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D0 and D+ Lifetimes
a brief picture

➡ Measured for the first time with ~sub-% precision by FOCUS 
around 20 years ago 

➡ No measurements from 1st generation B-Factories Belle and 
BABAR, nor LHCb 
• no measurement of charm hadron lifetimes at Belle and 

BABAR 

• LHCb uses D+ lifetime as reference for their charm lifetime 
measurements 

➡ Lifetimes measurements test non-perturbative QCD and 
provide guidance to describe strong interactions 
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D0 and D+ Lifetimes at Belle II
motivation

➡ Belle II is a multi-purpose detector installed at the high-
luminosity B-Factory SuperKEKB  
• target instantaneous luminosity 30x KEKB/Belle (6x1035 cm–2s–1) 

• to fully exploit the target 50 ab–1, resolutions must be 
comparable or better than Belle & systematics under control 

➡ Data taking started in 2019, collected roughly ~210 fb–1 
• first data crucial to check performance!
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➡ D0 and D+ lifetime measurements to prove the excellent vertexing performance and an 
achieve an in-depth understanding of systematic effects for the future time-dependent 
analyses (CPV/mixing) 

100x50x

50 ab–1

INTEGRATED LUMINOSITY
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Belle II
@ SuperKEKB  
High-Luminosity B-Factory 

• 2nd generation asymmetric e+e- 
collider at the Y(4S) mass energy 

• βγ = 0.28 (0.5x PEP2/BABAR, 
0.67x KEKB/Belle) enhances the 
displacements between the B 
and B decay vertices 

• 90% solid angle coverage 

• excellent vertexing & neutrals 
reconstruction
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KL & μ Detector 
Resistive Plate Counter 
  (barrel outer layers),  
Scintillator + WLSF + MPPC 
  (end-caps, inner 2 barrel layers)

7.
1 

m

7.4 m

electrons (7 GeV)

Particle Identification 
Time-of-Propagation counter (barrel),   
Proximity focusing Aerogel Cherenkov 
Ring Imaging detector (forward)

EM Calorimeter 
CsI(Tl), waveform sampling 
electronics (barrel) 

Vertex Detector 
PXD: 2 layers DEPFET pixels 
SVD: 4 layers double sided Si 
strips detector (DSSD)

Central Drift Chamber 
He(50%):C2H6(50%), smaller cell size,  
long lever arm, fast electronics

positrons (4 GeV)

Final Focus System 
set of superconducting 
magnets very close to the IP

Trigger 
hardware < 30 kHz 
software < 10 kHz

Super-Conducting Solenoid 
1.5 T B-field

Belle II TDR

https://arxiv.org/abs/1011.0352
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production vertex

decay 
vertex

➡ Select high-purity signal candidates in D*-tagged D0  → Kπ and D+ → Kππ  
• avoid selection criteria that bias the D proper time  

➡ Compute the D proper time t and its uncertainty σt from the reconstructed D production 
and decay vertices and its momentum : 
                              

• production vertex lies inside the e+e– interaction region 

• decay vertex is displaced on average by ~200/500 μm                                               
for the D0/D+ 

➡ Extract the lifetime with a fit to the (t, σt) distribution  
• signal & bkg PDFs extracted from data, no input from simulation

⃗p

How to Measure the Lifetime
use e+e– → cc → D* X events
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⃗
d ⋅ p̂

t =
mD

p ( ⃗d ⋅ ̂p)
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➡ SuperKEKB implements the “nano-beam” scheme (P. Raimondi), needed to reach the 
target instantaneous luminosity of 6x1035 cm–2s–1  

• squeeze beams at the interaction point with 
a set of final focus superconductive magnets 

• typical e+e– interaction region sizes (x/y): 
10/0.2 μm at Belle II vs 100/1 μm at Belle! 

