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Outline
1) Flavour Physics in a nutshell 
2) Theory approaches in a nutshell 
3) From “easy” to “ganz schwer”

A. Mass differences in B-mixing 
B. Lifetime ratios ;                                                                                     

B-mixing: decay rate differences ; flavour-specific asymmetries  

C. Lifetime ratios  - some problems 
D. Sizable progress: ,  
E. Charm lifetimes: ,  
F. Charm lifetimes:  - terrible cancellations 
G. CPV in charm:  ( ) - can we be a factor of 10 off?  
H. Charm mixing: - crazy cancellations -  can we be a factor of 10 000 off?

τ(B+)/τ(Bd)
ΔΓs,d as,d

fs

τ(Bs)/τ(Bd)
Γ(Bd, B+, Bs) τ(Λb)/τ(Bd)

Γ(D0) τ(D+)/τ(D0)
Γ(D+)

ΔACP D0 → π+π−, K+K−

Relation to non-
leptonic B-decays, like 

 
and to rare-semi-
leptonic decays 

 or 

Bs → D+
s π−

B → Kll D → πll

“Easy” —
—

-> “ganz schw
er”4) Some fun, which is many times overlooked: BSM in tree-level decays

Inclusive Vcb
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Flavour Physics in a nutshell
Success

similar results by UTfit
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Flavour Physics in a nutshell
Open questions

1) CV, CPV: yes, but probably not enough                      
-> 2HDM, 4th gen.,… 

2) Baryon number violation:  yes - sphalerons               
(Klinkhammer, Manton) 

3) Phase away from thermal equilibrium: no, only for  
 GeV -> 2HDM,…mH < 65

Matter in the Universe Dark Matter in the Universe

Origin of flavour structure, quark masses,…

Several more …
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Flavour Physics in a nutshell
Anomalies
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Flavour Physics in a nutshell
Experimental and theoretical future

• Origin of anomalies: Exp./QCD or a first glimpse BSM  

• Match experimental precision: 

• Conceptual issues 

• Elephants in the room?                           
, D-mixing, assume  is correct: , ,… ΔACP : D0 → π+π−, K+K− Vexcl.

cb ϵK ΔMd,s

• Hadronic contributions to  
•  puzzle 
• Precision of QCD factorisation in B decays/LCSR

b → sℓℓ
Vcb − Vub

• Mixing:  limited by dim 6 Bag parameter  
•  limited by dim 7 contributions 
• Penguin pollution in gold-plated modes 
• Lifetimes limited by dim 6/7 Bag-parameter

ΔMs
ΔΓs

• Convergence properties of HQE: charm 
• Quark mass concepts  
• Gradient-flow

Huge amount of data ahead of us 
- LHCb upgrade II 
- BelleII 
- BESIII., Super-tau-charm,… 
- FCC-ee

BSM interpretation of potential anomalies 
- Connection to collider physics
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Theory approaches
Mass difference B-physics

20th IFT Xmas Workshop, Madrid A. Lenz, December 11th 2014 - p. 20

The SM rules: B-mixing

b

d

t,c,u

t,c,u

W
-

b

db

d
t,c,u t,c,uW

-
b

d

|M12|, |Γ12| and φ = arg(−M12/Γ12) can be related to three observables:

■ Mass difference: ∆M := MH −ML ≈ 2|M12| (off-shell)
|M12| : heavy internal particles: t, SUSY, ...

■ Decay rate difference: ∆Γ := ΓL − ΓH ≈ 2|Γ12| cosφ (on-shell)
|Γ12| : light internal particles: u, c, ... (almost) no NP!!!

■ Flavor specific/semi-leptonic CP asymmetries: e.g. Bq → Xlν (semi-leptonic)

asl ≡ afs =
Γ(Bq(t) → f)− Γ(Bq(t) → f)

Γ(Bq(t) → f) + Γ(Bq(t) → f)
=

∣∣∣∣
Γ12

M12

∣∣∣∣ sinφ

Significant CKM dependence

By far dominant uncertainty

2-loop: Buras, Jamin, Weisz 
3-loop: Gorbahn,……

One OPE: 
mW, mt
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Theory approaches
Total inclusive decay rates

Total decay rate

Optical theorem

1st OPE: 
mW, mt

2nd OPE: 
mb
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Inclusive decay rates
Theory approaches

Heavy Quark Expansion:  for total decay rates (sl&nl), lifetime ratios and mixing Γ12

Γ(Bq) = Γ3 + Γ5

⟨𝒪5⟩Bq

m2
b

+ Γ6

⟨𝒪6⟩Bq

m3
b

+ . . . + 16π2 Γ̃6

⟨𝒪̃6⟩Bq

m3
b

+ Γ̃7

⟨𝒪̃7⟩Bq

m4
b

+ . . .

with perturbative coefficients      

and non-perturbative matrix elements  and 

Γi = Γ(0)
i +

αs(mb)
4π

Γ(1)
i + ( αs(mb)

4π )
2

Γ(2)
i + . . .

