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Why we search for CPV in 
charm 

• Charm CPV is an ideal place to find NP, of course if 
it couples to the up sector 

• SM predicts rather small CPV value for charm (only 
two generations)—> any evidence of CPV should 
be due to New Physics  

• experience has shown that this is not always the 
case and the issue is rather involved, at least as 
far as direct CPV is concerned (a few 0.1% could 
be accommodated in the SM)
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• In the decay                          —>direct CPV  

• In the mixing  

• In the interference between mixing and decay: 
Im(λ)≠0  

          —>Φ≠0 

 —>indirect CPV 

Types of CPV 
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CP eigenstates have both, flavor specific final states only the direct one
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Āf
= �⌘CP

����
q

p

����

����
Af

Āf
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Experiments in the game
• In the past: 

• Babar, Belle, CDF—>legacy; precision to sub-% level 

• In the present: 

• LHCb—>precise results, high statistics; precision 
aiming to sub-0.1% level 

• In the future: 

• LHCb-Upgrade, Belle2, possibly BESIII—>precision to 
0.01% level
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Hadron and lepton colliders

• They are obviously very different machines in terms 
of experimental environment 

• But for fully charged track final states eventually 
performance in terms of S/N not so different when a 
dedicated detector is used (with forward boost and 
PID as in LHCb)

5



Walter M. Bonivento - CERN/INFN Cagliari 50 years of CPV - QMU London 10-11/7/20146

Decay time resolution: σt ∼ τD

very clean events

In this talk Belle as example!
of e+e-.!

but Babar contribution also !
very important!!!

D0—>K-π+ D0—>K+π-

D* tagged events
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LHCb
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A typical event at 7 TeV!

Decay time resolution: σt ∼ 0.1τD

still…
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pp collision 
Point

Vertex Locator 
      VELO 

Tracking System

Muon 
System

RICH 
Detectors

Calorimeters

beam2 beam1

The LHCb detector
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Pseudo-rapidity coverage à 1.9-4.9 

dipole magnet
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LHCb:two sources of charm
• Two sources of charm: prompt and from semi-leptonic b 

decays 
• Both can be used for tagged D0 CPV and mixing  

analyses:  
– tag with soft π from D*+ for the prompt  
– tag with µ charge in SL  

• Prompt charm at 7 TeV (at 8 TeV is 15% more): 
– σ(cc) ≈ 6mb, σ(bb) ≈ 0.3mb, σ(pp inelastic)≈60mb 
– à huge σ(cc) cross section 

• background from secondary charm from b already 
low from the start of the selection 

• and very favorable ratio to inelastic σ (only a factor of 
10!) 

• Secondary charm at 7 TeV: 
– high trigger efficiency (muon trigger) 
– BR(bàD0µX)=7% 
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Direct CPV(i)
!
In e+e- we search for direct CPV in all modes, CA, SCS, DCS, without 

prejudice  
Complication in pp collider:  we have production asymmetries, which are non-

perturbative and therefore non calculable 
In LHCb we concentrate on SCS decays:  the reason is that CPV is expected 

to come from the interference between the tree and the ΔC=1 penguin (e.g. 
chromo-magnetic dipole) diagram and this can only happen in the SCS 
decays (Grossman) 

!
      
!
!
 either we compare binned Dalitz distributions (>2 body decays!!) or build 
ΔACP’s (for all 2 body decays) to get rid of production/detection  asymmetries 
– either 2 SCS decays (hoping the asymmetry does not exactly cancels) 
– or 1 SCS and one CF, assuming this latter does not have CPV
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Direct CPV(ii)
   DCS modes also potentially interesting (Bigi) 
!
     T-odd distributions is another possibility  
!
 In general direct CPV is a quite a controversial subject in 

terms of NP reach: after some experimental excitement 
following some measurements of D0—>KK and D0—>ππ in 
CDF and LHCb in 2011, theorists realized that effects of few 10-3 

in the SM are possible and in practice cannot be distinguished 
from NP 

!
     Effects at 10-2 level would instead still be a clear sign of NP 
!
     We should check many channels at 10-3 level, both CP 

eigenstates and non CP eigenstates
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Channels for DCPV
• some (partial list) of SCS channels recently studied with reasonably  high statistics:                                                     

• D0—>K+K-   (LHCb, CDF, Belle…) 

• D0—>π+π- (LHCb, CDF, Belle…) 

• D0—>π0π0 (Belle) 

• D+—>𝜑π+ (LHCb) 

• D+—>K0
SK+,Ds+—>K0

Sπ
+  (LHCb, Belle) 

• D+—>K+K-π+,π+π+π- (LHCb…) 

• D0—>π+π+π-π-,K+K-π+π- (LHCb…) 

• B factories and Tevatron experiments also checked  CF channels 

—> everything 0 within the errors
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D0—>K+K- and D0—>π+π-
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Here we build ΔACP(KK/ππ) to enhance a possibile NP effect which would have 
opposite sign wit KK and ππ. For LHCb it also gets rid of the production asymmetry  
!
!

arXiv:1405.2797 (2014).
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D0—>K+K- and D0—>π+π-
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àbottom line : no CPV at the level that can be distinguished from the SM 
!
Going to higher precision (0.1% or better) is important since  ACP(D0—>K+K-) is 
needed to extract the indirect CPV parameters from the AΓ measurements  
!
NB: measurement very difficult! systematics to be kept under control at <0.1%!
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D0—>π0π0
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Belle full statistics  
PRL 112, 211601 (2014)	



!
here one has to deal with 
the FB asymmetry due to  

γ-Z interference 
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D+—>K0SK+

this decay shares the same 
diagrams as D0àKK exchanging 
the spectator quark      q<->s and 
therefore the same CPV 

!
One big advantage w.r.t. the B 
factories: CPV due to K0

S is 
negligible in LHCb due to the 
boost

16

AK0 dominated by σ(K0N) ̸≠ σ(K0N).
arXiv:1406.2624 (2014).

