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(+ few more people connected remotely)
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• charm golden channels

• status of the ongoing work
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Are there Golden Channels in Charm?
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➡ Theory needs experimental inputs not only to check the final predictions but also to test the 
model hypotheses 

• employ a parameterisation that is appropriate for the level of precision expected in the           
BelleII/LHCb-upgrade era

• infer the presence of NP in direct CPV measurements using SM SU(3) relations (+ evaluate SU(3) 
breaking)

➡ Golden Channel does not only mean “sensitive to NP”  charm.

• e.g. D+ →π+π0  is golden since SM contribution to ACP is small and there are no QCD penguins to 
estimate 

[IJMP A21, 5686 (2006)]

current
experimental 

precision

➡ The Standard Model predictions on mixing and CP 
Violation parameters are affected by large 
uncertainties due to the difficulties in the 
computation of the dominant long-distance 
contributions:

• computation of D-mixing diagrams is non 
perturbative

• the available computational power is not 
enough for lattice QCD
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The (many) Charm Golden Channels

D0

, D0 →ωγ, D0 →γγ

, D0 →KS π0, more FCNC
time-dependent CPV & mixing,

time-integrated analyses, ACP

time-integrated analyses, ACP

Dalitz Plot Analyses
time-dependent CPV & mixing

NP searches

important for lattice QCD

(more exotic stuff)

e.g. light dark matter searches

+ T violation with D0 →KS π0π+π–
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basf2 Simulation Studies

D0

, D0 →ωγ, D0 →γγ

, D0 →KS π0, more FCNC
time-dependent CPV & mixing,

time-integrated analyses, ACP

time-integrated analyses, ACP

Dalitz Plot Analyses
time-dependent CPV & mixing

NP searches

important for lattice QCD

(more exotic stuff)

e.g. light dark matter searches

+ T violation with D0 →KS π0π+π–

Jake (CMU) will start looking at
leptonic reconstruction in basf2

Giulia (+…any volunteer?) will start
looking at the ACP analysis in basf2

Alan is studying BelleII sensitivity to CPV, 
given the improvement in t resolution

The D0 →γγ analysis is near completion in Belle,
➪ estimate sensitivity at BelleII (TATA)

The D0 →Vγ analysis is near completion in Belle,
➪ estimate sensitivity at BelleII (Ljubljana)

The D0 →KSπ0π+π– analysis is ongoing in Belle,
➪ estimate sensitivity at BelleII (Chennai)

Giacomo (Pisa) is studying the feasibility 
of prompt D0 flavour tagging:

increase the statistics + provide control 
samples for many analysis

what’s the ultimate 
prediction on x?
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Proper Time Resolution for e+e–→D X
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60nm
10µm

K+

K–

D0

beam spot
profile

TRANSVERSE PLANE

NOTE: the cartoon is not to scale

BelleII MC
PRELIMINARY resolution 

of 0.15 ps       D0→K+K–

proper time resolution

D0 decay vertex:
mass-constrained fit

D0 production vertex:
beam-spot constrained fit

       D0→K+K–

➡ We can measure the proper time of D0 coming directly from the hadronization of the 
charm quark with comparable precision. 

➡ This measurement was not possible at B-Factories
➡ The flavour of the D0 at production cannot be tagged in the standard way (D*→D0π)

NOT
YET!!
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➡ Only 1/4 of the D0 produced in the e+e– → cc events are flavour 
tagged with D*+→D0π+ and used for CP violation measurements

➡ Implement a reconstruction technique that allows to tag the flavour 
the rest 75% of produced D0 looking at the rest of the event

• select events with one single charged K in the rest of the event

Prompt D0 Flavour Tagging
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charged D* 
25%

neutral D* 
35%

prompt 
40%

D0 mothers in cc events

➡ First Results are encouraging 20% reconstruction efficiency

Giacomo 
De Pietro

see Giacomo’s slides
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Charm from B Decays
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B0 → D*+ ℓ– 𝜈,     

 → D0 π+

D0

e+ e–

B0

B0

π+

𝜈ℓ–

Partial Reconstruction of the B assuming…
➡ B0 is at rest in the center-of-mass of the Y(4S) 

(p=380MeV/c)
➡ D0 produced at rest in the center-of-mass of 

the D*+, therefore:
• p(D*+) = α + β p(πs)
• D*+ and πs have the same direction

…allows to compute the Mν2 peaking at 0 for signal.

