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• Lifetime hierarchy of heavy-flavored hadrons 
crucial to constrain/validate predictions of 
mixing and CP violation based on heavy quark 
expansion (HQE) 
• Recent LHCb measurements of lifetime 

ratios break the hierarchy predicted by HQE 
• Early Belle II data provide unique opportunity 

for precision measurements of absolute 
lifetimes 
• Never measured at Belle/BaBar/LHCb in 

past 20 years due to systematic limitations

Charm lifetimes: why shall we bother?
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The strangest lifetime: A bizarre story of τ(Ω0
c
)

Hai-Yang Cheng1, ∗

1Institute of Physics, Academia Sinica, Taipei, Taiwan 11529, R.O.C.

For ground-state singly charmed baryons, the Λ+
c , Ξ

+
c

and Ξ0
c form an antitriplet representation and they all

decay weakly. The Ω0
c , Ξ

′+
c , Ξ′0

c and Σ++,+,0
c form a sex-

tet representation; among them, only Ω0
c decays weakly.

Back in 1986 their lifetime pattern had already been pre-
dicted to be [1, 2]

τ(Ξ+
c ) > τ(Λ+

c ) > τ(Ξ0
c) > τ(Ω0

c). (1)

The measured lifetime hierarchy appeared for the first
time in the 1996 version of the Particle Data Group
(PDG) after the lifetime of Ω0

c , the last piece of the four
charmed baryons, was successfully measured in the fixed
target experiments E687 [3] and WA89 [4] in 1995. How-
ever, the early data had a wide spread. The situation
was substantially improved by the FOCUS experiment
performed during the period of 2001-2003 [5–8]. Accord-
ing to the 2004 version of PDG [9], the world averages of
their lifetimes then were given by

τ(Λ+
c ) = (200± 6) fs, τ(Ξ+

c ) = (442± 26) fs,

τ(Ξ0
c) = (112+13

−10) fs, τ(Ω0
c) = (69± 12) fs. (2)

These world averages remained stable from 2004 till 2018
[10]. Notice that the charmed baryon lifetime pattern is
quite different from the bottom baryon case where the
lifetime hierarchy reads [11]

τ(Ω−

b ) > τ(Ξ−

b ) > τ(Ξ0
b ) ! τ(Λ0

b). (3)

That is, the Ω−

b has the longest lifetime in the bottom
baryon sector, contrary to the shortest lifetime of the Ω0

c

in the counterpart of charmed baryons.
Lifetimes of the heavy baryons are commonly analyzed

within the framework of heavy quark expansion (HQE).
In this general approach, the predicted lifetime hierarchy
for charmed baryons given in Eq. (1) agrees with experi-
mental pattern exhibited in Eq. (2). The fact that the Ωc

is shortest-lived among the four charmed baryons owing
to its large constructive Pauli interference (PI) has been
known to the community for a long time. However, the
situation was dramatically changed in 2018 when LHCb
reported a new measurement of the charmed baryon Ω0

c

lifetime using semileptonic b-hadron decays [12]. More
precisely, LHCb found τ(Ω0

c) = (268± 24± 10± 2) fs, us-
ing the semileptonic decay Ω−

b → Ω0
cµ

−ν̄µX followed by
Ω0

c → pK−K−π+. This value is nearly four times larger
than the 2018 world-average value of τ(Ω0

c) (see Eq. (2))
extracted from fixed target experiments. As a result, a
new lifetime pattern emerged

τ(Ξ+
c ) > τ(Ω0

c) > τ(Λ+
c ) > τ(Ξ0

c). (4)

