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• Search for 𝐶𝑃 Violation and Measurement of the Branching Fraction in the 

Decay 𝐷0 → 𝐾𝑆
0𝐾𝑆

0. 

– Phys. Rev. Lett. 119, 171801 (2017) 

 

• Search for 𝐶𝑃 violation in the decay 𝐷+ → 𝜋+𝜋0 at Belle. 

– Phys. Rev. D 97, 011101(R) (2018) 

 

• First measurement of 𝑇-odd moments in 𝐷0 → 𝐾𝑆
0𝜋+𝜋−𝜋0 decays. 

– Phys. Rev. D 95, 091101(R) (2017) 

 

• Search for 𝐷0 decays to invisible final states at Belle 

– Phys. Rev. D 95, 011102(R) (2017) 

 

Outline 
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KEK𝐵-factory 

• An asymmetric energy 𝑒+𝑒− collider at KEK. 

• LER(𝑒+): 3.5 GeV 

HER(𝑒−): 8 GeV 

Crossing angle: ±11 mrad 

 

 

 

 

 

 

 

 

• On resonance: 

– 𝑒+𝑒− → Υ 4𝑆 → 𝐵𝐵 : 710.5 𝑓𝑏−1 

– 𝑒+𝑒− → Υ 5𝑆 → 𝐵𝑠
(∗)
𝐵 𝑠
(∗)

: 121.4 𝑓𝑏−1 

• Continuum: 

– 𝑒+𝑒− → 𝑐𝑐 : : 89.2 𝑓𝑏−1 

– 𝑒+𝑒− → 𝑞𝑞 , (𝑞 = 𝑢, 𝑑, 𝑠) 

 Integrated luminosity of 921 𝒇𝒃−𝟏  

for charm measurement. 

 

http://www-acc.kek.jp/kekb/ 

http://www-acc.kek.jp/kekb/ 

http://www.lns.cornell.edu/public/lab-info/upsilon.html 

2018/07/06 Yun-Tsung Lai (KEK) @ ICHEP 2018, Seoul, Korea 3 

http://jp.f35.mail.yahoo.co.jp/ym/ShowLetter/ringanimation2M.gif?box=Inbox&MsgId=2406_9445966_98224_1696_384623_0_1738_499387_3403004772&bodyPart=1.4&filename=ringanimation2M.gif&tnef=&YY=43275&order=down&sort=date&pos=0&view=a&head=b


Belle Detector 
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m / KL detection 
 14/15 lyr. RPC+Fe 

Central Drift Chamber 

       small cell +He/C2H6 

CsI(Tl)  
   16X0 

 Aerogel Cherenkov cnt. 
              n=1.015~1.030 

Si vtx. det. 
   3/4 lyr. DSSD 

TOF counter 

SC solenoid 
   1.5T 

8 GeV e- 

3.5 GeV e+ 



• 𝐶𝑃 violation (𝐶𝑃𝑉) in charm meson decays: not observed yet, ~𝑂(10−3) in SM. 

 

 

• Single Cabibbo-suppressed  (SCS) decays: Possible interference with New physics 

(NP) amplitudes could lead to nonzero 𝐶𝑃𝑉. 

 

 

•                                                   , Γ: partial decay width, 𝑓: final state 

 
 

𝐶𝑃 violation in charm meson decays 
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= (-0.032 ± 0.026)% (word average) 

Direct 𝑪𝑷𝑽, 

mode-dependent. 

Due to 𝐷0- 𝐷 0 mixing 

Interference between decays  

w/ and w/o mixing 

d m i

CP CP CPA A A + +

Y. Grossman, A. L. Kagan, and Y. Nir 
Phys. Rev. D 75, 036008 (2007) 

S. L. Glashow, J. Iliopoulos, and L. Maiani 
Phys. Rev. D 2, 1285 (1970) 

 G. Hiller et al. 
Phys. Rev. D 87 014024 (2013) 

Y. Amhis et al. 
arXiv:1612.07233 



• Measured raw asymmetry by the fitted yield of different flavors’ cases: 

 

 

  

– 𝐴F𝐵: Forward-backward asymmetry of 𝐷 

– 𝐴𝜖
±: Due to different detection eff. of 𝜋± 

– 𝐴𝜖
𝐾: Due to strong interaction of 𝐾0/ 𝐾 0 with detector material. 

 

• By measuring 𝐴𝑟𝑎𝑤 of another mode 𝐷 → 𝑓′ with well-measured 𝐴𝐶𝑃: 

–   

 

 

• Normalization mode for branching fraction measurement: 

 

 

– To avoid large uncertainty of inclusive yield and to cancel the common 

systematic uncertainties. 

