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1. Indirect searches for new physics 

2. Heavy Quark Expansion 

3. D-Mixing 

4. Rare decays



MOTIVATION FOR FLAVOUR PHYSICS

 

 

Baryon Asymmetry in the Universe:  
A violation of the CP symmetry  - which causes matter and anti-matter to evolve 
differently with time - seems to be necessary to explain the existence of matter in 
the Universe. 
CP violation has so far only been found in hadron decays, which are 
experimentally investigated at LHCb and NA62 (CERN), SuperBelle (Japan),…

Indirect Search for BSM Physics:  
To find hints for Physics beyond the Standard Model we can either use brute force 
 (= higher energies) or more subtle strategies like high precision measurements.  
New contributions to an observable f are identified via:

Understanding QCD:  
Hadron decays are strongly affected by QCD (strong interactions) effects, which 
tend to overshadow the interesting fundamental decay dynamics. Theory tools like 
effective theories, Heavy Quark Expansion,  HQET, SCET ,…enable a control over 
QCD-effects and they are used in other fields like Collider Physics, Higgs Physics, 
DM searches…

Standard Model parameters:  
Hadron decays depend strongly on Standard Model parameters like quark masses and 
CKM couplings (which are the only known source of CP violation in the SM). A precise 
knowledge of these parameters  is needed for all branches of particle physics.

fSM + fNP = fExp



ANOMALIES  2  - 6 �

• 3-6: Semi-leptonic loop-level decays 

• 3.9: Semi-leptonic tree-level decays

• 3.6: B-mixing phase (dimuon)

• 3.5: CPV in Kaons (huge lattice progress)

• 2.6: 30 GeV resonance (ALEPH)

• 2.6: Zbb coupling (LEP FB asym)

• 2.x: K-pi puzzle

• 2.0: B-mixing modulus (mass difference)

➤ There are interesting anomalies in Flavour Physics 

4    in neutron lifetime? Proton radius seems to be solved by Hänsch et al�

E.g. lecture by A. Soni



SEMI-LEPTONIC LOOP LEVEL
  

 relatively simple hadronic structure 


                   :  decay constant

                     : form factor


                       Can be determined with lattice, sum rules,…                                                                              

Observables: 
 Branching ratios

Angular observables, e.g.         hadronic uncertainties cancel partially

Ratios                                       hadronic uncertainties cancel almost completelyRK =

Br(B+ ! K+µ�µ+)

Br(B+ ! K+e�e+)

b ! sµµ

Bd,s ! µµ

Hb ! Hqµµ

P 0
5

Br(Bs ! �µµ), Br(B ! K⇤µµ),

Understanding hadronic uncertainties is crucial for identifying BSM effects! 



SEMI-LEPTONIC LOOP LEVEL

RK =
Br(B+ ! K+µ�µ+)

Br(B+ ! K+e�e+)

b ! sµµ

Bd,s ! µµ

Hb ! Hqµµ

P 0
5

Br(Bs ! �µµ), Br(B ! K⇤µµ),

a) 

b) 

c) 



Consistent picture of numerous (175) observables  

 all can be fitted in very simple scenario  (BSM = -1/4 SM)


e.g. just modify the Wilson coefficient C9! 

3       1704.05447  
      Ciuchini, Coutinho, Fedele, Franco, Paul, Silvestrini, Valli 

      On Flavourful Easter eggs for NP hunger and LFU violation  

5.7    1704.05340  

      Capdevilla, Cvrivellin, Descotes-Genon, Matias, Virto 

         Patterns of NP in b to all transitions in the light of recent data                                                                 
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SEMI-LEPTONIC LOOP LEVEL

Statistical significance depends on estimate of hadronic uncertainties!



RD(⇤) =
Br(B̄ ! D(⇤)⌧�⌫̄⌧ )

Br(B̄ ! D(⇤)l�⌫̄l)
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SM Predictions

 = 1.0 contours2χΔ

R(D)=0.300(8) HPQCD (2015)
R(D)=0.299(11) FNAL/MILC (2015)
R(D*)=0.252(3) S. Fajfer et al. (2012)

HFAG

Moriond 2017

) = 67.4%2χP(

HFAG
Moriond EW 2017

Beware: any new                contributionb ! c⌧ ⌫̄⌧

will also modify other observables like the lifetime of the Bc meson!

e.g. Li, Yang, Zhang; Alonso, Grinstein, Camalich; Celis, Jung, Li, Pich

SEMI-LEPTONIC TREE LEVEL (THIS IS LARGE!)