Estimate from BABAR (200fb–1onPeak + 22 fb–1 offPeak):

tag # signal purity 1 ab–1

e 2150 52% 6M

μ 1740 55% 4.8M

= 10M/ab tagged D0

[M.Rotondo, F.Simonetto]

NOT
YET!!
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➡ D →𝝂𝝂 decay is helicity suppressed in the SM resulting in a tiny branching ratio:

• BR(D →𝝂𝝂) ≃ 1.1 10–30, adding a photon in the final state BR(D →𝝂𝝂γ) ≃ 4 10–14

➡ New Physics may enhance the branching ratio:

• add a particle in the final state

• introduce other ways of flipping helicity 

➡ Missing Energy does not always mean neutrinos!

• can be light dark matter candidates: D → invisible puts nice constraints on light 
dark matter properties!

➡ Extremely challenging from the experimental side

• can use D from B decays and fully reconstruct the other B…

• expected dominant background from KL

Dark Matter Searches in Charm?
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NOT
YET!!
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➡ BelleII can do better in charm w.r.t. B-Factories than just luminosity scaling!

➡ basf2 simulations are needed in order to better estimate the improvements of 
channels already done at B-Factories and to have the first estimations on new 
channels/analyses

➡ The simulation activity has started!

• mostly Belle students extrapolating to BelleII

• Giacomo De Pietro on prompt D0 tagging

• Jake Bennet (on leptonic/semileptonic reconstruction)

• more people needed…

➡ There are interesting things to do: new/better detector = new things we can do 

➡ Let’s grow the Italian contribution to charm…

Conclusions

9
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Charm

iCharm
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backup slides
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backup slides
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General Comments from the Experimental Side

A. Schwartz

★ Need basf2 simulation studies in order to have a better estimate of the expected 
precision that takes into account improvements in the detector & reconstruction 
techniques for the other channels 

• the impact of the better time resolution on the mixing parameters has been 
evaluated with basf2 simulation + ToyMC

★ good criteria to select among the 
many channels and observables  
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D0

, D0 →ωγ, D0 →γγ

, D0 →KS π0, more FCNC
time-dependent CPV & mixing,

time-integrated analyses, ACP

time-integrated analyses, ACP

Dalitz Plot Analyses
time-dependent CPV & mixing

NP searches

important for lattice QCD

(more exotic stuff)

e.g. light dark matter searches

+ T violation with D0 →KS π0π+π–
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CP Asymmetries

 

D0 →K+K–,  D →π+π–
[t] remember the ΔACP saga: is it NP or SM? Need to estimate the size of 

penguin/penguin contractions VS tree: hard to do
[t] measuring BR and ACP one can combine modes using sum rules and getting 

rid of the direct estimation of the SM contribution
[e] it’s worth doing these evergreen modes, the extrapolated final precision is 

comparable with LHCb

 
 D+ →π+π0

[t] golden since SM contribution to ACP is small
[t] no QCD penguin contribution (hard to estimate)

 [e]  can do modes with neutrals in the final state that LHCb can’t do
[e]  improved KS reconstruction efficiency
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D0

, D0 →ωγ, D0 →γγ

, D0 →KS π0, more FCNC
time-dependent CPV & mixing,

time-integrated analyses, ACP

time-integrated analyses, ACP

Dalitz Plot Analyses
time-dependent CPV & mixing

NP searches

important for lattice QCD

(more exotic stuff)

e.g. light dark matter searches

+ T violation with D0 →KS π0π+π–
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Time-Dependence on ACP

 

ACP(t)
[t] study the time-dependence of  ACP to increase sensitivity to CPV in the 

interference between decays with and without mixing
[e] We can do it.  Time resolution may not be sufficient to give precision 

measurement of the difference in oscillation period between D0 and D0,  
need to be studied.