 

 

 

 

 

 

𝐴𝐶𝑃 measurement in charm meson decays at Belle 
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• SCS of 𝐷 decays: 

– Promising to see 𝐶𝑃𝑉 in 𝐷0 → 𝐾𝑆
0𝐾𝑆

0 due to interference of 𝑐𝑢 → 𝑠 𝑠 and 

𝑐𝑢 → 𝑑 𝑑 with the tree-level exchange of a 𝑊 boson. 

– Sensitive to new SM contributions from strong penguin operators, especially 

chromomagnetic dipole operators. 

– A SM-based calculation: 95% C.L. upper limit of direct 𝐶𝑃𝑉: 1.1%  

 

• Previous result of 𝐴𝐶𝑃: 

– First result by CLEO with 13.7 𝑓𝑏−1 of 𝑒+𝑒− → Υ 4𝑆 : (–23 ± 19)% 

– LHCb: (–2.9 ± 5.2 ± 2.2)% 

– Both show expectation with SM: no 𝐶𝑃𝑉. 

 

• Branching fraction by BESIII with 2.93 𝑓𝑏−1 at 𝜓(3770):  

– (1.67 ± 0.11 ± 0.11) × 10−4 

 

 

𝐷0 → 𝐾𝑆
0𝐾𝑆

0 - Motivation 
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U. Nierste and A. Schacht 
Phys. Rev. D 92 054036 (2015) 

G. Bonvicini et al.  
(CLEO) 

Phys. Rev. D 63 

071101(R) (2001) R. Aaij et al. (LHCb) 
JHEP 10 055 (2015) 

M. Ablikim et al. (BESIII) 
Phys. Lett. B 765 231 (2017) 

N. Dash et al. (Belle) 
Phys. Rev. Lett. 119, 171801 (2017) 



• Normalization mode: 𝐷0 → 𝐾𝑆
0𝜋0 

 

• Reconstruct 𝐷∗+ → 𝐷0𝜋𝑠𝑙𝑜𝑤
+  to identify 𝐷0  

flavor and to suppress combinatorial bkg. 

 

• Extended unbinned maximum likelihood  

fit on Δ𝑀 ≡ 𝑀𝐷∗+ −𝑀𝐷0. 

– Simultaneously for 𝐷∗+ and 𝐷∗−. 

 

 𝑨𝑪𝑷(𝑫
𝟎 → 𝑲𝑺

𝟎𝑲𝑺
𝟎) = (–0.02 ± 1.53)% 

 

  
ℬ 𝑫𝟎→𝑲𝑺

𝟎𝑲𝑺
𝟎

ℬ 𝑫𝟎→𝑲𝑺
𝟎𝝅𝟎

 = (1.101 ± 0.023)% 

 

 Consistent with null asymmetry. 

 

𝐷0 → 𝐾𝑆
0𝐾𝑆

0 - Result 
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N. Dash et al. (Belle) 
Phys. Rev. Lett. 119, 171801 (2017) 
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• Δ𝐴𝐶𝑃 𝐷0 → 𝐾+𝐾−, 𝐷0 → 𝜋+𝜋− = −0.656 ± 0.154 % 

 

• SCS: requires additional strong and weak phases besides those in the tree diagram to 

have a sizable 𝐶𝑃𝑉. The phase can appear either in strong or electroweak loop. 

– Strong loop case: can’t contribute to 𝐼 = 2 final state of 𝜋+𝜋0. 

– Electroweak loop case: too small amplitude for interference to have 𝐶𝑃𝑉. 

– Any hint could lead to NP. 

 

• A paper suggests to check the sum rule related to asymmetry of three isospin related 

𝐷 → 𝜋𝜋 modes. Y. Grossman, A. L. Kagan, and J. Zupan. Phys. Rev. D 85, 114036 (2012) 

 

 

 

 

– 𝐵: branching fraction of the 3 modes. 𝜏: lifetime of the 𝐷 mesons 

– If 𝑅 is consistent with 0 while 𝐴𝐶𝑃(𝐷
+ → 𝜋+𝜋0) is not.  hint of NP. 

– 𝐴𝐶𝑃(𝐷
0 → 𝜋+𝜋−) = (+0.13 ± 0.14)%  (world average) 

– 𝐴𝐶𝑃(𝐷
+ → 𝜋0𝜋0) = (–0.03 ± 0.64 ± 0.10)% 

 

 

𝐷+ → 𝜋+𝜋0 - Motivation 
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Y. Amhis et al. (HLAG) 
arXiv: 1207.1158. 
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N. K.Nisar et al. (Belle) 
Phys. Rev. Lett. 112, 211601 (2014) 

V. Babu et al. (Belle) 
Phys. Rev. D 97, 011101(R) (2018) 



• Normalization mode: 𝐷+ → 𝐾𝑆
0𝜋+ 

 

• Reconstruct 𝐷∗+ → 𝐷+𝜋𝑠𝑙𝑜𝑤
0 and then  

untagged 𝐷+ as well. 

