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CPV in Charm Decays



Charm Physics



HEAVY QUARK EXPANSION

Free quark decay

Kinetic operator  
Chromomagnetic operator 

μ2
π

μ2
G

Darwin operator  
 

μ2
π 4-quark operator  

Eye contractions  
Bi, ϵi

r
Dimension 7 operators 

Vacuum insertion approximation



HQE: Status Quo

No (state-of the art) lattice results for  
matrix elements  of 4-quark operators



HQE: b hadrons
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HQE: b hadrons
Total decay rate = free quark decay 


                                               + hadron dependent contribution 

Free quark decay

Free quark decay cancels in lifetime ratios!

quark mass definition 
very sensitive to 
  corrections αs



 Cancellations
The charm system is theoretically more difficult than the b system since 


      and 


Nevertheless the Heavy Quark Expansion might still converge


But things will become very ugly, if in addition cancellations arising

αs(mc) ≈ 0.33
ΛQCD

mc
≈ 3

ΛQCD

mb

A. No cancellations, e.g. 

B. Strong cancellations, e.g. 

C. Crazy cancellations, e.g. -mixing

Γ(D0)
Γ(D+)

D



A. No Cancellations
Size of Darwin term 
from inclusive fit? 

Huge NLO 
Corrections 



 A. No Cancellations

•Values of  almost unknown: incl. semileptonic fit 
•NNLO-QCD corrections to free quark decay in progress


•NNLO-QCD corrections to spectator effects in progress
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A. No Cancellations



A. No Cancellations
Theory 

predictions
Theory 

predictions
• Huge  corrections to free quark decay neglected 
• Huge  corrections to Pauli interference neglected 
• 1 ad-hoc parameter  introduced to fit 1 lifetime 
• Darwin term were not known 
• Eye-contractions were not know

αs
αs

α

Many issues addressed in



B. Strong Cancellations

Huge effects due to Pauli interference



 B. Strong Cancellations

•Values of  almost unknown

•NNLO-QCD corrections to free quark decay in progress


•NNLO-QCD corrections to spectator effects in progress


•Check of HQET sum rule results with lattice


•First non-perturbative determination of dimension 7 
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 B. Strong Cancellations

•Values of  almost unknown — inclusive semileptonic  decays 
•NNLO-QCD corrections to free quark decay in progress


•NNLO-QCD corrections to spectator effects in progress


•Check of HQET sum rule results with lattice


•First non-perturbative determination of dimension 7 


μ2
π , μ2

G, ρ3
D D+

s

Fael, Steinhauser,…

Nierste, Steinhauser,…

Black, Witzel,…RBC-UK



 C: Crazy Cancellations
B-mixing D-mixing



B-mixing D-mixing

CKM dominant  GIM dominant

CKM suppressed   GIM suppressed

≡
≡

CKM suppressed  GIM dominant

CKM dominant  GIM suppressed

≡
≡

 C: Crazy Cancellations



2012:  by LHCbΔΓs

ΔΓnaive HQE
D

ΔΓEXp.
D

≈ 10−5 . . .10−4

AL, Piscopo, Vlahos  
2007.03022

HFLAV

Exclusive approaches

 C: Crazy Cancellations

(4.07 ± 0.44) ⋅ 10−3 (6.47 ± 0.24) ⋅ 10−3



 C: Crazy Cancellations



 C: Crazy Cancellations



1) Vary  and 

     independently between

     1 GeV and 2 

      uncertainty increases 

          and exp. value is  

          covered

2) Choose scales somehow 

    phase space inspired as 


 exp. value is covered

μss,dd μds

mc
⇒

⇒
Exclusive and inclusive 
 approaches can over  

the experimental regions 

No precision determination possible

 C: Crazy Cancellations



 C: Crazy Cancellations



 C: Crazy Cancellations



Theory for Charm

Theory for Charm Observable  Theory for Charm Observable ≠



Theory for Charm
Theory for Charm Observable  Theory for Charm Observable ≠

• No cancellations, e.g. Lifetime of  can be predicted,  works


• Cancellations, e.g. Lifetime of  lies in the right ball park,  might work


• Crazy cancellations, e.g. Mixing of  HQE might overlap with exp.,  not excluded 

• Hadronic decays: we have to first understand the B-system!

D0 1/mc

D+ 1/mc

D0 1/mc



A BIG THANKS TO THE ORGANIZERS!!!!



Charm mixing - Theory

Valid argument if D-mixing is described by higher dimension operators in the HQE



Charm mixing - Theory
Renormalisation scale setting? 

 and  cancel within the ss, sd and dd contributions independently


Is there any requirement to set exactly  (also during scale variation)?


 ss and dd might be related via re-scattering, but sd is physically different from ss!

μ1 μ2

μss
1 = μsd

1 = μdd
1

 Wilson coefficientsΔC = 1  Wilson coefficientsΔC = 1

Loop



Charm mixing - Theory 
Renormalisation scale setting? 

Two scenarios: 
1.Vary  independently around  between 1GeV and 2 :


2.Phase space inspired scale choice

    

    

    

μss, μsd, μdd mc mc

μss = mc − 2ϵ
μsd = mc − ϵ
μdd = mc

ΔΓD > 0.028ps−1 ⇒ Ω ≡
2 |Γ12 |SM

0.028ps−1 ⇒ Ω ≈ 1 means HQE can describe Experiment


