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Outline 
!  Introduction 

!  Part 1: Triple product asymmetry test 
!  Asymmetries and their applications for quark, lepton

 and boson decay. 

!  Part 2: CP, T and CPT tests using entangled mesons 
!  In brief: BaBar results from 2012 
!  Implications for future studies 
!  di-lepton+hadronic results (results from 2004-2006) 
!  A double CP-tagged measurement beyond Belle II 

!  Summary 
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Introduction 
!  Discrete symmetries are at the heart of our understanding of

 fundamental physics.   
!  The symmetries C, P, T and their combinations play an

 important role in modern physics. 
!  The following pattern is observed: 

!  50 years of measurements of CP violation in quarks are
 consistent with each other; just not enough to resolve the
 matter-antimatter asymmetry observed in the Universe. 

!  Perhaps systematic tests of all symmetries can shed light on
 the situation? 
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Introduction 
!  Need to test a reference process against the symmetry

 transformed one; where S=(C, P, T, CP, CPT); e.g.  

!  The problem resides in identifying conjugate pairs of
 processes that can be experimentally distinguished. 
!  Given strong and EM conserve these symmetries we want to

 identify weak decays (for quarks) that can be transformed under
 C, P, CP, T, CPT, and focus on conjugate pairs of decays. 

!  It is also worth testing our knowledge of the other forces,
 searching for new physics that may violate these symmetries. 
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c.f. CP asymmetries constructed from CP 
conjugate processes. 



PART 1 

This part is concerned with the use of triple product asymmetries to
 test C, P and CP in decays to four body final states. 

Systems of interest can be categorised as: 
•  Meson: K, D, B etc 
•  Baryon: Λc, Λb etc.  
•  Charged lepton:	  μ,	  τ	  
•  Boson: W, Z, H 
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See Gronau & Rosner, 
arXiv:1107.1232; AB 
arXiv:1408.3813 and 
references therein 



Formalism 
!  Consider the decay of some particle to a 4-body final state 

!  Triple product asymmetries can be used to probe symmetry
 conservation in the longitudinal polarisation of these
 decays. 

!  Some example decays that can test the SM and be used to
 search for new physics: 
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Low energy                                         High energy 

See AB arXiv:1408.3813 and refs therein.  

Dreitlein and Primakoff,  
Phys. Rev. 124 (1961) 268. 



Reference Plot 

a 
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Reference Plot: 

We can construct a triple scalar product for some 
decay, from three of the four particles in the final 
state.   The angular distribution can then be used to 
test symmetry properties of the decay. 
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Reference Plot 
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Under C Operation: 

Change particles to antiparticles 
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Reference Plot 
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Under P Operation: The triple product is also odd under T, 
however this is not a physically meaningful 
observable for testing T non-invariance. 

Spatial inversion 
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Reference Plot 

a 

b 

c 

d 

Under CP Operation: 

Change particles to antiparticles and spatially invert 
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Triple product asymmetries 
!  These are either computed in an un normalised way (in which

 case the sign of the asymmetry is important), or normalised, so
 that one can study the asymmetry as a function of the angle
 between the two decay planes of particles. 
!  Look at 4 body decays, and compute the triple product using the

 momenta in the CM system: e.g. 

!  Depending on the mode the following may be of interest 

    This requires normalisation of the triple product and understanding of the
 decay dynamics. 

!  Both approaches are used in the literature. 
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use the sign of ψ 



KL decays 
!  There is a single asymmetry that tests P and CP

 simultaneously for: 

!  c.f εK~ 10−3 and ε'K~ 10−6  

!  This KL decay violates both P and CP. 
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KTeV/NA48 

KTeV: Phys.Rev.Lett.96:101801,2006 
NA48: EPJC 30 p33 2003 



KS decays 
!  There is a single asymmetry that tests P and CP

 simultaneously for: 

!  This KS decay is consistent with both P and CP, in
 contrast to the KL system. 
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KTeV/NA48 

See EPJC 30 p33 2003 



!  Nomenclature often used (Γs are new, CT > < 0 are old) 

!  Symmetry conjugates of the Γs 
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Particles: 
                                                   Positive values of the TP 

                                                   Negative values of the TP 

Anti-particles: 
                                                   Positive values of the TP 

                                                   Negative values of the TP 



Brief reminder of what is being measured 
!  Can measure 12 asymmetries in terms of  four rates: 

!  6 Asymmetries are computed from considering C, P and CP on
 these rates. 