The LHCb observation of a huge jump of the Ω0
c baryon

lifetime in 2018 is very striking from both experimen-
tal and theoretical points of view. This is the first time
in the history of particle physics that the lifetime of a
hadron measured in a new experiment was so drastically
different from the old one. The LHCb has collected 978
events of the b-tagged Ω0

c decays which is about five times
larger than those accumulated by all predecessors FO-
CUS, WA89 and E687 of fixed target experiments [12].
As stressed in Ref. [13], the lifetime value measured is
so large that could have been easily measured much ear-
lier than 2018 by experiments at e+e− colliders whose
resolution is about 150 fs typically. Since CLEO-c and
Belle have both observed the Ω0

c and measured its mass,
they should/could have measured quite easily the lifetime
value as done by LHCb [13].
In 2019, LHCb has reported precision measurements

of the Λ+
c , Ξ

+
c and Ξ0

c lifetimes [14] as displayed in Table
I and Fig. 1. The Ξ0

c baryon lifetime is approximately
3.3 standard deviations larger than the world average
value. Finally, this year LHCb [15] reported a new mea-
surement using promptly produced Ω0

c and Ξ0
c baryons

with 5.4 fb−1 of the LHCb data in which Ω0
c and Ξ0

c were
reconstructed through their decays to pK−K+π+. The
results are

τ(Ω0
c) = (276.5± 13.4± 4.4± 0.7) fs,

τ(Ξ0
c) = (148.0± 2.3± 2.2± 0.2) fs. (5)

Hence, the previous LHCb measurement of τ(Ω0
c) based

on the semileptonic decays of Ω−

b is confirmed and its pre-
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FIG. 1. Previous world-average values of the charmed baryon
lifetimes from the PDG [10] and the LHCb measurements of
the Ω0

c and Ξ0
c lifetimes obtained from semileptonic Ω−

b
decays

and prompt signals. The combined LHCb results are shown in
coloured bands. This figure is taken from the supplementary
material provided in Ref. [15].
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KL & μ Detector 
Resistive Plate Counter 
  (barrel outer layers),  
Scintillator + WLSF + MPPC 
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Particle Identification 
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Ring Imaging detector (forward)
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Vertex Detector 
PXD: 2 layers DEPFET pixels 
SVD: 4 layers double sided Si 
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The Belle II experiment

First commissioning of the SuperKEKB vacuum system

Y. Suetsugu, K. Shibata, T. Ishibashi, K. Kanazawa, M. Shirai, S. Terui, and H. Hisamatsu
High Energy Accelerator Research Organization (KEK), Tsukuba 305-0801, Japan

(Received 27 September 2016; published 16 December 2016)

The first (Phase-1) commissioning of SuperKEKB, an asymmetric-energy electron-positron collider at
KEK, began in February 2016, after more than five years of upgradation work on KEKB and successfully
ended in June 2016. A major task of the Phase-1 commissioning was the vacuum scrubbing of new beam
pipes in anticipation of a sufficiently long beam lifetime and low background noise in the next
commissioning, prior to which a new particle detector will be installed. The pressure rise per unit beam
current decreased steadily with increasing beam dose, as expected. Another important task was to check
the stabilities of various new vacuum components at high beam currents of approximately 1 A. The
temperature increases of the bellows chambers, gate valves, connection flanges, and so on were less than
several degrees at 1 A, and no serious problems were found. The effectiveness of the antechambers and TiN
coating in suppressing the electron-cloud effect (ECE) in the positron ring was also confirmed. However,
the ECE in the Al-alloy bellows chambers was observed where TiN had not been coated. The use of
permanent magnets to create an axial magnetic field of approximately 100 G successfully suppressed this
effect. Pressure bursts accompanying beam losses were also frequently observed in the positron ring. This
phenomenon is still under investigation, but it is likely caused by collisions between the circulating beams
and dust particles, especially in the dipole magnet beam pipes.

DOI: 10.1103/PhysRevAccelBeams.19.121001

I. INTRODUCTION

SuperKEKB is an asymmetric-energy electron-positron
collider at KEK, Japan, and is a successor to the former
KEKB (KEKB B-factory) [1–4]. SuperKEKB consists of
an injector, a positron damping ring, a main ring (MR), and
the Belle II particle detector (Fig. 1). The MR is composed
of two rings, each with a circumference of 3016 m. The
high energy ring (HER) and low energy ring (LER) are for
7.0 GeV electrons and 4.0 GeV positrons, respectively.
Table I lists the key MR design parameters that are relevant
to the vacuum system. The designed beam currents
are 2.6 and 3.6 A for the HER and LER, respectively,
and the maximum bunch number of both of rings is 2500.
The beams have very low emittances (8.6–11.5 pm in the
vertical direction), and the vertical beam sizes at the
collision point are reduced to approximately 50–60 nm.
The designed luminosity is 8 × 1035 cm−2 s−1, which is
approximately 40 times that achieved in KEKB [4].
The upgradation of the MR vacuum system, as one of the

