experimenters bias, the fit to the ∆t distribution on data was performed after the analysis
procedure was finalized using simulated samples.

VI. SYSTEMATIC STUDIES

The limited size of the early data set on which this measurement is based, from Section II,
yields a statistical uncertainty of about 20%, while the B0 lifetime is known with a 0.3%
relative uncertainty. Consequently, systematic studies focused on the two main expected
uncertainty sources: the parametrizations used in the fits described in Section V (partly
fixed from simulated data) and the vertices reconstruction (embedding potential alignment
and calibration effects).

The first study relies on the reproduction of the full fit strategy for data described in
Section V over ten thousand simulated data samples with sizes equivalent to the recorded
data sample. Those samples were obtained with the bootstrapping technique from a fully
simulated sample ten times larger. From the distribution of the ten thousand fitted lifetimes,
a systematic uncertainty of 0.05 ps is obtained. Moreover, the final fit is repeated leaving
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FIG. 1: Projections of the Mbc–∆E fit to the data sample to extract the yields of the
different components, see Table III: (left) Mbc, (right) ∆E. The yellow, dark blue, and red
lines present the fit contributions corresponding to continuum, bb, and signal components,
respectively. The sum of all fit components is presented in light blue. The distributions

refer to all B0 → D(∗)h decay candidates selected as described in Section III.
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FIG. 2: Fit to the ∆t distribution of the sideband events in (left) simulation and (right)
data. The shape extracted from these fits, with parameters listed in Tables II and III, is
used to describe the ∆t distribution of the continuum component. The distributions refer

to all B0 → D(∗)h decay candidates selected as described in Section III.

also τeff free, resulting in a further systematic uncertainty of 0.01 ps due to the difference
with respect to the nominal fit of the B0 lifetime.

In a second step, the complete analysis is reproduced on a subset of the real data, which
was processed with two different calibration and alignment constants to mimic the effect
of the residual misalignment and miscalibration. A systematic uncertainty of 0.03 ps is
extracted from the difference between the lifetime values obtained.

The overall systematic uncertainty is obtained as the quadratic sum of these contributions
and amount to 0.06 ps or 4% relative uncertainty.
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FIG. 4: Fit to the z-vertex residual for (left) the signal B and (right) the tag B, as
obtained from the simulated signal sample. The distributions refer to the true simulated

B0 → D(∗)h decays reconstructed and selected as described in Section III.

VII. CONCLUSION

A first measurement of the B0 lifetime was performed with the 2019 Belle II data set,
which amounts to an integrated luminosity of 8.7 ± 0.2 fb−1. The estimated lifetime is
τB0 = 1.48± 0.28± 0.06 ps, where the first uncertainty is statistical and the second is sys-
tematic. This value is compatible with the world average of 1.519± 0.004 ps [11].
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FIG. 5: Fit to ∆t distribution for all B0 → D(∗)h selected decay candidates in the 2019
Belle II data set (logarithmic scale on top and linear scale on bottom). The yellow, dark

blue, and red lines present the fit contributions corresponding to continuum, bb and signal
components, respectively. The sum of all fit components is presented in light blue. See

Sections III and V for explanations on the selection and fit procedures, respectively.
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Fit parameter value

Fit 2

∆µcont [ GeV/c2 ] −0.0846± 0.026

f1cont 0.468± 0.021

f2cont 0.357± 0.017

s2cont 2.88± 0.096

s3cont 3.02± 0.11

Fit 3

∆µres [ GeV/c2 ] −0.360± 0.031

f1res 0.561± 0.016

f2res 0.336± 0.014

s2res 2.84± 0.079

s3res 2.99± 0.13

τeff [ps] 1.31± 0.03

TABLE II: Values of the parameters obtained from unbinned maximum likelihood fits to
the simulated sample: Fit 2 on ∆t distribution for the side-band and Fit 3 on the ∆t

distribution for the signal contribution.

Fit parameter value

Fit 1

nsgn fit region (1.22± 0.04)× 103

nbb fit region (1.29± 0.07)× 103

ncont fit region (1.14± 0.06)× 103

nsgn signal region (1.10± 0.04)× 103

nbb signal region 270± 32

ncont signal region 140± 21

Fit 2
µ1cont [ps] 0.021± 0.021

σ1cont [ps] 0.429± 0.015

Final fit

µ1res [ps] −0.03± 0.06

σ1res [ps] 0.56± 0.18

τB0 [ps] 1.48± 0.28

TABLE III: Parameters extracted from unbinned maximum likelihood fits to the data: Fit
1 on Mbc–∆E 2D distribution, Fit 2 on ∆t distribution for the side-band and the Final fit

on the ∆t distribution in the signal region.
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