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Outline
• Recapitulate: SM expectations => charm physics difficult 

due to non-perturbative effects
• Small [quantify?] CP symmetry violations in SM.
• Therefore very good use of charm as null tests
• Currently, several indications of BSM =>CP phase
• Esp. implications for  charm
• Also in view of  anticipated large increase in data
• Strategies to maximize charm- CP [SM and/or BSM]
• Illustrative examples
• More implications for charm of current BSM-hints
• Summary and outlook
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Useful literature for CPV
• Bander, Silverman and A.S., PRL 1979
• Bigi et al; in particular Bigi + Ayan Paul, Several papers
• Hou & Gerard; PRL, 1989, systematic implement CPT
• Feldmann, Nandi and A.S. JHEP 2012
• Atwood + A. S, PTEP 2013…….update now
• Atwood, Bar-Shalom, Eilam and A.S, Phys Rept 2001
• W. Altmannshofer, CKM-Vienna 2014 [talk]
• Jolanta Brodzicka, Implications workshop, CERN, 2017 

[talk]….many very useful experimental updates
• Marco Gersabeck, talks at FPCP 18 & at Weihai-18
• A S lecture III @ 2018 Weihai
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Charm system is unique

• Distinct from K and B-mixings
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Delta F=2 mixings are an extremely valuable treasure in providing stringent 
constraints on NP scenarios………..



Tree vs penguin
• CBA tree

• Penguin..partial cancellation between d,s
• Also (mb/mW)2 << (mt/mW)2

• So corrections due to c-penguin are much 
muted compared K and B decays
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SM expectation…DCP
• Dir CP….. See Bander, Silverman + AS, PRL 1979 for DCP when
mq >> lamda_QCD…anticipate large corrections for charm from s-quark[K-decays]
• Key points: Penguin-Tree interference; SCS modes……Hall mark of BSS’79
• Need suitable simple changes
• SM CKM phase either in Vub or in Vtd
• For charm decays relevant is Vub
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BEST CHANCE IN A VERY LONG TIME OF 
POSSIBLE SIGHTINGS OF BSM 
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Anomalies galore!
• RD(*)
• RK(*)

• g -2…BNL =>FNAL expt...
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Hirose [BELLE]@EW 
MORIOND Mar. 2017

Belle deviations  quite mild
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Possible sightings of new physics

• An extremely important consequence of NP 
is that it is highly unlikely (i.e. unnatural) that 
it will not be accompanied by  new CP-odd 
phase[s]….

• This possibility we will explore a bit further
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CKM –matrix and weak interactions

Leads to profound 
repercussions for BSMs:

“FLAVOR PUZZLE”



Implications of CPT
Based on 

Hou and Gerard, Phys.Rev.Lett. 62 (1989) 855
Atwood, Bar-Shalom, Eilam and A.S, Phys.Rept. 347 

(2001) 1-222
Atwood and A.S, PTEP 2013 (2013) no.9, 093B05
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CP CPT

• A classic test for CPV is the partial rate 
asymmetry:

•
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STARRING MORE AT CHARMIMG
PENGUINS
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Bearing all that in mind, Let’s stare some more at c-penguin

• cb has no SM-CP …whereas likely it has BSM-
CP

• ub does have SM-CP …whereas likely it has no 
BSM-CP

• MORAL…no matter what charm –penguin is; 
it is essential for DCP observation 
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Strategy to  enhance charm-CP 

• Enhance penguin as much as you can 
• For charm-CP extremely important to 

suppress tree as much as possible:
• A) avoid W-> ud or us making charge vector 

state…. e.g. rho+- or K*(+-)    …..field-current ….Sakurai 

VMD ideas B) go for CLS ….color suppressed FS…from tree
• C) go for CBS….cabibbo suppressed FS =>Singly Cabibbo Suppressed 

[SCS]….atomatically forced by T-P interference a la  Bander, 
Silverman and A.S PRL 1979
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4th rule