key components of SuperKEKB, began in 2010 [5,6].
Approximately 93% of the beam pipes and vacuum com-
ponents of the LER were replaced with new ones. On the
other hand, approximately 80% of the components in the
HER were reused because the layout of the magnets did not

change significantly. Note that the components ofHERwere
left undisturbed in the tunnel during the upgradation work
keeping vacuum inside although all vacuum pumps were
turned off. However, these components were sometimes
exposed to air temporarily when broken bellows chambers
or ion pumps were replaced with new ones [5].
The MR vacuum system was newly designed based on

various experiences with the KEKB vacuum system, and
leading-edge concepts were introduced [5–8]. Beam pipes
with antechambers were adopted to reduce the beam

FIG. 1. Layout of SuperKEKB at the KEK Tsukuba campus.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.

PHYSICAL REVIEW ACCELERATORS AND BEAMS 19, 121001 (2016)

2469-9888=16=19(12)=121001(13) 121001-1 Published by the American Physical Society

• Multipurpose detector optimized for the 
study of the heavy flavored hadrons 

• Large e+e−→cc̄ cross-section provide low-
background event samples of charm decays 
• 1.3M cc̄ events per 1 fb−1 
• All recorded to tape (~100% trigger 

efficiency with uniform decay-time 
acceptance)
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The Belle II experiment
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The Belle II experiment

4

D0, D+ lifetimes

Λc+, Ωc0 lifetimes
Measurements 
shown today



The analysis in a nutshell

• Select high-purity samples of charm decays. Avoid any selection requirement 
that biases the decay time 

• Get the decay-time from the displacement between the decay vertex and the 
interaction region (and the charm momentum).    

• Fit the distribution of the decay time with accurate modeling of the resolution 
• Check, check and check… any systematic bias associated to the measurement 
• Look at lifetime value only at the end

5



Signal samples

~171k D*+→D0(→K–π+)π+

99.8% purity

~59k D*+→D+(→K–π+π+)π0

• Large, clean samples limit background-related systematic uncertainties 
• Use only low-track-multiplicity, large-BF decay modes  
• Removing charm from B decays (originating from displaced vertex) to avoid bias in charm 

production-vertex position
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~116k Λc+→pK–π+

~90 Ωc0→Ω–π+ 

Ω–→Λ0(→pπ–)K–

92.5% purity 67% purity91% purity



Determination of the decay time

• Calculate decay time (and its uncertainty) from charm hadron production 
and decay vertices, and from momentum 
• Production vertex constrained to e+e− interaction region 
• Momentum vector provides flight direction and helps 

determination of the decay distance 
 
 
 
 
 
 

• Average decay distance ranges between 100 and 500 μm for the charm hadrons under study
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~d · p̂

decay vertex

production vertex 
(interaction region)

7



XIII International Conference on Beauty, Charm and Hyperon Hadrons (BE A CH 2018)
IOP Conf. Series: Journal of Physics: Conf. Series 1137 (2019) 012035

IOP Publishing
doi:10.1088/1742-6596/1137/1/012035

3

Figure 3. (Colors online) Nano-Beam
scheme.

Belle II Detector [735 collaborators, 101 institutes, 
23 nations]electrons  (7 GeV)

positrons (4 GeV)

Vertex Detector
2 layers Si Pixels (DEPFET) +  
4 layers Si double sided strip DSSD

Belle II TDR, arXiv:1011.0352

EM Calorimeter
CsI(Tl), waveform sampling electronics

Central Drift Chamber
Smaller cell size, long lever arm

Particle Identification 
Time-of-Propagation counter (barrel)
Prox. focusing Aerogel RICH (forward)

KL and muon detector
Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC  
(end-caps , inner 2 barrel layers)

Figure 4. (Colors online) Belle II detector.