!  A further 6 asymmetries are computed by constructing
 asymmetries from the "other" symmetries.   

!  These are summarised on the next pages: 
!  The P and CP derived asymmetries sample different regions of

 phase space. 
!  The C asymmetries sample the same region. 

!  BaBar have measured these for D0, D+ and Ds
+ decays. 
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See Bevan arXiv:1408.3813 



!  P derived asymmetries: 

!  C derived asymmetries: 

!  CP derived asymmetries: 

Asymmetries 
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Bevan arXiv:1408.3813 

(P odd triple product asymmetries) 

(C even triple product asymmetries) 

(CP odd triple product asymmetries) 



!  P derived asymmetries: 

!  C derived asymmetries: 

!  CP derived asymmetries: 

Asymmetries 
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Bevan arXiv:1408.3813 

(P odd triple product asymmetries) 

(C even triple product asymmetries) 

(CP odd triple product asymmetries) 



Classes of decay 
!  There are three classes of decay: 

1)  of the form                                           , e.g.: 

2)  of the form                                          , e.g.: 

3)  of the form                                            , e.g.: 
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(12 asymmetries) 

(12 asymmetries) 

(1 asymmetry) 



D0, D+, and Ds
+ 
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Martinelli, 
CKM 2014 

Class 1 and Class 2 decays 

Class 2 Class 1  Class 1  



!   The LHC experiments have searched for P violation in
 this decay (measuring αb). 

!  e.g. ATLAS have 1400 Λb's; LHCb has a larger sample. 

!  Self tagging final state via: 
!  Statistical precision on asymmetries ~3.8% is achievable

 with ATLAS; LHCb could do a bit better. 
!  A test bed for understanding soft QCD vs weak effects. 
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arXiv:1404.1071 [Phys. Rev. D 89, 092009 (2014)] 

Class 1 decay 



!  ATLAS and CMS have observed this state at run 1.  Only
 a handful of events have been produced so far. 

!  Estimates for the dominant µµee mode. 
!  run 1 ~7 events 
!  run 2 ~84 events 
!  run 3 ~200 events 
!  High luminosity LHC ~1000 ev. 
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Based on the observed level of 
data it is possible to naively 
estimate the precision of 
asymmetries. 
Trivial in the SM, but could be 
non-zero BSM. 
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ATLAS H paper: arXiv:1207.7214 
CMS H paper: arXiv:1207.7235 

Class 3 decay 



!  More copious than the previous example. 
!  Experimentally easier final state to study than the 4j

 mode studied at LEP. 

!  Estimates for the dominant µµee mode. 
!  run 1 ~66 events 
!  run 2 ~560 events 
!  run 3 ~1350 events 
!  High luminosity LHC ~13.5k ev. 
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ATLAS arXiv:1403.5657 

Class 3 decay 



VH (ZH) production 
!  WH and ZH have not been observed at the LHC; expect

 large backgrounds and possible observation at run 2. 
!  However the ILC expects to obtain large samples of ZH

 events; e.g.  

!  Only one asymmetry of interest: 

!  76,000 events running at 250 GeV 
!  50,000 events running at 500 GeV 

!  This sample size would yield statistical precisions of
 1.5-2% for inclusive measurements, and 2.6-3.3% for
 exclusive ones on the P and CP asymmetry. 
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Class 3 decay 



Summary (part 1) 
!  CP violation has been measured using triple product

 asymmetries. 
!  ... but number of asymmetries have been overlooked. 
!  12 quantities can be measured to test C, P, and CP

 symmetries at energy scales from light mesons to top. 
!  Low energy systems are harder to interpret (FSI/soft QCD). 

!  Intermediate systems (e.g. Λb) is at a scale where we should be
 able to test factorisation and HQET frameworks. 

!  High energy systems are theoretically clean; but some
 experimental final states are challenging (e.g. VH and Z"4b). 