 ASSUME ANOMALIES ARE REAL 

Incomplete list of models:

Z’ - new U(1) or SU(2) 
Leptoquarks 
W’- new SU(2)

Composite Models

WED

SUSY

2HDM

….

….

“Qual der Wahl” oder “Wahl der Qual” 
=  

agony of choice   or     choice of agony?

hundreds of papers…



A popular BSM model for solving the 
anomalies related to loop-level (semi) 
leptonic decays are Z’ models:
                                                                              

Such a new tree-level transition will also 
affect many other observables, most 
notably B-mixing at tree-level, but also 
many loop processes.

Make sure all relevant bounds are 
included, e.g. electro-weak precision 
bounds  


1705.00929  Ferruccio Feruglio, Paride Paradisi, Andrea Pattori

On the Importance of Electroweak Corrections for B Anomalies

 ASSUME ANOMALIES ARE REAL 



NEW: Bs mixing “disagrees” with the SM

BSM contributions should be negative

very stringent bound on many BSM models that explain the b-> s mu mu anomalies

using most recent input, in particular most recent lattice values for the hadronic input 
fBs^2 B two Bs mixing  

from FLAG (dominated by Fermilab/MILC)



Hadronic SM effects decide whether a BSM models is excluded or not

FNAL/MILC

Previous 
lattice results



INDIRECT SEARCHES FOR NEW PHYSICS 
Leave no stone unturned: So far most anomalies in the b-sector 

— charm physics is complementary! —- 

Two lessons from recent history of Delta A_CP 

CHARM 2013 
Manchester



INDIRECT SEARCHES FOR NEW PHYSICS 

To identify BSM effects from indirect searches:  
           hadronic SM effects have to be understood 
To study constraints on potential BSM models explaining the anomalies:  
           hadronic SM effects have to be understood 

Charm physics is complementary 

Lessons from Delta A_CP: Experimental numbers can change significantly 
                                              We do not really understand the SM contributions 
                                              to charm physics

Try to understand SM contributions to Charm Physics



HEAVY QUARK EXPANSION 

 1). The effective Hamiltonian



OPE 1: OBVIOUS START
Effective Hamiltonian: Why not simply calculate in the full Standard Model?


 
Phase space 

Overall result including NLO-QCD

This is not satisfactory!



OPE 2: PROBLEM

Calculating QCD corrections in the full Standard Model

we find an expansion in                            approx 1.2 and not in alpha_s! 

Series does not converge at all!



OPE 3: SOLUTION

Formal definition:

probably not too helpful



OPE 4: SOLUTION

Real life definition: integrate out the heavy particles

hopefully  helpful

l.h.s. 
Operator 1 = bc quark current

Operator 2 = ud quark current

r.h.s. 
Wilson coefficient = Fermi constant

4 quark operator

=> Effective Hamiltonian



OPE 5: SOLUTION

hopefully helpful

=> Effective Hamiltonian

No QCD corrections: C_1 = 0, C_2 = 1 

With QCD corrections and Renormalistion Group Evolution: 

1. Numerical correction: C_1 = -0.2, C_2 = 1.1  

2. Separation of scales: short distance in Wilson coefficients (e.g. M_W, but also BSM)        
long distance in matrix elements of operators 

3. Summation of large logs to all orders!!!

SM

Heff



OPE 6: PHENOMENOLOGY

 The effective Hamiltonian

is used for calculating observables 

1. Total decay rates = 1/lifetime - Heavy Quark Expansion (HQE) 

2. Mixing observables: decay rate difference (HQE) 

3. Rare decays: b => s gamma (C_7), B to K(*) mu mu (C_9); Bs to mu mu (C_10)



HEAVY QUARK EXPANSION 

2. Total decay rates - lifetimes



HEAVY QUARK EXPANSION - LIFETIMES

Assume:  

Remarks:

➤ mb is large compared to hadronic scale

➤ decay rate is a Taylor series in 1/mb

➤ leading term (=free quark decay) is universal

➤ different B mesons differ from the 3rd term on

➤ lifetime predictions need: non-perturbative matrix  elements   

and perturbative Wilson coefficients



Total decay rate can be expanded in inverse powers of mb


Each term in the series can be further expanded in the strong coupling


Each term is a product of a perturbative function and the matrix 
element of  Delta B = 0 operators (lattice , sum rules) 

Mixing obeys a similar HQE


Now Delta B = 2 operators appear (lattice , sum rules)

HEAVY QUARK EXPANSION 



STATUS BEFORE 2017
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 STATUS BEFORE 2017