3. Physics program
The experiment aims to investigate with high precision several heavy flavour physics fields as a
B-factory [2]. The detector together with the collider will provide important advantages in the
context of a physics analysis. SuperKEKB will produce coherent couples of B mesons from �(4S)
resonance in a clean environment w.r.t. experiments using hadronic machine and large data
samples of B, D and ⌧ with low background will be collected. Another important characteristic
given by the detector is a good hermeticity which, together with good reconstruction e�ciency
and resolution for neutral particles as �, K0 and ⇡0, will provide important advantages for
decays with missing energy.
Taking advantage of the exclusive features just mentioned, part of the Belle II physics program
can be summarized as below:

• Unitarity Triangle (UT) angles and CKM matrix elements: CP violating measurements
(time-dependent and time-integrated) allow to discover new possible CP-violating phases
that indicate the existence of SM extensions;

• Flavour Changing Neutral Current (FCNC): penguin processes described by quark
transitions like b ! s and mixing processes of neutral meson states allow to search for
New Physics (NP) in loops;

• Leptonic decays and Lepton Flavour Violation (LFV): study of ⌧ and leptonic B decays in
order to probe NP scenarios which take into account NP models i.e. extended Higgs sector
or right-handed neutrino couplings. LFV can be investigated mainly thanks to the clean
environment provided by a B-factory which makes Belle II highly competitive (Fig. 5);

• Dark sector: search for dark matter candidates i.e. dark photon (Fig. 6). Belle II will
use a dedicated single photon trigger in order to be able to reconstruct its decay into an
invisible final state (the signature is the presence of a single photon and missing energy).
Some results can be obtained before the beginning of Phase 3.

• Hadronic spectroscopy and quarkonium: a di↵erent center of mass energy of the collider
is needed in order to produce resonances like ⌥(3S),⌥(5 S) and ⌥(6S) allowing to study
several intermediate bounded states and their properties.

SuperKEKB ‘‘nano beams’’

• SuperKEKB requires much smaller interaction 
region than KEKB in order to reach design 
luminosity of 6×1035 cm−2s−1 
• Nano-beams concept (P. Raimondi) realized with 

super-conducting final focus quadrupoles already 
achieved luminosity record of 4.7×1034 cm−2s−1 

• Belle II’s small luminous region dimensions (in 
transverse plane) provide effective constraint on the 
production vertex of charm hadrons 
• Position and size of interaction region measured 

every ~1-2hrs with e+e–→µ+µ– events

Dimensions of luminous region at 
Belle II are 10/0.2/250 μm (x/y/z) 
compared to 100/1/6’000 μm at 

Belle. Ultimately, y size expected to 
be decreased to ~60 nm
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BABAR

Belle II
Belle

High-precision vertexing

• Silicon vertex detector 
• 2-layer pixel detector (PXD) 
• 4-layer double-sided strip detector (SVD) 

• PXD 
• Innermost layer is only 1.4 cm from the interaction region 

(×2 closer than in Belle) 
• Very low material thickness (0.1% X0/layer for 

perpendicular tracks) 
• Excellent hit position resolution 

• ×2 better impact parameter resolution than Belle/BaBar 
shows up in decay-time distribution 

2nd PXD layer only 
partially installed

D0→K–π+
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Determination of the lifetime

• Unbinned maximum-likelihood fit to the 2D distribution of decay time (t) 
and decay-time uncertainty (σt) 

• Signal distribution is convolution of exponential with resolution function 
 
 

• Background contamination (ignored for D0 decays) modeled using 
sideband data (SB) 

• Signal region and SB are fit simultaneously with all shape parameters 
free; the background fraction is constrained to the result of the mass fit; 
no inputs from simulation

4 Lifetime fit308

The lifetime is determined using an unbinned maximum-likelihood fit to the 2D distribu-309

tion of decay time t and decay-time uncertainty �t. The signal PDF is assumed to be the310

convolution of an exponential distribution with a resolution function that depends on �t:311

pdfsgn(t, �t|⌧, b, s) = pdfsgn(t|�t, ⌧, b, s) pdfsgn(�t) (3)312

/

Z 1

0

e�ttrue/⌧R(t� ttrue|b, s�t)dttrue pdfsgn(�t) . (4)313

314

The resolution function R is parametrized as a double-Gaussian distribution with common315