[e] D0 from D* and prompt D0 have compatible time resolutions, and a 
factor 2 better than Belle
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D0

, D0 →ωγ, D0 →γγ

, D0 →KS π0, more FCNC
time-dependent CPV & mixing,

time-integrated analyses, ACP

time-integrated analyses, ACP

Dalitz Plot Analyses
time-dependent CPV & mixing

NP searches

important for lattice QCD

(more exotic stuff)

e.g. light dark matter searches

+ T violation with D0 →KS π0π+π–
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NP Searches in Radiative Decays

 

D0 →ρ0γ, D0 →ωγ (i.e.: D0 →Vγ)
[e] BelleII can do modes with photons in the final state that LHCb can not do
[t] long distance (LD) contributions are dominant
[t] LD contributions complicate the interpretations of the measurements
[t] find combinations of channels in which the LD contributions cancel:

Ruuγ = ( Γ(D0→ωγ) – Γ(D0→ργ) ) / Γ(D0→ωγ) 

ρ0 = (uu - dd)/√2     vs     ω = (uu + dd)/√2 

 
[t] also consider isospin asymmetries:

RI = ( 2Γ(D0→ρ0γ) – Γ(D+→ρ+γ) ) / (the sum) 

 [same for ω]
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D0

, D0 →ωγ, D0 →γγ

, D0 →KS π0, more FCNC
time-dependent CPV & mixing,

time-integrated analyses, ACP

time-integrated analyses, ACP

Dalitz Plot Analyses
time-dependent CPV & mixing

NP searches

important for lattice QCD

(more exotic stuff)

e.g. light dark matter searches

+ T violation with D0 →KS π0π+π–
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Modes with KS in the Final State

 

D0→KSKS & KS in the final states

[t] Uli Nierste:  SM direct CPV contribution 
smaller than 1.1% (D0 →KSKS)
(Phys. Rev. D 92, 054036)

[e] K0 regeneration in the material may be one of the limiting systematics 
at 50 ab–1 for  ACP measurements and it should be carefully evaluated

[e] CPV in K0 should also be treated correctly
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D0

, D0 →ωγ, D0 →γγ

, D0 →KS π0, more FCNC
time-dependent CPV & mixing,

time-integrated analyses, ACP

time-integrated analyses, ACP

Dalitz Plot Analyses
time-dependent CPV & mixing

NP searches

important for lattice QCD

(more exotic stuff)

e.g. light dark matter searches

+ T violation with D0 →KS π0π+π–
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Other Scattered Comments on Hadronic Modes

 
[t] look for CP asymmetries in localised regions of the Dalitz Plots
[e] Yes we can do it, done already with D0→K+π–π0 at BABAR

[t] D→VV modes can help constrain LD contributions to the mixing 
parameters
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D0

, D0 →ωγ, D0 →γγ

, D0 →KS π0, more FCNC
time-dependent CPV & mixing,

time-integrated analyses, ACP

time-integrated analyses, ACP

Dalitz Plot Analyses
time-dependent CPV & mixing

NP searches

important for lattice QCD

(more exotic stuff)

e.g. light dark matter searches

+ T violation with D0 →KS π0π+π–
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Leptonic Decays 

 

[e] D+ decays not measured at Belle: no estimation on BR
[e] Anze has provided some results with Belle MC
[e] KL will be the limitation of this measurement, a veto must be studied
[e] can try new reconstruction techniques given the better 

performances of tracking and vertexing
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D0

, D0 →ωγ, D0 →γγ

, D0 →KS π0, more FCNC
time-dependent CPV & mixing,

time-integrated analyses, ACP

time-integrated analyses, ACP

Dalitz Plot Analyses
time-dependent CPV & mixing

NP searches

important for lattice QCD

(more exotic stuff)

e.g. light dark matter searches

+ T violation with D0 →KS π0π+π–
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Dark Matter Searches

 

D →invisible, D →invisible γ  
[t] branching ratio of D→νν is tiny in SM (helicity suppression)
[t] branching ratio of D→νν(γ) is still tiny in SM 
[t] missing energy can be something different from neutrinos!
[t] nice constraints on light dark matter (and light higgs) properties
[e]experimentally very challenging. Can think of using D from fully 

reconstructed B events to reduce the background, but pay in terms of 
reconstruction efficiency
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Theory Motivational Speech
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A. Petrov
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A. Petrov