➡ Extremely small size of the e+e– interaction region allows to apply a powerful constraint 
on the D production vertex position 
• periodic track-based calibrations of the position and size of the e+ e– interaction region using 

di-muon samples 
➡ Will further squeeze the vertical size to increase the luminosity, down to ~ 60 nm

Highlight from SuperKEKB
size of the e+e– interaction region
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Highlight from Belle II
VerteX Detector

➡ Vertex Detector is composed by  
• 2-layer all-silicon pixel detector (PXD) 

• 4-layer double-sided silicon strip detector (SVD) 

➡ Innermost PXD layer is only 1.4 cm from the IP (factor 2 
nearer than Belle), with very low material budget (0.1% 
X0/layer for ⊥ tracks) & excellent hit position resolution 

➡ Factor 2 improvement in the impact parameter 
determination wrt Belle and BABAR 

• the factor 2 improvement shows up directly in the D 
proper time resolution (next slide)
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only 1st layer of PXD fully installed
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BABAR

Belle II

Belle

• resolution improvement visible at :t < 0➡ Proper time resolution at Belle II is a factor 2 better 
than Belle & BABAR  

• Belle II will improve the precision on 
observables extracted in time-dependent 
measurements, beyond the increase of 
luminosity, thanks to the improved resolution 

• there are ongoing studies to quantify the 
impact on the charm time-dependent 
measurements (including Dalitz analyses)

Improved Proper Time Resolution
impact on time-dependent measurements
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10 fb−1
D0 → Kπ

D*+ → D0π+
s

Belle II Physics Book

https://arxiv.org/abs/1808.10567
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Signal Decays
use 72 fb-1 (~1/3 of the data now on disk)
➡ Selected high-purity samples to limit the background-related systematic uncertainty 

• removed candidates from B decays to avoid bias on the D production vertex

10

~171k D*+→D0(→K–π+)π+ ~59k D*+→D+(→K–π+π+)π0
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Signal PDF
for both D0 and D+ channels
➡ Lifetime extracted with a maximum-likelihood fit to the 2D distribution of proper time ( ) 

and proper-time uncertainty ( )  

➡ Signal PDF is the convolution of an exponential with a resolution function (double/single 
Gaussian for D0/D+) 

➡ Signal PDF validated on simulated data, and with ToyMC 

➡ This is the total PDF for the D0, where the sub-1% background contamination is ignored

t
σt
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resolution function

pdf(t, σt |τ, b, s) ∝ ∫
inf

0
e−ttrue/τ R(t − ttrue |σt, b, s)dttrue pdf(σt)

b = bias
s = proper time 

uncertainty 
scaling factor

fixed from data (binned template)

R(t − ttrue |σt, b, s) = G(t − ttrue |b, sσt)resolution 
function
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➡ The ~9% background contamination in the signal region can’t be 
ignored → include it in the fit 

➡ Use an empiric model derived from the data sidebands 
• simulation shows that the sidebands represent a good proxy of 

the background in the signal region 

• background PDF: 

➡ Signal and sideband regions are fit simultaneously with all shape 
parameters free 
• the background fraction is constrained to the result of the mass fit
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Figure 39: Distribution of D+
! K�⇡+⇡+ candidates in data, with three di↵erent fit

projections overlaid: (left) nominal model with signal described by the sum of two Gaus-
sian distributions and a Crystal-Ball function, all three with common mean; (center) first
alternative model in which the signal is described by the sum of two Gaussian distribu-
tions; (right) second alternative model in which the signal is described by the sum of
a Crystal-Ball and a Gaussian distribution. In all the background is modeled with an
exponential function. The vertical dashed lines indicate the signal region.

and shown in Figure 38. The shifts in the resulting D0 lifetimes with respect to the508

nominal fit, �0.040 ± 0.059 fs and �0.199 ± 0.068 fs, are within the assigned systematic509

uncertainty.510

The background contamination under the D+
! K�⇡+⇡+ peak is already accounted511

for in the nominal fit of the D+ lifetime using sideband data. Simulation shows that512

the selected m(K�⇡+⇡�) sidebands describe well the decay-time distribution of the back-513

ground in the signal region; however, poor consistency between data and simulation in514

the low-mass sideband could indicate that this may not hold for the data (Section 2), and515

may result in a systematic bias. To quantify the bias 1000 pseudoexperiments, each con-516

sisting of the same statistics and with signal-to-background proportions as the data, are517

generated and fit. In the generation, candidates populating the signal region are sampled518

from the fit PDF, following Section 4.1 with input lifetime of 1040 fs. Candidates from519

the sidebands are bootstrapped from the 0.5 ab�1 run-independent sample of simulated520

e+e� collisions to emulate sideband data that do not describe the background in the signal521

region. The absolute averaged di↵erence between the measured and generated lifetimes,522