mean b and widths s1�t and s2�t:316

R(t� ttrue|f1, b, s1�t, s2�t) = f1G(t� ttrue|b, s1�t) + (1� f1)G(t� ttrue|b, s2�t) , (5)317

where f1 is the fraction of the Gaussian function with width s1�t relative to the total. The318

parameter b is left free to float in the fit to account for a possible bias in the determination319

of the decay time. The width corresponds to the per-candidate �t scaled by free-to-320

float factors s1,2 to account for a possible misestimation of the per-candidate decay-time321

uncertainty. In the D0
! K�⇡+⇡+⇡� and D+

! K�⇡+⇡+ cases, simulation shows that322

a single-Gaussian resolution model may be su�cient to fit the data (Section 3); in those323

case the parameter f1 is fixed to unity and a single scaling factor s = s1 is used. The t vs.324

�t correlations observed in Section 3 are neglected in the fit and a systematic uncertainty325

is assigned as discussed in Section 5. The PDF of �t is described by a fixed template326

(histogram) obtained directly from the data.9327

In the D0 case, the signal region contains sub-percent-level fraction of background328

candidates. Hence, sensitivity to the background contamination and to how it a↵ects329

the decay-time distribution is very limited. For the sake of simplicity, the background330

is therefore neglected in the fit and a systematic uncertainty is later assigned. On the331

contrary, in the D+ case the signal region contains a non-negligible amount of background332

which needs to be accounted for in the fit. The background is modeled using a PDF that333

is empirically derived from sideband data (Section 2) and consists of the convolution of a334

zero-lifetime component plus two long-lived components with a resolution function that335

depends on �t:336

pdfbkg(t, �t|⌧b1, ⌧b2, fbl, fbl1, b, s) = pdfbkg(t|�t, ⌧b1, ⌧b2, fbl, fbl1, b, s) pdfbkg(�t) (6)337

with338

339

pdfbkg(t|�t, ⌧b1, ⌧b2, fbl, fbl1, b, s) = (1� fbl)R(t|b, s�t)340

+ fbl
⇥
fbl1pdfbl1(t|�t, ⌧b1, b, s) + (1� fbl1)pdfbl2(t|�t, ⌧b2, b, s)

⇤
, (7)341

342

where pdfbl1,2 has the same functional form as the signal PDF, but with lifetime ⌧b1,2.343

The assumption is therefore that, for a given candidate with decay-time uncertainty �t,344

9
In the D0

case, the PDF of �t is obtained assuming that all candidates in the signal region are signal

decays. In the D+
case, instead, the template is obtained from the candidates in the signal region after

having subtracted the distribution of the sideband data.

32

Fixed from data (binned template)

 (Single/Double) Gaussian resolution function 
with mean b (bias) and width sσt (scaled to account for 

underestimation of the uncertainty)

 True (exponential) distribution

10
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Contamination from Ξc→Λc+π decays

• Contribution from Ξc→Λc+π decays could bias Λc+ lifetime 

• Production rate of Ξc not known, Ξc0 branching fraction 
measured to be ~0.55%, Ξc+ branching fraction expected to be 
~1.11% 

• Reduce possible contamination with veto and correct for remaining 

• Attach pions to Λc+ candidates and require m(Λc+π) − m(Λc+) to 
be 2σ away of expected value 

• Conservative estimate of surviving contamination from fit to Λc+ 
impact parameter 

• Introduce estimated contamination in simulation to evaluate 
lifetime bias  

• Take half the shift as correction and as systematic uncertainty
11
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Results

12

τ(D0) = 410.5 ± 1.1(stat.) ± 0.8(syst.) fs

τ(D+) = 1030.4 ± 4.7(stat.) ± 3.1(syst.) fs

PRL 127 (2021) 21801
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Results

13

τ(Λ+
c ) = 203.20 ± 0.89(stat.) ± 0.77(syst.) fs

arXiv:2206.15227, to appear in PRL
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τ(Ω0
c) = 243 ± 48(stat.) ± 11(syst.) fs

arXiv:2208.08573, submitted to PRD(L)

preliminary

Ωc0
Consistent with LHCb, inconsistent with 

pre-LHCb average at 3.4σ: the Ωc0 is 
not the shortest-lived weakly decaying 

charmed baryon



Systematic uncertainties

Systematic uncertainties for D0, D+ and Λc+ lifetimes ~halved compared to 
previous best results. Ωc0 measurement severely limited by statistical uncertainty