!  These permit systematic tests of the C, P, and CP
 symmetry nature of the Standard Model and searches
 for new physics. 
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PART 2 

This part is concerned with the use of entangled pairs of neutral
 mesons in order to probe the symmetries: CP, T, and CPT 

Systems of interest can be categorised as: 
•  K mesons 
•  D mesons	  
•  B mesons 
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For background see the following: 
 Banuls & Bernabeu [PLB 464 117 (1999); PLB 590 19 (2000)] 
 Alverex & Szynkman [hep-ph/0611370] 
 Bernaneu, Martinez-Vidal, Villanueva-Perez [JHEP 1208 064 (2012)] 
 Bevan, Inguglia, Zoccali [arXiv:arXiv:1302.4191] 
 Applebaum et al, [arXiv:1312.4164] 
 Schubert et al., arXiv:1401.6938 
 Ed. A. Bevan et al arXiv:1406.6311 
 Fidecaro, Gerber, Ruf, arXiv:1312.3770 
 Schubert, arXiv:1409.5998 
 Dadisman, Gardner, Yan, arXiv:1409.6801 
 etc. 



Entangled mesons 
!  We can consider entangled mesons produced at the Φ,

 ψ(3770),  ϒ(4S), ϒ(5S) in terms of flavour and CP
 eigen-states. 

!  Here we care about B mesons, so these are  

!  There are 16 combinations of decays of mesons
 described by these two bases: and three symmetries of
 interest: T, CP, and CPT: 48 combinations in all. 
!  These lead to 15 distinct testable asymmetries 
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Entangled mesons 
!  We can consider entangled mesons produced at the Φ,

 ψ(3770),  ϒ(4S), ϒ(5S) in terms of flavour and CP
 eigen-states. 

!  Here we care about B mesons, so these are  

!  There are 16 combinations of decays of mesons
 described by these two bases: and three symmetries of
 interest: T, CP, and CPT: 48 combinations in all. 
!  These lead to 15 distinct testable asymmetries 
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The full set of possible outcomes reside in this matrix; 
matching symmetries leads to only 15 distinct pairings 
under CP, T, and CPT; many are duplicated, some are 
trivial (i.e. zero by definition). 



Asymmetry Codex 
!  Class 1: 

!  4 distinct CP asymmetry tests 
!  Class 2: 

!  4 distinct T asymmetry tests 
!  Class 3: 

!  4 distinct CPT asymmetry tests 

!  Class 4: 
!  1 simultaneous CP and T test (a la Kabir) 

!  Class 5: 
!  1 simultaneous CP and CPT test 

!  Class 6: 
!  1 simultaneous T and CPT test 
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Part 2a 

Part 2b 



PART 2a 
This part is concerned with asymmetries of Class 1, 2 and 3. 
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!  Class 1 asymmetry pairings: tests of CP 

!  Class 2 asymmetry pairings: tests of T 

!  Class 3 asymmetry pairings: tests of CPT 
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!  What do we compare?   
!  e.g. take T conjugate pairs of B meson decays. 

Projects B− 

Formalism 
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A 

1) At time t1 the wave function 
collapses into the state: 

2) The B0 promptly decays to a 
flavor state via: l+X. 

3) The second B evolves naturally 
thereafter until it too decays. 

4) At some later time t2 the second B 
decays as a B−. 



!  What do we compare?   
!  e.g. take T conjugate pairs of B meson decays. 

Projects B− Projects B0 

Formalism 
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This is not just a 
flip of t to −t. 

T 



Time-evolution 
!  Assuming ΔΓ=0 (good for Bd decays) 
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Time-evolution 
!  Assuming ΔΓ=0 (good for Bd decays) 
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Time-evolution 
!  Assuming ΔΓ=0 (good for Bd decays) 

!  So one can relate the time-dependence to the weak
 structure of the decay (i.e. test the CKM formalism of the
 SM with an appropriate asymmetry observable). 

!  Need to account for mis-tag probability ωα and detector
 resolution. 
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Time-evolution 
!  Assuming ΔΓ=0 (good for Bd decays) 

!  So one can relate the time-dependence to the weak
 structure of the decay (i.e. test the CKM formalism of the
 SM with an appropriate asymmetry observable). 

!  Need to account for mis-tag probability ωα and detector
 resolution. 
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Superscripts: 
+ = normal ordering 
− = T reversed ordering 

Normal ordering: Tag decay before CP decay 
Reversed ordering: CP decay before Tag decay 



Time-evolution 
!  Physical distribution is 

!  In reality one has to account for detector resolution to
 obtain the asymmetry AT. 