• Zweig suppressed + CLS
• Only class of modes seem possible here:
• D0 => Ks Ks, K0 K0*, K0* K0*
• Feynman graph
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Improved strategy for DCP
• Improved a bit over DA+AS, PTEP 2013, Tab I
• Ds=> ρ0  K+(*)    ;    K+ ф [NOT K+*]
• D+  => ф π+ (ρ+ )       ;   K0(*) K+ [NOT K+*]
• D+  =>  ρ0 π+ ; π0 π+ …;[ NOT ρ+  ]
• D0 => K+ K-(*)   [NOT K+*]  ; ф ρ0

• D0 => ρ0 ρ0 ;  ρ0 π0 ;  π+ π- ; π+ρ- [Not ρ+ π-; ρ+ ρ-]
• NOTES:  
• 1)many FS all charged; 
• 2) Some VV good for TCA esp. Ds=> ρ0  K+(*)  , D0 => ф ρ0; 

2K0* 
• 3) all π0 always also imply η(‘)   ; 
• 4) Special Note: ρ0    broad width not a problem for CP tests 

as can always replace it with  π+ π- in a mass window so long 
as done C-symmetrically with the antiparticle decay as well.
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For details, Atwood + AS, PTEP  
2012
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Implications of CPT for CP-violating 
observables [I]
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Off-shell gamma, Z esp. important in light of current LHCb
hints of LUV

• D(s) => [π(K),ρ(K*)] + l+ l-

For l=mu, e….for LUV tests

Many ways to test CP, for example,
Compare lepton pair invariant  mass
From particle to anti-particle decays 
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# of D’s vs Br & Asymm
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CPV in charm a powerful null test
• All CP asymmetries in charm should be vanishingly small [how 

small? ..Devil is in ….] ΔACP[pipi – KK] a case in point.  Some 
theorists 1st predicted any non-vanishing 

measurement would signal genuine NP. This is based on naïve 
thinking w/o understanding of non-perturbative effects.  Consensus 
now is only if its >1% a compelling case for NP
• D=>pi+ pi0 is another very interesting case.
• K+, D+, B+ => pi+ pi0 are all vanishingly small….subject to 

considerable non perurbative corrections
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Null tests:Dir CP
• A very powerful class of null tests relevant for the era of the huge data sets on 

the horizon and esp suited for lattice calculations is

• D, B => pi[K] l^+ l^- [diff. rate and Dir CP]

• K+, D+, B+ => pi^+ pi0
• FS is I=2 and transitions are all Delta I=3/2
• Therefore to the extent isospin is conserved
• gluonic penguins cannot contribute [only tree + (8,8) ops enter]
• Calculations are a lot simpler than eps’ because disconnected diagrams cannot contribute
• However EMIV [electro –mag + isospin violations] are essential for non-vanshing SM-CPV 

thus rendering these as approx null tests….
• Quantitative calculation of these non-perturbative effects become essential

• One is encouraged by the fact that calculations of EMIV 
are becoming standard tools in many lattice calculations
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SM expectations for DirCP: examples

• Expected hierarchy:
• ACP[b=>s]>ACP[c=>u] [l l]
• ACP[b=>d]>ACP[b=>s][l l]
• ACP[b=>d]>ACP[b=>s] [q q’]

All follow from CPT
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Summary & Outlook
• SM-CP expectations in charm < ~ 1%....small
• Charm serves as a superb null test
• Several indications of new physics around now
• Can have major repercussions for charm decays
• In particular with some insight focussing on selected modes may pay 

good rewards..gave several examples of hadronic modes
• For purely hadronic modes, expectations for CPAsy from SM

is a hierarchy (focus here only on CBS mode): CLS+ ZWS > CLS >CLA; 
also to enhance CPAsy should avoid W^+ => rho^+ or K*+
[there are many other ways of making vector mesons in the final state 
that should be exploited]
• D^+ (B^+)=> pi+ pi0 is good way to go after,  but precise SM 

predictions are absent and isospin breakings may be sizeable 
• Its also important to go after c => u l l, c =u gamma but expected rates 
are rather small.
• Very good chance that in the next ~5 years, via IF machines, LHCb, 