15
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Source Uncertainty (fs)
⌧(D0) ⌧(D+) ⌧(⇤+

c ) ⌧(⌦0
c)

Fit bias – – – 3.4
Resolution model 0.16 0.39 0.46 6.2
Background model 0.24 2.52 0.20 8.3
⌅c contamination – – 0.34 –
Detector alignment 0.72 1.70 0.46 1.6
Momentum scale 0.19 0.48 0.09 0.2
Input charm masses 0.01 0.03 0.01 0.2
Total systematic 0.80 3.10 0.77 11.0
Statistical 1.10 4.70 0.89 48.0



Syst. uncertainties due to resolution model

• The resolution model is somewhat simplified 
compared to what seen in simulation 
• For example, it ignores correlations between t and 
σt, which are clearly visible also in data 

• This results in discrepancies between the fit model 
and the data in the 2D (t,σt) distribution 

• Fits to simulated decays used to assess the impact 
on the measured lifetimes 

• Also tested single Gaussian vs. double-Gaussian 
models

2−10 1−10
Decay-time uncertainty [ps]

0.6

0.8

1

1.2

1.4

A
ve

ra
ge

 d
ec

ay
 ti

m
e 

[p
s]

Belle II
1− = 72 fbL dt ∫

+π+π−K →+D

Data

Simulation

16

2−10 1−10
Decay-time uncertainty [ps]

0.35

0.4

0.45

0.5

0.55

A
ve

ra
ge

 d
ec

ay
 ti

m
e 

[p
s]

Belle II
1− = 72 fbL dt ∫

+π−K →0D

Data

Simulation



Syst. uncertainties due to background modeling

• Neglected background in D0 

• Estimate impact on lifetime by fitting simulated samples 
that reproduce the background of the data 

• Background modeling for D+, Λc+ and Ωc0 

• Simulation shows that SB describe the background in the 
signal region correctly. However, simulation and data show 
some disagreement in the SB 

• Estimate systematic uncertainty by fitting simulated 
samples with background shapes that differ between signal 
region and SB, and by varying the sideband definition
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Figure 23: Distributions of (left) decay time and (right) decay-time uncertainty for the
D+

! K�⇡+⇡+ candidates populating the sideband regions (top) 1.758 < m(K�⇡+⇡�) <
1.814GeV/c2 and (bottom) 1.936 < m(K�⇡+⇡�) < 1.992GeV/c2 in (black points) data
and (red lines) simulation. The simulation is shown with (dashed line) normalization
fixed to the data luminosity and with (solid line) truth-matched signal decays additionally
scaled by a factor 0.78.
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Syst. uncertainties due to imperfect alignment

• A misalignment of the tracking detectors may 
bias the determination of the decay length and 
hence of the lifetime 

• 2 sources of uncertainties due to misalignment 

• Uncertainty in alignment constants from limited 
alignment sample size; estimated from day-to-
day variations between alignments in data 

• Uncertainty from residual misalignments not 
corrected for by the alignment algorithm; 
estimated from simulation of a misaligned 
detector (9 different weak-mode deformations)
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Syst. uncertainties due to imperfect alignment

• A misalignment of the tracking detectors may 
bias the determination of the decay length and 
hence of the lifetime 

• 2 sources of uncertainties due to misalignment 

• Uncertainty in alignment constants from limited 
alignment sample size; estimated from day-to-
day variations between alignments in data 

• Uncertainty from residual misalignments not 
corrected for by the alignment algorithm; 
estimated from simulation of a misaligned 
detector (9 different weak-mode deformations)
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Summary

• Used early Belle II data to measure lifetimes of charm hadrons 
• World-best D0, D+ and Λc+ lifetimes (first Belle II precision measurements) 
• Confirmation of LHCb result indicating that the Ωc0 is not the shortest-lived weakly decaying 

charmed baryon 
• Tiny systematic uncertainties (e.g., 2‰ for D0) demonstrate excellent performance and 

understanding of the Belle II detector, never achieved at previous B factories
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