!  In the SM (for the charmonium modes) 

!  Hence, expect |ΔS±| ~ 1.4, and similarly expect ΔC± ~ 0. 
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Note this is the conjugate flavor filter 



Event Selection: CP filters 
!  The same as for the sin2β CPV measurement in  
     Phys.Rev. D79:072009 (2009) 

!  CP even filter: 

!  CP odd filters: 

!  Drop K* and ηc modes from the CP  
     selection. 
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!  The same as for the sin2β CPV measurement in  
      Phys.Rev. D79:072009 (2009) 

!  The set of "tag" modes used is: 

!  which characterise "tag" performance 
     and give the                 filter projections.  

Event Selection: Flavor filters 
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Overall 



Experimental results 

May 2014 40 Phys. Rev. Lett. 109, 211801 (2012) [arXiv:1207.5832] 

Fit result 
T-conserving case 



Experimental results 
!  Measurement of T

 violation in B decays. 

!  Observed level of T
-violation balances CP
 violation. 

!  CPT is conserved. 

May 2014 41 Phys. Rev. Lett. 109, 211801 (2012) [arXiv:1207.5832] 



!  Observation of T-violation can be seen in the following: 

!  Fit result is 14σ from the T conserving case (assuming
 Gaussian errors). 

Experimental results 

May 2014 42 

T conservation 

CL = 0.317, 4.55×10−2, 2.70×10−3, 6.33×10−5, 5.73×10−7, 1.97×10−9 

-2ΔlnL = 2.3, 6.2, 11.8, 19.3, 28.7, 40.1 
Phys. Rev. Lett. 109, 211801 (2012) [arXiv:1207.5832] 



Can we learn anything about the SM? 
!  We need a weak phase difference for symmetry violation, in

 particular we use the convention 

!  If we consider this convention we see that Vij is conjugted
 under T and CP and invariant under CPT.   
!  So weak phases measured under CP are also

 measurable under T. 
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(**T and) CP 

** by virtue of chosen filter states 



!  What do we compare?   
!  e.g. take T conjugate pairs of B meson decays. 

Projects B− Projects B0 

Formalism 
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Need a weak phase 
difference for 
symmetry 
violation. 



!  What do we compare?   
!  e.g. take T conjugate pairs of B meson decays. 

Projects B− Projects B0 

Formalism 
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Need a weak phase 
difference for 
symmetry 
violation. 

eiΦW=ei2β 



Experimental results 
!  Recall that ΔS± are related to sin2β, so we can compare

 CP violation with T non-invariance for this parameter: 

!  c.f. beta measured from the standard CP analysis: 

!  As expected all results of β are in agreement with each
 other, however a more precise comparison of these
 results is called for. 
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IMPLICATIONS FOR B DECAYS 
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Other CP filter basis pairs 
!  There are other CP filter bases: 

!  B+ is a B decay filtering a CP-even state. 
!  B− is a B decay filtering a CP-odd state. 

!  The literature so-far uses the filters 
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•  Convenient experimental basis, draws 
on the sin2β analysis = also good for 
experimentalists.  

•  {KL, KS} basis is almost exact (up to 
CPV in kaons: εK); see arXiv:1411.2104 
and references therein for a more 
complete discussion. 



Other CP filter basis pairs 
!  Many other CP states are measurable: 

!  The even-odd filter selector is the {KL, KS} pairing; we
 can replace the Charmonium with other states to
 widen the remit of these tests: e.g. 

!  These differ from the Charmonium decays as the
 weak phase difference enters via mixing beating
 against a loop (or loop dominated) process in the CP
 filter decay. 

!  They also measure sin2β. 
!  The data are available to start making these tests. 
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AB, Inguglia, Zoccali  arXiv:1302.4191 
Dadisman, Gardner, Yan arXiv:1409.6801 



Other CP filter basis pairs 
!  Any CP filter pair would work: propose using the CP

-even and CP-odd filter basis of a                          decay: 

!  Instead of {KS, KL} we have {fperp, fL+fpar} 
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CP even                CP odd 

See the following references for details of time-dependent 
angular analyses: 
I. Dunietz, H. R. Quinn, A. Snyder, W. Toki and  
H. J. Lipkin, Phys. Rev. D 43 (1991) 2193.  
G. Kramer and W. F. Palmer, Phys. Rev. D 45 (1992) 193. 
Ed. A. Bevan et al, "Physics of the B Factories", Chapter 12.  