1.47 ± 0.16 fs, is assigned as systematic uncertainty on the D+ lifetime due to possible523

inaccuracies in modeling the background in the signal region.524

In D+-lifetime fit the fraction of background decays in the signal region is constrained525

from a fit to the m(K�⇡+⇡�) distribution. The nominal m(K�⇡+⇡�) model consists of526

a sum of two Gaussian distributions and a Crystal-Ball function for the signal, and an527

exponential function for the background. The fit determines a background fraction of528

(8.777± 0.051)%. Changing the signal model to (1) a sum of two Gaussian distributions529

returns a fraction of (8.976 ± 0.011)%; changing it to (2) a sum of a Crystal-Ball and a530

45

Background Description
only for the D+ channel
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D*+→D+(→K–π+π+)π0

zero-lifetime component lifetime#1 component lifetime#2 component
pdfbkg(t |σt) = (1 − fbl)R(t |b + bbkg, sσt) + fbl[fbl1pdfbl1(t |σt, τb1, b + bbkg, s) + (1 − fbl1)pdfbl2(t |σt, τb2, b + bbkg, s)]

pdfbkg(t, σt) = pdfbkg(t |σt) pdfbkg(σt)
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➡ Resolution and background models 
extracted on data, no input from simulation  

• resolution ~ 60-70 fs 

• MC just used for validation and to assess a 
few systematic uncertainties  

➡ Blind analysis: 
• selection, validation, crosschecks and 

assessment of the systematic uncertainty 
performed before looking at the lifetime 

• except for 2019 data (~13% of the sample) 
unblinded since ICHEP 2020 (compatible 
with WA).

Lifetime Fit 
unbinned ML fit to (t,σt) 

13

σt, D+t, D+

σt, D0t, D0
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Validation & Crosschecks
before unblinding
➡ Full Simulation & Toy MC 

➡ Data subsamples: split data in bins of D0 momentum, cosθ, φ, run period,… and check 
that extracted lifetimes are compatible within the statistical uncertainty 

➡ Measured (blind) D0 lifetime using same technique as for D0→K–π+, on a different final 
state: D*-tagged D0 →  K–π+π–π+ 

• 146k signal events, 0.8% bkg in the signal region 

• different kinematics, different resolution model 

• similar precision to the D0 → Kπ channel 

• blind results from D0 → Kπππ  and D0 → Kπ agrees: 

14

|τKπ − τK3π |

σ2
Kπ(stat) + σ2

K3π(stat)
= 0.8
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➡ Most critical contribution to the systematic 
uncertainty comes from the alignment 
• affecting the length scale  

• estimated using several different versions of 
reconstructed misaligned signal MC 
samples (next slide), from the same 
generated sample 

➡ Dominant systematics for the D+ is related 
to the backgrounds 

• to account for imperfect data-MC 

agreement of the decay-time distribution in 
the low-mass sideband

Systematics Breakdown
total uncertainties are 1.4 fs (D0) and 5.6 fs (D+)
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➡ Both the dominant contributions can be improved: 
• reduce bkg contamination in the D+ signal region 
• improved alignment algorithm already in place
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Parameter Fit result

D0 ! K�⇡+ D0 ! K�⇡+⇡+⇡� D+ ! K�⇡+⇡+

⌧ (fs) 410.5± 1.1 408.8± 1.2 1030.4± 4.7
b (fs) 3.30± 0.55 5.27± 0.64 7.5± 1.7
bbkg (fs) – – 4.4± 2.3
f1 0.969± 0.010 – –
s(1) 1.118± 0.013 1.1648± 0.0084 1.2887± 0.0099
s2 2.47± 0.18 – –
fb – – 0.08803± 0.00050
fbl – – 0.401± 0.017
fbl1 – – 0.825± 0.011
⌧b1 (fs) – – 153.1± 6.5
⌧b2 (fs) – – 818± 34

Table 2: Detailed results of the fits to the data.