⟨𝒪i⟩Bq
⟨𝒪̃i⟩Bq
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Exclusive decay rates
Theory approaches
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Theory approaches
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From “easy” to “ganz schwer”  
Mass differences in B-mixing

to improve: 
new lattice is needed 
plus progress in Vcb

Lattice 
*  ,  and  mixing: FNAL/MILC 1602.03560 
* Ratio of  and  mixing: RBC/UK QCD 1812.08791 
*  and  mixing: HQPCD 19007.01025

Bs Bd D
Bs Bd

Bs Bd

HQET-sum rules: 3-loop +  part of NNLO matching:  
*  mixing:  
  Siegen: Grozin, Klein, Mannel, Pivovarov  1606.06054, 1706.05910, 1806.00253 
*  and D mixing, , ,  and  lifetimes 
  Durham: Kirk (Rome), AL, Rauh (Bern) 1711.02100 
*  mixing 
  Durham: King, AL, Rauh (Bern) 1904.00940 
*  and  lifetimes 
  Siegen: King (Durham), AL, Rauh (Bern)  2112.03691

Bd

Bd D0 D+ Bd B+

Bs

Bs D+
s
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From “easy” to “ganz schwer”  
ratios ; B-mixing:  , τ(B+)/τ(Bd) ΔΓs,d as,d

fs

Γ12 = 16π2 Γ̃6

⟨𝒪̃6⟩Bq

m3
b

+ Γ̃7

⟨𝒪̃7⟩Bq

m4
b

+ . . .

 
KIT/ 

Siegen 
 KIT/Siegen

Γ̃(2)
6

Γ̃(1)
6

 
1996
Γ̃(0)

7
mostly VIA + 

Lattice 
(tree-level  
matching) 

1910.00970

τ(B+)
τ(Bd)

= 1 + (Γ3 − Γ3)

=0

+ Γ5 (
⟨𝒪5⟩Bd

− ⟨𝒪5⟩B+

m2
b )

=0 isopin

+ Γ6 (
⟨𝒪6⟩Bd

− ⟨𝒪6⟩B+

m3
b )

=0 isopin

+ . . . τ(B+)

+16π2 (Γ̃6(Bd)
⟨𝒪̃6⟩Bd

m3
b

− Γ̃6(B+)
⟨𝒪̃6⟩B+)

m3
b ) + (Γ̃7(Bd)

⟨𝒪̃7⟩Bd

m4
b

− Γ̃7(B+)
⟨𝒪̃7⟩B+)

m4
b ) + . . . τ(B+)

 
KIT 

 
KIT/Siegen

Γ̃(2)
6

Γ̃(1)
6

 
HQET - SM/BSM  

Siegen

⟨𝒪̃6⟩Bq
 

2003
Γ̃(0)

7  
VIA

⟨𝒪̃7⟩Bq

 
HQET SR 
(SM/BSM)  

Siegen; 
different  

lattice groups,  
including Siegen

⟨𝒪̃6⟩Bq
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From “easy” to “ganz schwer”  
ratios ; B-mixing:  , τ(B+)/τ(Bd) ΔΓs,d as,d

fs

1) New lattice is needed for dim 6 bag parameter 
=> Gradient flow 

2) Next: pert. correction  Γ̃(2)
6

1) dominated by dim 7 - first sum rule 
result is needed 

2) later  lattice is needed 
3)  desirableΓ̃(1)

7

τ(B+)
τ(Bd)

Exp.

