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CP violation in charm
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CPV in D0→(Κ+Κ—, π+π—)- Highly suppressed in the standard model.   
Discovery tool for new physics.     

- Observed in D0→(Κ+Κ—, π+π—) decays  
[PRL 122, 211803 (2019)], value in the 
standard model ballpark. Need better 
control of QCD to get its origin. 

- Expand the search: look for CPV in radiative 
decays, test isospin sum-rules and SU(3) 
related modes… 

- Huge program of measurements, where 
Belle/Belle II role with neutrals is crucial



- Belle, steady and fruitful production  
of new results continues, although  
data-taking finished >10 years ago: 
   arXiv:2106.04286, submitted to JHEP 
    Phys. Rev. D 103, 112005 (2021)  
    arXiv:2103.06496, submitted to Phys. Rev. D 
    JHEP 06(2021)160,  
    Phys. Rev. D 103, 112002 (2021),  
    Phys. Rev. D 103, 111101 (2021),  
    Phys. Rev. D 103, 072004 (2021),  
    Phys. Rev. D 103, 072003 (2020),  
    Phys. Rev. D 103, 072002 (2020),  
    … … …  

Today results from Belle
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CPV and BR for  
D0→(Κ+Κ—η, π+π—η, φη)

CPV and BR for  
Ds+→(K+η, K+π0, π+η, π+π0)
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CPV and BR for  
D0→(Κ+Κ—η, π+π—η, φη)

CPV and BR for  
Ds+→(K+η, K+π0, π+η, π+π0)

Precise measurement of   
D0 and D+ lifetimes 
Brand new, exclusive for EPS!

- Belle II, getting ready for mixing and  
decay-time-dependent CPV analyses

Today results from Belle and Belle II

- Belle, steady and fruitful production  
of new results continues, although  
data-taking finished >10 years ago: 
   arXiv:2106.04286, submitted to JHEP 
    Phys. Rev. D 103, 112005 (2021)  
    arXiv:2103.06496, submitted to Phys. Rev. D 
    JHEP 06(2021)160,  
    Phys. Rev. D 103, 112002 (2021),  
    Phys. Rev. D 103, 111101 (2021),  
    Phys. Rev. D 103, 072004 (2021),  
    Phys. Rev. D 103, 072003 (2020),  
    Phys. Rev. D 103, 072002 (2020),  
    … … …  



- Operated in asymmetric-energy 
e+e—  collisions provided by KEKB 

- Good performances on 
momentum/vertex resolution and 
particle identification.  

- In about 10 years, accumulated a 
sample of ~1 ab—1 

-

Belle 
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CPV and BR for Ds+→(K+η, K+π0, π+η, π+π0)
- Reconstruct both Ds*→Ds γ tagged 

and untagged Ds+ decays from  
921 fb-1 of data. 

- Measure CP asymmetries and 
branching fractions (relative to  
Ds+ →[φ→K+K-]π+).  

- Suppress background with neural-net 
classifiers exploiting signal kinematic 
and topology.  

- Measures raw asymmetries from 
fitted signal yields, and correct for K+ 

and π+ efficiency asymmetries.

Untagged Tagged

D s
+ →

K+
π0

D s
+ →

K+
η
[Phys. Rev. D 103, 112005 (2021)]6



- Obtain world’s best results 
for both BR and  
CP asymmetries.  

- No evidence of Ds+→π+π0, 
set an upper limit on its BR. 

- No evidence of CP violation 
in these decays.

[Phys. Rev. D 103, 112005 (2021)]

CPV and BR for Ds+→(K+η, K+π0, π+η, π+π0)
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Uncertainties: stat, syst, and from BR(Ds+ →[φ→K+K-]π+)



CPV and BR for  
D0→(Κ+Κ—η, π+π—η, φη)

- D*-tagged decays from 980 fb-1 of data. 

- Measure CP asymmetries and branching 
fractions (relative to D0 →Κ—π+ η).  

- Fit the Q-values distributions and correct the 
signal yields in bins of the Dalitz plot 

- Measure  Araw = ACP+AFB + Aε
πsoft

What we want
γ-Z interference, odd in cosθ*

Cancel with weights for πsoft(pT,cosθ)
[arXiv:2106.04286] 8



CPV and BR for D0→(Κ+Κ—η, π+π—η, φη)
- First search for CPV in D0→(π+π—η, φη). 