D→γγ

D→μμ
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A. Petrov
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Extrapolations on Time-Integrated Measurements
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Direct CPV

mode L (fb�1) A

CP

(%) Belle II at 50 ab�1

D

0 ! K

+

K

� 976 �0.32± 0.21± 0.09 ±0.03
D

0 ! ⇡+⇡� 976 +0.55± 0.36± 0.09 ±0.05
D

0 ! ⇡0⇡0 976 ⇠ ±0.60 ±0.08
D

0 ! K

0

s

⇡0 791 �0.28± 0.19± 0.10 ±0.03
D

0 ! K

0

s

⌘ 791 +0.54± 0.51± 0.16 ±0.07
D

0 ! K

0

s

⌘0 791 +0.98± 0.67± 0.14 ±0.09
D

0 ! ⇡+⇡�⇡0 532 +0.43± 1.30 ±0.13
D

0 ! K

+⇡�⇡0 281 �0.60± 5.30 ±0.40
D

0 ! K

+⇡�⇡+⇡� 281 �1.80± 4.40 ±0.33
D

+ ! �⇡+ 955 +0.51± 0.28± 0.05 ±0.04
D

+ ! ⌘⇡+ 791 +1.74± 1.13± 0.19 ±0.14
D

+ ! ⌘0⇡+ 791 �0.12± 1.12± 0.17 ±0.14
D

+ ! K

0

s

⇡+ 977 �0.36± 0.09± 0.07 ±0.03
D

+ ! K

0

s

K

+ 977 �0.25± 0.28± 0.14 ±0.05
D

+

s

! K

0

s

⇡+ 673 +5.45± 2.50± 0.33 ±0.29
D

+

s

! K

0

s

K

+ 673 +0.12± 0.36± 0.22 ±0.05
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Prospects at Belle II for mixing and CPV

Belle measurements extrapolated to 50 ab�1

Systematics primarily scales with integrated luminosity, with two
exceptions:

t-dependent Dalitz: model related systematics (resonance parameters -
masses, widths, form factors, angular dependence etc.)

A

CP

of modes with K

0

s

: asymmetry of K 0/K
0

interactions in material
(PRD 84, 111501 (2011)), �

ired

⇡ 0.02%

Extrapolation:

�
BelleII

=

r
(�2

stat

+ �2

sys

)
L
Belle

50 ab�1

+ �2

ired
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Mixing and indirect CPV

D

0 ! K

(⇤)�`+⌫ 492 fb�1 50 ab�1

R

M

(1.3± 2.2± 2.0)⇥ 10�4 ±0.3⇥ 10�4

D

0 ! K

+

K

�,⇡+⇡� 976 fb�1 50 ab�1

y

CP

(1.11± 0.22± 0.11)% ±0.04%
A

�

(�0.03± 0.20± 0.08)% ±0.03%

D

0 ! K

+⇡� 400 fb�1 50 ab�1

x

02 (1.8± 2.2± 1.1)⇥ 10�4 ±0.22⇥ 10�4

y

0 (0.06± 0.40± 0.20)% ±0.04%
A

M

0.67± 1.20 ±0.11
|�| 0.16± 0.44 ±0.04

D

0 ! K

0

s

⇡+⇡� 921 fb�1 50 ab�1

x (0.56± 0.19± 0.06± 0.08)% ±0.08%
y (0.30± 0.15± 0.06± 0.04)% ±0.05%

|q/p| 0.90± 0.16± 0.04± 0.06 ±0.06
� �0.10± 0.19± 0.04± 0.07 ±0.07

|q/p| = 1 + 1

2

A

M

) �|q/p| = 1

2

�A
M
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Extrapolations on Time-Dependent Measurements

Prospects at Belle II for mixing and CPV

Belle measurements extrapolated to 50 ab�1

Systematics primarily scales with integrated luminosity, with two
exceptions:

t-dependent Dalitz: model related systematics (resonance parameters -
masses, widths, form factors, angular dependence etc.)

A

CP

of modes with K

0

s

: asymmetry of K 0/K
0

interactions in material
(PRD 84, 111501 (2011)), �

ired

⇡ 0.02%

Extrapolation:

�
BelleII

=

r
(�2

stat

+ �2

sys

)
L
Belle

50 ab�1

+ �2

ired
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