AB, Inguglia, Zoccali  arXiv:1302.4191 



Other CP filter basis pairs 
!  Decays of interest for future measurements: 
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!  Experimental precision is a balance 
between the CP-odd and CP-even 
components (i.e. B− and B+ filters). 

!  This means we want to study decays 
that are NOT dominated by the 
longitudinal polarisation. 

!  D*D*, J/ψK*, ρ0ρ0 are all good starting 
points. 

. . . 



PART 2b 
This part is concerned with asymmetries of Class 4, 5 and 6. 
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!  Class 4 Asymmetry: CP and T Violating 

!  Class 5 Asymmetry: CP and CPT Violating 

!  Class 6 Asymmetry: T and CPT Violating 
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Signature: e.g. same sign di-lepton and hadronic tag events 

Signature: e.g. opposite sign di-lepton and hadronic events 

Signature: (NKLKL – NKSKS)/(NKLKL + NKSKS) 
i.e. Double CP tagged events. 



Class 4 and 5 asymmetries 
!  The CP, T and CP, CPT asymmetries go hand in hand: 

!  The time-dependence is similar to the previous classes. 
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Experimental signature: double tags of 
the same type:  same sign di-lepton, or 
same sign hadronic tags. 

+C.C. 



Class 4 and 5 asymmetries 
!  The CP, T and CP, CPT asymmetries go hand in hand: 

!  The time-dependence is similar to the previous classes. 
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Experimental signature: double tags of 
the same type:  same sign di-lepton, or 
same sign hadronic tags. 

Experimental signature: double tags of 
the opposite type:  opposite sign di-
lepton, or opposite sign hadronic tags. 

+C.C. +C.C. 



Class 4 and 5 asymmetries 
!  Both BaBar and Belle measured these asymmetries 

!  Both asymmetries are found to be compatible with zero. 
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BaBar: 
[di-lepton] PRL 88, 231801 (2002), PRL 96, 251802 (2006), [hadronic] PRL 92, 181801 (2004) , PRD 70, 012007 (2004).  

Belle:  
[di-lepton] PRD 73, 112002 (2006). 

PRL 96, 251802 (2006). 

di-lepton 

di-lepton 

See talk by Isabella Garzia 



What about the LHC? 
!  Uncorrelated production measurements of these

 semileptonic asymmetries are referred to as ASL. 
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=ASL 

CLEO, BaBar, Belle, D0 

D0, LHCb 

See Lenz & Nirste; arXiv:1102.4274 

Green contour: D0 

Red contour: Average 

Uncertainty on the SM point 
near (0, 0)  is inflated by a 
factor of x10 in order for it 
to be visible. 



Class 6 Asymmetry 
!  This one has not been measured yet (a job for Belle II) 

!  i.e. compare rates of decays to double CP tagged events
 using any of the aforementioned CP basis pairs. 

!  e.g. for Charmonium decays we have: 
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Scenario 1: Scenario 2: 

3!



Class 6 Asymmetry 
!  BaBar has 6750 (5813) J/ψ KS (KL) events in their data. 
!  Expect ~725K (625K) single tagged events in 50ab−1. 
!  Estimate that there will be: 

!  11 double tagged (J/ψ KS)(J/ψ KS) events at Belle II 
!  9 double tagged (J/ψ KL)(J/ψ KL) events at Belle II 
!  Will need "Super"Belle II (= Belle 3) for a precision test of

 this asymmetry.   
!  Probably a few hundred ab−1 would be needed to start

 measuring this asymmetry. 
!  Could get more signal events if hadronic J/ψ decays are

 used given that the di-lepton BR is only 12%.  
!  The corresponding test in kaons Γ(3π,3π) vs Γ(2π,2π)

 events at a future φ factory. 
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Summary 
!  After 50 years of probing CP violation in quarks we know that... 

!  It is still not enough to explain how the universe could evolve from a Big
 Bang to the matter dominated state we reside in. 