No evidence of asymmetries found.

- First observation of the 
color-suppressed decay 
D0→φη. Improved 
determination of the 
branching fractions of 
D0→(Κ+Κ—η, π+π—η) 

arXiv:2106.04286 
submitted to JHEP

D0→φη
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Belle II

Central Drift Chamber 
Spatial resolution: 100 m 

 resolution: 5% 
 resolution: 0.4%

μ
dE /dx

pT

Vertex Detector 
Vertex resolution: 15 mμ

Particle identification 
K eff. 90%, fake π rate 5%

EM Calorimeter 
Energy resolution: 4%-1.6%- 2nd generation B-factory detector, 

aiming at collecting 50x Belle dataset 

- SuperKEKB: nano-beams scheme 
with aggressive vertical focusing, 
holds world luminosity record of 
~3.1x1034 cm-2 s-1 

- Data-taking started in 2019.  
Currently ~210 fb-1 of data on disk. 

- Much improved vertexing w.r.t. Belle:  
first silicon layer (pixel) at only 1.4 cm  
from the interaction region.
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- High-precision measurement of  
D lifetimes proves excellent vertexing 
performance and in-depth 
understanding of systematic effects for 
time-dependent CPV/mixing analyses. 

- World’s best D lifetimes from FOCUS:  
sub-1% precision dominated by 
systematic uncertainty.  
No update since then (~20 years).  

- Early Belle II dataset already competitive.  
Controlling systematics is crucial.

Impact on decay-time-dependent analyses

G. Casarosa, ICHEP 2020 
 (Belle II with 9 fb-1)

11



- Select high-purity samples of D*-tagged  
D0→K–π+ and D+→K–π+π+ decays.  
Avoid any cut that biases the decay time. 

- Get the decay-time (and its uncertainty) from the 
displacement between the decay vertex and the 
interaction region (and the D momentum).    

- Fit the distribution of the decay time with 
accurate modelling of the resolution 

- Check, check and check… any systematic bias 
associated to the measurement 

At a glance

⟨dD0⟩ ∼ 200 μm
⟨dD+⟩ ∼ 500 μm
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- High-purity samples, selected to limit background-related systematic uncertainty.  

Signal decays

~171K D*+→D0(→K–π+)π+ ~59k D*+→D+(→K–π+π+)π0

0.2%  
bkg

9%  
bkg

Preliminary Preliminary
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- Fit to unbinned (t,σt) distribution 

- Background neglected for 
D0→K–π+, while it is modelled 
using data sidebands for 
D+→K–π+π+ 

- Resolution function  
(2 gaussian for D0,  
gaussian for D+)  
determined directly in data. 
Width of ~60-70 fs.

Lifetime fit Preliminary Preliminary

Preliminary Preliminary
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- Most critical contribution from 
misalignment of the vertex 
detector, as it affects the scale  
of the flight length.  
Periodic calibration with control 
data measures misaligned sensors  
with few μm accuracy. 

- For D+ dominant systematic from 
background modelling.  

- Both contributions can improve. 

Uncertainty budget
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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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- Validation with independent sample of D*+→D0(→K–π+π—π+)π+.  
Different decay topology, larger (~1%) background contamination than D0→K–π+. 
Measure D0 lifetime with 1.2 fs precision (stat-only) in agreement with D0→K–π+ result.
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(Preliminary) Results

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
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For completeness, the lifetime from the D0

! K�⇡+⇡+⇡�
mode is 408.8± 1.2± 1.4 fs.
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More precise than, and consistent with,  
the respective world-average values  

(410.1±1.5 fs and 1040±7 fs).

Determine also lifetimes ratio considering 
correlations between uncertainties:  

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
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Few-per-mille accuracy establishes 
excellent performance of our detector!

16



- Belle continues to harvest new 
results on charm to improve  
CPV and BR measurements. 

- Belle II in great shape: 
established excellent vertexing 
performance with world’s best  
D lifetimes measurement.  

- Have already >200 fb-1 of data 
on disk currently being analysed. 
New results soon to come!

Conclusion and prospect

72 fb-1 
shown today

213 fb-1 
on disk
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Backup



Ds+→(K+η, K+π0, π+η, π+π0): systematic errors

19

CP asymmetries



D0→(Κ+Κ—η, π+π—η, φη): systematic errors
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