E 

Ideal for NP searches - experimental precision > theory precision!
On the ultimate precision of meson mixing observables  

Thomas Jubb, Matthew Kirk, Alexander Lenz, Gilberto Tetlalmatzi-Xolocotzi  
Published in Nucl.Phys. B915 (2017) 431-453 

*Large uncertainties due to outdated non-perturbative input

*Perfect cancellation in Bs lifetime - test of NP models

was suggested in order to explain experiment, see also [20] and [21]. The dominant
contribution to the ⇤b lifetime is given by the b ! cūd and b ! cc̄s transitions. To
a large extent the ⇤b-lifetime problem has now been solved experimentally, see the
detailed discussion in [12], mostly by new measurements from LHCb [22–24]. However,
there is still a large theory uncertainty remaining due to unknown non-perturbative
matrix elements that could be calculated with current lattice-QCD techniques.

• For quite some time the values of the inclusive semi-leptonic branching ratio of B-
mesons as well as the average number of charm quarks per b-decay (missing charm
puzzle) disagreed between experiment and theory, see e.g. [25–28]. Modifications of the
decay b ! cc̄s were considered as a potential candidate for solving this problem. This
issue has been improved considerably by new data and and new calculations [29]. Again,
there still a considerable uncertainty remains due to unknown NNLO-QCD corrections.
First estimates suggest that such corrections could be large [30].

• Because of a cancellation of weak annihilation contributions it is theoretically expected
(based on the HQE) that the B0

s -lifetime is more or less equal to the B0
d-lifetime, see

e.g. [12]. For quite some time experiment found deviations of ⌧(B0
s )/⌧(B

0
d) from one -

we have plotted the experimental averages from HFAG [31] from 2003 onwards in Fig.
1. Currently there is still a small di↵erence between data and the HQE prediction,
which will be discussed further Section 2.3. Here again a modification of the b ! cūd
and/or the b ! cc̄s transitions might solve the problem.
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Figure 1: Historical values of the lifetime ratio ⌧(B0
s )/⌧(B

0
d) as reported by HFAG [31] since

2003. The solid line shows the central value and the shaded line indicates the 1� region,
the dotted line corresponds to the theory prediction, which is essentially one, with a tiny
uncertainty.

• The large observed value of the dimuon asymmetry [32–35] could not only have hinted
towards new physics but also to large values of �s

12, which is dominated by b ! cc̄s.

3

see e.g. 
Jäger et al 
1701.091883



NEWS

 

B+ 1985 
-1996 2002  2001 2003

Bs 1985 
-1996 2002 2001 2003
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-2006 -2016 2003
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First steps: Asatrian et al 1709.02160 
Sum rules: Kirk, Lenz, Rauh 1711.02100 
HPQCD in progress, see LATTICE 2016, 2017
Sum rules: Kirk, Lenz, Rauh in progress



HQET SUM RULES

•Do all dim 6 and dim 7 operators for mixing AND lifetimes      


•3 loop diagrams with FIRE reduced (2 external momenta)

•Master integrals known: Grozin, Lee; hep-ph/0812.4522   


•HQET running to scale m_b


•HQET-QCD matching at scale m_b   

B0 B̄0

Q Q

Sum rule

Quark-hadron duality

Analyticity

Hadronic matrix element Correlation function

Characteristic scale: ΛQCD

αs

(

ΛQCD

)

∼ O(1)

Characteristic scale: ’virtuality’ ω

αs (ω) ≪ 1

⇒ non-perturbative ⇒ perturbatively calculable

Choose ω s.t.

1 mixing operator Q done by                  
Grozin, Klein, Mannel, Pivovarov                                 
hep-ph/1606.06054

all Delta B=0 and 2 dim 6 operators by     
Kirk, Lenz, Rauh; 1711.02100



NEW RESULTS 1: B-MIXING

• Nice agreement with lattice
• Comparable uncertainties as lattice -> halving error feasible!
Current status: 
• B1: SR might agree or might be lower than large FNAL/MILC
• B4/B4: SR seem to prefer FNAL/MILC

Independent lattice determination urgently needed as well as higher 
precision in SR AND SR determination of Bs mesons

Kirk, Lenz, Rauh 1711.02100

1806.00253 Grozin, Mannel, Pivovarov



NEW RESULTS 2: B LIFETIMES

• Only modern determination - else: 2001
• Independent confirmation from lattice urgently needed!!!