!  A broad range of processes over a wide energy range can be studied. 
!  Triple product asymmetries allow us to probe CP violation in the

 longitudinal polarisation of a decay, and complement more
 traditional approaches.  
!  We can test C, P, and CP separately (modulo hadronic uncertainties)

 using 12 asymmetries. 

!  Studies of entangled states allow us to test CP, T and CPT
 separately, as well as combinations of any two of these. 
!   There are 15 asymmetries in total that can be constructed. 
!  A few of these can also be measured in uncorrelated production at the

 LHC/Tevatron (e.g. ASL); c.f. Kabir's asymmetry & CPLEAR.  
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Back up slides 
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3 9 



Other CP filter basis pairs 
!  The angular distribution is given by 
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CP even 

CP odd 

See the Physics of the B factories for 
more details, or experimental results on 
B decays to ϕKSπ0 or Bs to J/ψϕ  



May 2014 63 



Dealing with detector resolution 
!  Given that detector resolution may smear out information

 about the sign of Δt, heavyside step functions are used
 to compute 

May 2014 64 

+ 
+Δt 

− 
−Δt 

(normal ordering) 

(reversed ordering) 

− 
−Δt 

+ 
+Δt 



Implications ... 
!  CP filters: 

!  Tree decays:                 i.e.                            which
 measure sin2β [BaBar result in backup slides]. 

!  Loop decays:            penguins e.g.                                   
 also measure β.  

!  NP could be manifest  
!  via a difference in tree vs. penguin values of sin2β

 under CP or T measurements (6 measures to check:
 S, ΔS+, ΔS−, C, ΔC+, and ΔC−). 
!  No one told the weak interaction how to behave, we need to

 learn what it can teach us. 

!  via CPT violation (over-constain test of CPT using CP
 and T) May 2014 65 

AB, Inguglia, Zoccali  arXiv:1302.4191 



Naive estimates of results 
!  Want to perform naive extrapolation for B factory

 potential to measure T-symmetry non-conservation. 
!  Use the charmonium data (CP vs T) to estimate this. 

!  Experimental precision dominated by KL modes. 
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From PRD 79:072009,2009 



Naive estimates of results 
!  Want to perform naive extrapolation for B factory

 potential to measure T-symmetry non-conservation. 
!  Use the charmonium data (CP vs T) to estimate this. 

!  Experimental precision dominated by KL modes. 
!  Assuming S=0 to get an indicative value, we would

 naively expect 

!  BaBar finds 

!  Compatible with naive expectations, and the
 asymmetry between the results is a reflection of non
-zero S (ΔS, or if you prefer Im λ). 
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Other CP filter basis pairs 
!  s-penguin channels vs charmonium 

!  Naive estimates, one should do a little better (as in the Charmonium
 case as S~0.7. 

!  Take significance estimates with a pinch of salt, seem to
 underestimate. 

!  BaBar/Belle might be able to establish evidence for T symmetry
 non-conservation with data in hand for η'K0 modes. 

!  Belle II should observe T symmetry non conservation in all modes
 given 50ab−1. 

!  Extrapolations are based on BaBar results from PRD  072009 (2009),  PRD 79,
 052003 (2009), and PRD 112010 (2012). 
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Applying this logic to other modes 
!  Example: B to D*D* 

!  Given the crudeness of the estimate, I would expect
 Belle II to be able to observe a significant asymmetry. 
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Based on Phys.Rev. D79 (2009) 032002  

These results can be used to 
estimate the precision of the ΔS± 
observables in a T-symmetry test. 
The S+ is the combination of 
longitudinal and || amplitudes (CP 
even), and Sperp the is the CP odd 
component.  



Applying this logic to other modes 
!  Example of a B to VV mode: 
!  The time-dependence is more complicated (e.g. see

 PRD 78 (2008) 092008): 
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Scalar contribution: 

Vector (J=1) / Tensor (J=2) contributions: 

So one has three values of S, related to the different contributions, including 
interference effects which complicate the interpretation of the observables in the context 
of the CKM matrix. 



!  Measurements of sin2βeff: 

!  Expect better significance than the VP decay, but a more
 complicated analysis is required.   