 

• Two selections for 𝑝𝐷∗
∗  : 

– > 2.95 GeV/𝑐: optimal S/N 

– 2.5 ~ 2.95 GeV/𝑐: increase statistics,  

high enough to exclude 𝐷 from 𝐵. 

 

• 1D likelihood fit on 𝑀𝐷+. 

 

 𝑨𝑪𝑷(𝑫
+ → 𝝅+𝝅𝟎) = (+2.32 ± 1.24 ± 0.23)% 

 

 𝑹 = (–2.2 ± 2.7)× 𝟏𝟎−𝟑 

 

 Consistent with null asymmetry. 

 

 

 

 

 

𝐷+ → 𝜋+𝜋0 - Result 
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𝒑𝑫∗
∗  > 2.95 GeV/𝒄 

2.5 ~ 2.95 GeV/𝒄 

𝑫∗+ 

𝑫∗+ 

𝑫∗− 

𝑫∗− 

V. Babu et al. (Belle) 
Phys. Rev. D 97, 011101(R) (2018) 

Dotted blue: Total bkg 

Green: Peaking bkg 

 



• Large branching fraction: 5.2%. 

– First measurement by MARK III with only 140 events. 

– In this measurement, we use data of 966 𝑓𝑏−1 including all data from 

Υ 1𝑆 ~Υ 5𝑆 . 

 

• First measurement of time-reversal (𝑇) asymmetry in 𝐷+ → 𝐾𝑆
0𝜋+𝜋−𝜋0 decays, 

sensitive to 𝐶𝑃𝑉 via the 𝐶𝑃𝑇 theorem. 

 

 

• By using scalar triple products  

to define two asymmetry parameters: 

 

 

 

 

• CP-sensitive parameter to cancel final-state effect: 

 

 

𝑇-odd moments in 𝐷0 → 𝐾𝑆
0𝜋+𝜋−𝜋0  
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K. Prasanth et al. (Belle) 
Phys. Rev. D 95, 091101(R) (2017) 
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• 2D fit on Δ𝑀 and 𝑀𝐷0 with reconstructing 𝐷∗+ → 𝐷0𝜋𝑠𝑙𝑜𝑤
+ . 

• Simultaneous fit on the four categories of 𝐶𝑇 and 𝐶 𝑇  : 

 

 

𝐷0 → 𝐾𝑆
0𝜋+𝜋−𝜋0 - Result 
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K. Prasanth et al. (Belle) 
Phys. Rev. D 95, 091101(R) (2017) 

𝑪𝑻 > 0 𝑪𝑻 < 0 

-𝑪 𝑻 > 0 -𝑪 𝑻 < 0 

 𝒂𝑪𝑷
𝑻−𝒐𝒅𝒅 = (–0.28 ± 𝟏. 𝟑𝟖−𝟎.𝟕𝟔

+𝟎.𝟐𝟑)× 𝟏𝟎−𝟑 

 Consistent with null asymmetry 

 

 

 Yield = 744509 ± 1622 

 𝑨𝑻 = (11.60 ± 0.19)% 
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• Results of 9 exclusive regions in 𝐾𝑆
0𝜋+𝜋−𝜋0 phase space. 

 

 No evidence of 𝑪𝑷𝑽 in various bins of the phase space. 

𝐷0 → 𝐾𝑆
0𝜋+𝜋−𝜋0 - Result (cont’d) 
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K. Prasanth et al. (Belle) 
Phys. Rev. D 95, 091101(R) (2017) 



• 𝐷0 → 𝜈𝜈  : helicity suppressed in SM as 𝑂(10−30 ). 

• Branching fraction of 𝐵/𝐷 meson decays with invisible final state can be enhanced 

under various Dark Matter models (as large as 𝑂(10−15)). 