Source Uncertainty (fs)

D0 ! K�⇡+ D0 ! K�⇡+⇡+⇡� D+ ! K�⇡+⇡+

Resolution model 0.16 0.46 0.39
Backgrounds 0.24 1.23 2.52
Detector alignment 0.72 0.43 1.70
Momentum scale 0.19 0.19 0.48
Input charm masses 0.01 0.01 0.03

Total systematic 0.8 1.4 3.1
Statistical 1.1 1.2 4.7

Table 3: Summary of uncertainties a↵ecting the lifetime measurements. The total sys-
tematic is the sum in quadrature of the individual components.
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Momentum scale 0.19 0.19 0.48
Input charm masses 0.01 0.01 0.03

Total systematic 0.8 1.4 3.1
Statistical 1.1 1.2 4.7

Table 3: Summary of uncertainties a↵ecting the lifetime measurements. The total sys-
tematic is the sum in quadrature of the individual components.
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➡ The systematic uncertainty is estimated as the sum in quadrature of the largest bias from the 
day-to-day configurations (stat) and the largest bias from the weak-mode configurations (syst)

Misalignment Configurations
systematic uncertainty estimation
➡ The misalignment configurations are generated in two different 

ways:
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(1) using day-to-day difference between alignments in real data 
to reproduce similar level of local alignment precision as 
obtained on an average alignment block 

(2) taking residual misalignments that are not corrected for by the 
alignment procedure of 9 different weak-mode deformations 
(radial/longitudinal expansion, telescope, curl, …), using the 
simulation of a misaligned detector

WEAK-MODE DEFORMATION EXAMPLE

stat

syst

x9

radial expansion
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➡ Consistent with current world averages 410.1±1.5 fs (D0) and 
1040±7 fs (D+).  

➡ World’s most precise measurements of the D0 and D+ lifetimes 
➡ Few ‰ accuracy (3.5‰ for the D0 and 5.4‰ for the D+) 

establishes excellent performance of our detector!  
➡ submitted to PRL, https://arxiv.org/abs/2108.03216

Results
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determined considering correlations between (systematic) uncertainties

6 Final results and conclusions735

A measurement of the D0 and D+ lifetimes is performed using data collected by Belle II736

during 2019 and 2020, and corresponding to an integrated luminosity of 72.0 fb�1. The D0
737

lifetime is measured in two di↵erent decay modes, D0
! K�⇡+ and D0

! K�⇡+⇡+⇡�;738

the blind results are:739

⌧(D0
! K�⇡+) = 416.1± 1.1± 0.8 fs ,740

⌧(D0
! K�⇡+⇡+⇡�) = 414.4± 1.2± 1.4 fs ,741

742

where the first uncertainties are statistical and the second systematic. They are consistent743

with each other within statistical uncertainties. The lifetime measured in theD0
! K�⇡+

744

mode is more precise and is used as nominal results. The D+ lifetime is measured using745

the D+
! K�⇡+⇡+ channel; the blind result is:746

⌧(D+) = 1036.0± 4.7± 3.1 fs .747
748

These are world’s most precise D0 and D+ lifetimes to date, and are still limited by the749

statistical uncertainties.750

After the green light for unblinding has been given, the final results are18751

⌧(D0) = 410.5± 1.1± 0.8 fs ,752

⌧(D+) = 1030.4± 4.7± 3.1 fs .753
754

They are consistent with the world-average values of 410.1±1.5 fs and 1040±7 fs, respec-755

tively [4]. Assuming that all systematic uncertainties are fully correlated between the two756

measurements, with the only exception of those due to the background contamination757

(which are assumed uncorrelated), the total correlation coe�cient is determined to be758

18%. The ratio between D+ and D0 lifetimes is, therefore, derived to be759

⌧(D+)

⌧(D0)
= 2.510± 0.015 .760

18
For completeness, the lifetime from the D0

! K�⇡+⇡+⇡�
mode is 408.8± 1.2± 1.4 fs.