!  NOTE: for B#VV decays the CP basis is exact unlike
 the KL/KS one. 
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3 of the 6 effective measurements of sin2β 
from this measurement.  These results are 
correlated with each other, but can be 
used to estimate the precision on ΔS± for 
this VV decay. 

(CP = +1) 

(CP = +1) 

(CP = −1) 



What can Belle II do with 50/ab? 
!  Expect to observe non-zero asymmetries and establish T

 non-conservation in a number of different modes.  

!  With the exception of Charmonium decays (already
 demonstrated by BaBar), observation is not possible
 with current statistics. 

!  Caveats: 
!  Statistical error extrapolation, and naive estimates only.   
!  Charmonium determination will have syst. error contribution that

 needs to be investigated. 
!  Extrapolations take no account of improved vertex detector for

 Belle II and are based on BaBar results. 
!  One could play games with ρ0ρ0, but more data is really needed

 here to resolve the CP even/odd fraction. 
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B decays at the ϒ(4S) 
!  From the CKM matrix perspective... 
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u            c            t 

d            s            b 

Measures sin2β 

AB, Inguglia, Zoccali  arXiv:1302.4191 

                         d                                     s                                         b 
u 
c 
t 



B decays at the ϒ(4S) 
!  From the CKM matrix perspective... 
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u            c            t 

d            s            b 

Measures sin2β 

Measures sin2β 

AB, Inguglia, Zoccali  arXiv:1302.4191 



B decays at the ϒ(4S) 
!  From the CKM matrix perspective... 
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u            c            t 

d            s            b 

Measures sin2β 

Measures sin2β 

Measures sin2β 

AB, Inguglia, Zoccali  arXiv:1302.4191 



B decays at the ϒ(4S) 
!  From the CKM matrix perspective... 

!  There is at least one route to test each transition type
 from a b quark. 
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IMPLICATIONS FOR D DECAYS 

May 2014 77 



A brief look at charm 

!  The charm cu triangle has one unique element: βc 

!  Precision measurement of mixing phase in many channels
 (<2°) 

!  Constrain βc,eff using a                 Isospin analysis 
!  Search for NP and constrain βc,eff ~ 1°. 
!  Can only fully explore in an e+e− environment. 
!  Data from the charm threshold region completes the set of 5 |Vij| to

 measure: needs Belle II and BES III to perform an indirect test of
 the triangle. 

AB, Inguglia, Meadows, PRD 84 114009 (2011) 
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A brief look at charm 
!  Time-dependent CP violation follows in a similar way to

 B physics (analogy with BS decays). 
 Phenomenologically we measure either the phase of
 mixing, or βc 

!  Many modes can be studied for CPV, and a number can
 be studied for T symmetry non-invariance. 
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See AB, Inguglia, Meadows, PRD 84 114009 
(2011) for a discussion of CPV measurements, and 
illustrationusing D to hh decays.  



D decays at the ψ(3770) 
!  From the CKM matrix perspective... 
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D decays at the ψ(3770) 
!  From the CKM matrix perspective... 

!  There is at least one route to test each transition type
 from a c quark (ignoring the c"u penguin). 
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Naive estimates of results 
!  Some work has been done in looking at the precision of CP

-symmetry violation measurements in a charm environment, but
 these need to be extended to T-symmetry measurements. 

!  Remember that in the SM the asymmetries in charm are expected to
 be ~0 (within experimental precision), so one will want to identify
 any large anomalies (related to a non-zero ΔACP from LHCb
 perhaps?) to study further. 

!  The potential is there for a tau-charm analysis of T-symmetry non
-invariance, but we lack an experiment capable of doing that... 

!  Is it worth resurrecting the Berkelman idea of studying CP violation
 at a symmetric machine and seeing if BES III, or a successor, could
 be modified to do these tests? 
!  See K. Berkelman Mod.Phys.Lett. A10 (1995) 165-172. 
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BCP filters for VV decays 
!  Experimentally one can follow the methodology used by

 BaBar for time-dependent B decays to ϕKSπ0 to extract
 CP parameters for CP even/odd parts of the decay. 
!  Extract CP asymmetry distributions for each

 transversity amplitude as a function of Δt. 
!  Combine CP even and CP odd parts in analogy with

 VP decays: 
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This is not the same thing as interpreting the published results. 
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