Belle-II, STCF along with precise computations …major advances in 
our  understandings of Particle Physics will be made
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EXTRA
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Topics
• D => h h l l bigi + A and Gronu + R
• b => c and anomally
• D => hadronic 4-body FS
• D=> K +X and A+S point
• CPT a la DA + AS; Bigi +
• DA + AS Table
• Delta I=1/2 enhancement; RBC-UKQCD prl
• Emerging figure at mpi phy and heavier
• Likely affects all 2 pi exclusive modes
• For PV and VV color counting likely works a lot 

better…anticipated by DA+AS PTEP
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Summary (so far) on Recent D-CP results

• SM explanation cannot be ruled out and is quite plausible; 
however, a compelling case for SM explanation can also 
not be made. 

• Unless true result is , for sure, 1% or more , not a 
compelling sign of new physics

• theory estimates plagued by large hadronic (non-
perturbative) uncertainties; NO RIGOUROUS METHOD IN 
SIGHT; LONG-TERM WORRY => Ghost of  ‘/. However, 
unlike K->  , lattice methods appear
exceedingly difficult

• More exptal input (many other modes) crucial & could 
change interpretation…

•
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Important to measure CP in pure trees
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• Implications of CPT

• Final States with enhanced CP

• SM or not : A critical test
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Candidates for enhanced CP asymmetry
[because of CPT]

• Since asymmetry arises from T and P 
interference and as a rule P<<T, need final 
states where T is suppressed => color 
suppressed modes: compare D0 => + + -

versus 0 0

• Other examples: 
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For KEKB D=> 0 0 (, ’)
also imp but may not be CS 



SM expectation…InDCP
• Indirect CP…..Im[D0-mixing-Box graph]/Re[ ]
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Extremely important consequence of CPT

• Since Br(D0 => pi+ pi-) ~Br( D0=>K+ K-)X[1.40/3.96=0.35]

• # of D0 needed for CP-observability in pi^+ pi^- modes
~ 1/3 needed for K^+ K-

• Note: This only accounts for statistical errors 
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Propose a new test for new physics
see Atwood + AS, PTEP 2012

• Key idea: Hadronic matrix elements enhancement only 
operational for EXCLUSIVE [few body] MODES, 

• Inclusive (multibody) modes should exhibit quark level 
asymmetry[quark-hadron duality] ~fewX10-4 if SM is the 
source, if these also show O(5X10-3 ) asymmetry then BSM-
CP is the origin

• Look forward to implementation at LHCb, but esp at 
KEKB(II), BESIII, STCF….
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How to look for inclusive final states?
Simple suggestion

• Look for D => K K X 
• Operationally KKX is  any final state 

containing  a K K with total energy in the 2 
kaons less than the energy of the parent D

• Limitation=> charm mass is a bit light
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Wolfenstein representation: particularly insightful



Change to sign of central values; for numerical illustrations take central 
vaues to be ½ of current value
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Brs of some interesting 2-body hadronic modes
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Expected hierarchy of CPA
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Contrarian/Complementary view
• flavor physics is actually hanging by perhaps the weakest 

link i.e. a single CP-phase endowed by the 3g –SM.

• In many ways this is a contrarian (or complementary) 
point of view, in sharp contrast to the overwhelming 
majority  following the naturalness lamp post via Higgs 
radiative stability.

• In this context it is useful to stress
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Importance of the “IF”: score card
• Beta decay => Gf => W….
• Huge suppression of KL => mu mu; miniscule ΔmK=> 

charm 
• KL =>2 pi but very rarely; mostly to 3pi =>CP violation 

=> 3 families
• Largish Bd –mixing => large top mass
• etc…….
• => extremely unwise to put all eggs in HEF
• Complementary info from IF can be a crucial guide

for pointing to new thresholds as well as provide 
important clues to the nature of the signals there from
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