_

_
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Maybe CPV in the Dalitz plot?
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D+—>π-π+π+ 1fb-1
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In the absence of CPV, Si CP	


distribution is a Gaussian	


 (µ = 0, σ = 1).

No evidence for CPV.

Method extended to D0—>2π+2π- and D0—>K+K-π+π- with 1fb-1!
—>again no sign of CPV
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Mixing

19

Charm mixing now established 
 with high significance: mixing  
parameters small !! (<%)  
—> 
need high statistics  to study it 
and to study the mixing induced 
CPV effects!
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Observables related to 
indirect CPV

1) AГ = (Γeff-Γeff)/(Γeff+Γeff) ≈ !
 ηCP [(AM+AD)/2 y cosΦ - x sinΦ]=-aCP

ind-aCP
dir

 y cosΦ!

➡    Need input on mixing parameters to gain sensitivity on 
|q/p| and Φ!
2) WS/RS D0—>Kπ vs. time!
➡ Measure x2+y2 and y’ —>Good access to |q/p| for small 
Φ!
3) time dependent Dalitz plot analysis for D0—>K0

Sπ+π- 
decays!
➡ Measures directly x,y, q/p and Φ

20
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LHCb AΓ

!

!

!

!

• fit in two stages 

• per-candidate acceptance function for trigger  

• one track with pT>1.6GeV and χ2IP>16;  

• cross check with binned analysis 

• each bin 40k candidates

21

3.11 × 106 D0 → K−K+ and 	



1.03 × 106 D0 → π−π+	



decay time  
resolution 50fs

PRL 112, 041801 (2014).
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HFAG AΓ

22
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WS/RS D0—>Kπ

23

cosδ≈1.02±0.11±0.06(sys)±0.01(ext)

(t in units of 𝝉)

BESIIIPhys. Lett. B 734(2014) 227	



Study the time-dependence of  
the WS/RS ratio
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WS/RS D0—>Kπ

24

about 105 signal WS D0  decays !
and approximately 230 times more RS decays.!

corrected for eff
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WS/RS D0—>Kπ

25

allowing for all!
CPV types

PRL 111 (2013) 251801
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Mixing and CPV from  
D0—>K0

Sπ+π-

26

Mixing parameters x, y can be directly accessed in a 
time-dependent Dalitz plot analysis of D0 → KS0π+π−. 

3 types of contributions: K∗−π+ (CF); K∗+π− (DCS); 
KS0ρ0 ("CP eigenstate"), eliminating the dependence 
on the relative strong phase between the CF and DCS 
decays. 

PRD 89, 091103(R) (2014)	



Belle
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Mixing and CPV from  
D0—>K0

Sπ+π- (ii)

27

Mixing significance at 2.5σ.!
No indication of mixing-induced CPV!

Belle - arXiv:1404.2412
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Indirect CPV parameters 

28

CP conservation: |q/p|=1 and Φ=0
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Indirect CPV 
parameters:upgrade

29

but how large is the SM blob?

50fb-1

courtesy M.Gersabeck
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• ACP of each final state may be written at first order as 

!

!

where ⟨t⟩ is the average decay time (experiment dependent) and 𝝉 is the D
0 
lifetime 

• To good approximation the indirect asymmetry is universal, i.e. independent of the final 
state.  

!

!

!

!

—>Interpretation of ΔACP depends on the experiment

Interplay of aindCP with ΔACP 

30

ACP ' adirCP + aindCP
< t >

⌧

�ACP ' �adirCP + aindCP
� < t >

⌧
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LHCb lifetime acceptance
• Lifetime acceptance differs between D0→K-K+ and 

D0→π-π+  

• e.g. smaller opening angle —> short-lived D0→K-K+ 
more likely to fail   cut requiring daughters not to point 
to PV than D0→π-π+ 

• Eventually for LHCb: 

!

• indirect CP violation contribution to ΔACP mostly cancels

31
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W.M.Bonivento - 
Genova 2011

 HFAG correlation plot

32

Consistency with NO CP violation: 0.13%
HFAG: the data is 

consistent with no CP 
violation at 5.1% CL
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Bottom line 
• Direct CPV studied with many channels  

• only ΔaCP
dir(KK/ππ) 2.5𝝈 from 0 but at a level such that it can 

be accommodated in the  S.M. 

• the hunt will go on but it is important to understand from the 
theory side the SM contribution (few 0.1% may be explained 
by the SM) if we want to interpret it in terms of NP 

• Indirect CPV—> no sign of it and exploration will also continue 

• here SM contribution  on ACP may be much smaller (<0.01%) 
so there is room for significant measurements in the 
Upgraded LHCb and Belle2 
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