= 1.076(4)

τ(B+)
τ(Bd)

HQE

= 1.081(15)
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From easy to “ganz schwer”  
Lifetime ratio τ(Bs)/τ(Bd)

some problems:  
•  values of non-perturbative parameter, in 

particular Darwin operator and size of 
SU(3)F breaking are unknown 

• combined fit of semi-leptonic decays and 
lifetimes

τ(Bs)
τ(Bd)

= 1 + (Γ3 − Γ3)

=0

+ Γ5 (
⟨𝒪5⟩Bd

− ⟨𝒪5⟩Bs

m2
b )

SU(3)Fbreaking

+ Γ6 (
⟨𝒪6⟩Bd

− ⟨𝒪6⟩Bs

m3
b )

SU(3)Fbreaking

+ . . . τ(Bs)

+16π2 (Γ̃6(Bd)
⟨𝒪̃6⟩Bd

m3
b

− Γ̃6(Bs)
⟨𝒪̃6⟩Bs

)
m3

b ) + (Γ̃7(Bd)
⟨𝒪̃7⟩Bd

m4
b

− Γ̃7(Bs)
⟨𝒪̃7⟩Bs

)
m4

b ) + . . . τ(Bs)

1) Size of SU(3) breaking in Darwin term 
2) lattice for dim 6 bag parameter 

=> Gradient flow 
3) Size of SU(3) breaking in chromo- 
     magnetic operator 
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From easy to “ganz schwer”  
 , Γ(Bd, B+, Bs) τ(Λb)/τ(Bd)

1) Understand quark mass definitions better 
2)  is an important inputVcb
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From easy to “ganz schwer”  
 , Γ(Bd, B+, Bs) τ(Λb)/τ(Bd)

1) Understand baryonic matrix elements better 
(non-relativistic constituent quark model) 
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From easy to “ganz schwer”  
 Charm lifetimes: , Γ(D0) τ(D+)/τ(D0)
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From easy to “ganz schwer”  
 Charm lifetimes: , Γ(D0) τ(D+)/τ(D0)

Note: 

 

It seems the HQE can  
reproduce this!!!

τ(D+)
τ(D0)

= 2.54 ± 0.02•  Pert. correction  and  
(large value of ) 

• Non-perturbative matrix 
elements:                                  
2 particle from fits (BESIII),    
4 particle dim 6 from lattice,   
4 particle dim 7 from HQET 
sum rules

Γ̃(2)
6 Γ(2)

3
αs(mc)
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From easy to “ganz schwer”  
 Charm lifetimes: Γ(D+)

•  Pert. correction  ,  and  
(large value of ) 

• Non-perturbative matrix elements:                                  
2 particle from fits (BESIII),             
4 particle dim 6 from lattice,           
4 particle dim 7 from HQET sum 
rules

Γ̃(2)
6 Γ̃(1)

7 Γ(2)
3

αs(mc)

terrible cancellations!  
one has to know free charm quark decay 
 and Pauli interference very precise 
=>   and   even more needed  

As well as non-perturbative (and maybe 
perturbative) dim 7 contribution  

Γ(2)
3 Γ̃(2)

6
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From easy to “ganz schwer”  
 CPV in charm:  ( ) ΔACP D0 → π+π−, K+K−

Experiment:

Theory:

adir
CP ≈ − 13 ⋅ 10−4 P

T
sin ϕ

Largely unknown QCD
known:  
CKM
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From easy to “ganz schwer”  
 CPV in charm:  ( ) ΔACP D0 → π+π−, K+K−

adir
CP ≈ − 13 ⋅ 10−4 P

T
sin ϕ vs.

1) naive perturbative: P/T => BSM :-) 
2) LCSR

≈ 0.1

Experiment

LCSR

3) Can we predict the branching ratios?

Huge SU(3)F breaking!

Still => BSM :-)
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adir
CP ≈ − 13 ⋅ 10−4 P
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From easy to “ganz schwer”  
Charm mixing

B-mixing D-mixing

CKM dominant  GIM dominant 
CKM suppressed   GIM suppressed

≡
≡

CKM suppressed  GIM dominant 
CKM dominant  GIM suppressed

≡
≡
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From easy to “ganz schwer”  
Charm mixing
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From easy to “ganz schwer”  
Charm mixing

crazy cancellations -  can we be a factor of 10 000 off?

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
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From easy to “ganz schwer”  
Charm mixing

crazy cancellations -  can we be a factor of 10 000 off?

HQE is just not precise enough - do everything from scratch within lattice QCD

Charming Peaks 2017 
IPPP associateship
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1) Modification of lifetimes and mixing

2)

3) Modification of the extracted value of γCKMExperimental 
test
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Conclusion
Huge amount of interesting problems to be solved 

choose your desired level of difficulty/precision

Should we introduce a colour coding?