 

• Charm tagger method to select an inclusive 𝐷0 sample 

– The process is fully reconstructed: 

𝒆+𝒆− → 𝒄𝒄 → 𝑫𝒕𝒂𝒈
(∗)

𝑿𝒇𝒓𝒂𝒈𝑫𝒔𝒊𝒈
∗− ,   𝑫𝒔𝒊𝒈

∗− → 𝑫 𝒔𝒊𝒈
𝟎 𝝅𝒔

− 

– 1D fit on recoil 𝐷0 mass: 𝑀𝐷0 ≡ 𝑀𝑚𝑖𝑠𝑠 𝐷𝑡𝑎𝑔
∗
𝑋𝑓𝑟𝑎𝑔𝜋𝑠

−  
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𝐷0 → invisible - Introduction 

A. Badin and A. A. Petrov 
Phys. Rev. D  82, 034005 (2010) 

Y.-T. Lai et al. (Belle) 
Phys. Rev. D 95, 011102(R) (2017) 

• ℬ 𝑫𝟎 → 𝒇 =
𝑵𝒔𝒊𝒈(𝑫

𝟎→𝒇)

𝝐×𝑵
𝑫𝟎
𝒊𝒏𝒄𝒍.  

– 𝑁𝑠𝑖𝑔(𝐷
0 → 𝑓): the fitted signal yield of exclusive 𝐷0 → 𝑓  

– 𝜖: reconstruction efficiency within the inclusive 𝐷0 sample.  

– 𝑁𝐷0
𝑖𝑛𝑐𝑙.: the number of inclusive 𝐷0 = 𝟔𝟗𝟒𝟔𝟔𝟕−𝟏𝟓𝟔𝟑

+𝟏𝟒𝟗𝟒 

 

 

Absolute branching fraction measurement 

with the inclusive 𝑫𝟎 sample: 



• No remaining final state particles associated with 𝐷 𝑠𝑖𝑔
0 . 

 Events from inclusive 𝐷0 sample with remaining tracks, 𝜋0, 𝐾𝐿
0, 𝐾𝑆

0, Λ/Λ  are vetoed. 

• 2D fit with 𝐸𝐸𝐶𝐿 and 𝑀𝐷0. 

– 𝐸𝐸𝐶𝐿: Residual energy in the Electromagnetic Calorimeter (ECL). 

 Signal yield = −𝟔. 𝟑−𝟐𝟏.𝟎
+𝟐𝟐.𝟓.   

 𝓑(𝑫𝟎 → invisible) < 𝟗. 𝟒 × 𝟏𝟎−𝟓 at 90% C.L. 

 

 

𝐸𝐸𝐶𝐿 < 0.5 GeV 𝑀𝐷0  > 1.86 GeV/𝑐2 

𝐷0 → invisible - Result 
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Y.-T. Lai et al. (Belle) 
Phys. Rev. D 95, 011102(R) (2017) 



• We report the 𝐶𝑃 Violation measurement of 𝐷0 → 𝐾𝑆
0𝐾𝑆

0 and 𝐷+ → 𝜋+𝜋0  

– By measuring the 𝐴𝐶𝑃 parameter along with their normalization modes.  

– For both modes, the asymmetries are observed to be consistent with zero. 

 

• Measurement of 𝑇-odd moments in 𝐷0 → 𝐾𝑆
0𝜋+𝜋−𝜋0 decays is also reported  

– By using the scaler triple products and the 𝑇-odd parameter.  

– The asymmetries in various bins of phase space are all consistent with zero. 

 

• Search for 𝐷0 decays to invisible final states 

– No significant yield observed. 

– ℬ(𝐷0 → invisible) < 9.4 × 10−5 at 90% C.L. 

 

• We expect 40 times of integrated luminosity in Belle II. The 𝐶𝑃𝑉 and rare decays 

measurements of charm mesons can be further improved with higher precision. 

 

Summary 
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Backup 
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𝐷0 → 𝐾𝑆
0𝐾𝑆

0 - Systematics 
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N. Dash et al. (Belle) 
Phys. Rev. Lett. 119, 171801 (2017) 



• The sum rule: 

 

 

 

– 𝐴𝑘 is normalized:  

 

–  
breakup momentum in the 𝐷 rest frame. 𝑖 and 𝑗: pion daughters. 

– 𝜏0(+): the appropriate lifetime of 𝐷0(+). 

 

• The sum rule can be written by the relation  

 

 

 

𝐷+ → 𝜋+𝜋0 - Sum rule 
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• Fit result of the untagged 𝐷+ → 𝜋+𝜋0 sample, and background-substracted 

distributions. 

 

 

 

𝐷+ → 𝜋+𝜋0 - Other fit results 
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V. Babu et al. (Belle) 
Phys. Rev. D 97, 011101(R) (2018) 



• Fit result of the 𝐷+ → 𝐾𝑆
0𝜋0. 

 

 

 

𝐷+ → 𝜋+𝜋0 - Other fit results (cont’d) 
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𝒑𝑫∗
∗  > 2.95 GeV/𝒄 2.5 ~ 2.95 GeV/𝒄 

𝑫∗+ 𝑫∗+ 𝑫∗− 𝑫∗− 

Untagged 

𝑫+ 𝑫− 
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