60

riod. For the systematic contribution, we consider coherent global deformations of the206

vertex detectors with scales, determined by the most misaligned sensors, ranging from207

about 50µm to 700µm. For each, the full alignment procedure is run, yielding residual208

systematic misalignment with scales smaller than 4µm. Additional configurations are209

generated by misaligning the vertex detector while keeping the CDC perfectly aligned.210

Possible imperfections in the calibration of the beam-spot position are also introduced, by211

using beam-spot parameters measured on misaligned simulated control samples to fully212

mimic the procedure used for real data. For each misalignment configuration, the re-213

constructed signal candidates are fit and the lifetime bias is estimated. We estimate the214

systematic uncertainty due to imperfect detector alignment as the sum in quadrature of215

the statistical and systematic contributions, which are the largest lifetime biases observed216

in the corresponding misalignment configurations. The resulting uncertainties are 0.72 fs217

and 1.71 fs for D0 ! K�⇡+ and D+ ! K�⇡+⇡+ decays, respectively.218

The limited knowledge of the momentum scale, calibrated on data using high-yield219

samples of charm-, strange- and beauty-hadron decays, results into 0.19 fs and 0.48 fs220

uncertainties on the measured D0 and D+ lifetimes, respectively. Uncertainties on the221

world-average values of the D0 and D+ masses [2], used in the computation of the decay222

time, result negligible contributions when compared to other systematic uncertainties.223

As a cross-check, an independent measurement of the D0 lifetime is performed using224

approximately 146 ⇥ 103 D⇤+ ! D0(! K�⇡+⇡�⇡+)⇡+ decays reconstructed in data225

with criteria similar to those used for the D0 ! K�⇡+ mode and a signal purity of226

approximately 99%. The resulting lifetime, 408.8±1.2(stat)±1.4(syst) fs, is in agreement227

with the value determined from theD0 ! K�⇡+ mode. The larger systematic uncertainty228

is due to the larger background contamination.229

Finally, the internal consistency of the measurement is tested by repeating the full230

analysis in subsets of the data selected according to criteria that may potentially induce231

biases on the measured lifetimes (such as data-taking periods and conditions, charm meson232

momentum, flight direction and flavor), and by varying the selection requirements and233

the definition of the signal and sideband regions. In all cases the observed variations of234

the results are consistent with statistical fluctuations.235

In conclusions, the D0 and D+ lifetimes are measured using e+e�-collision data col-236

lected by Belle II during 2019 and the first half of 2020, and corresponding to an inte-237

grated luminosity of 72.0 fb�1. The results, ⌧(D0) = 410.5 ± 1.1(stat) ± 0.8(syst) fs and238

⌧(D+) = 1030.4 ± 4.7(stat) ± 3.1(syst) fs, are the world’s most precise to date and are239

consistent with previous determinations [2]. Assuming that all systematic uncertainties240

are fully correlated between the two measurements, with the only exception of those due241

to the background contamination (which are assumed uncorrelated), the total correlation242

coe�cient is determined to be 18%. The ratio between D+ and D0 lifetimes is derived to243

be ⌧(D+)/⌧(D0) = 2.510 ± 0.015. These results demonstrate the excellent performance244

of the vertexing capabilities of the Belle II detector, and prove an in-depth understanding245

of systematic e↵ects that could impact future decay-time dependent analyses of neutral-246

meson mixing and mixing-induced CP violation.247

7

D+

D0

https://arxiv.org/abs/2108.03216
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Thank you for your attention. 

Conclusions

➡ World’s most precise measurements of the D0 
and D+ lifetimes, the first one at a B-Factory 
experiment! 

➡ The expected excellent vertexing performance 
is established and will guarantee improved 
precision of time-dependent measurement, 
beyond the increase of luminosity 

➡ Stay tuned for many results on charm from 
Belle II in the next years!
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Thank you for your attention. 

72 fb−1

213 fb−1