Kirk, Lenz, Rauh 1711.02100



FINAL RESULTS: LIFETIMES

HQE works even for D lifetimes! (roughly 30% precision) 

B+ and Bs lifetime ratios agree perfectly with experiment 
Confirmation from lattice urgently needed 
Study more charmed hadrons

Kirk, Lenz, Rauh 

 1711.02100

⌧(D+)

⌧(D0)
= 2.7 = 1 + 16⇡2 (0.25)3 (1� 0.34)

<latexit sha1_base64="hkSKZGOk35zbyxARuWobiCUS+WU="></latexit><latexit sha1_base64="hkSKZGOk35zbyxARuWobiCUS+WU="></latexit><latexit sha1_base64="hkSKZGOk35zbyxARuWobiCUS+WU="></latexit><latexit sha1_base64="hkSKZGOk35zbyxARuWobiCUS+WU="></latexit>

Uncertainty can 
be considerably  
reduced: NNLO 

Matching + dim 7

Question of  
HQE convergence 
is not a question 

of believes, but can 
be systematically 

studied!



HEAVY QUARK EXPANSION 

B mixing - decay rate differences





HOMEWORK 

Diagonalise the matrix: 

1) What are the eigenvalues in the case                                     ?

2) What are the eigenvalues in the general case?



Fundamentals of B-mixing 1

Mixing = Mass eigenstate differs from interaction eigenstate

Quarks: CKM matrix 
Leptons: PMNS matrix 
Neutrinos: oscillations 
Electro-weak gauge bosons 
Neutral mesons



Fundamentals of B-mixing 2



Fundamentals of B-mixing 3

off-shell, like top, W 
but also up and charm

on-shell, like up, charm



Fundamentals of B-mixing 4

Diagonalise the 2x2 matrix

Mass eigenstates Interaction eigenstates

with



Fundamentals of B-mixing 5

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



Fundamentals of B-mixing 6

Oscillations of B mesons see e.g. 
B physics at the Tevatron: Run II and beyond  
K. Anikeev (MIT) et al.. Dec 2001. 583 pp.  
e-Print: hep-ph/0201071 | PDF   
 Cited by 378 records  

Mass eigenstates have obvious time evolution

Transform to interaction eigenstates

https://inspirehep.net/record/569185
https://inspirehep.net/author/profile/Anikeev%2C%20K.?recid=569185&ln=en
https://inspirehep.net/search?cc=Institutions&p=institution:%22MIT%22&ln=en
https://inspirehep.net/record/569185
http://arxiv.org/abs/hep-ph/0201071
http://arxiv.org/pdf/hep-ph/0201071.pdf
https://inspirehep.net/search?ln=en&p=refersto%3Arecid%3A569185&sf=earliestdate&rm=citation


Fundamentals of B-mixing 7

�c
<latexit sha1_base64="egPqVc1IXBIvztbbM8xmAiyp4Ac=">AAAB8HicbVBNSwMxFHxbv2r9qnr0EiyCp7IrgnorevFYwbXFdinZbLYNzSZLkhXK0n/hxYOKV3+ON/+N2XYP2joQGGbmkfcmTDnTxnW/ncrK6tr6RnWztrW9s7tX3z940DJThPpEcqm6IdaUM0F9wwyn3VRRnIScdsLxTeF3nqjSTIp7M0lpkOChYDEj2Fjpsc9tNMIDUhvUG27TnQEtE68kDSjRHtS/+pEkWUKFIRxr3fPc1AQ5VoYRTqe1fqZpiskYD2nPUoETqoN8tvEUnVglQrFU9gmDZurviRwnWk+S0CYTbEZ60SvE/7xeZuLLIGcizQwVZP5RnHFkJCrORxFTlBg+sQQTxeyuiIywwsTYkooSvMWTl4l/1rxqenfnjdZ12UYVjuAYTsGDC2jBLbTBBwICnuEV3hztvDjvzsc8WnHKmUP4A+fzB1V+kDs=</latexit><latexit sha1_base64="egPqVc1IXBIvztbbM8xmAiyp4Ac=">AAAB8HicbVBNSwMxFHxbv2r9qnr0EiyCp7IrgnorevFYwbXFdinZbLYNzSZLkhXK0n/hxYOKV3+ON/+N2XYP2joQGGbmkfcmTDnTxnW/ncrK6tr6RnWztrW9s7tX3z940DJThPpEcqm6IdaUM0F9wwyn3VRRnIScdsLxTeF3nqjSTIp7M0lpkOChYDEj2Fjpsc9tNMIDUhvUG27TnQEtE68kDSjRHtS/+pEkWUKFIRxr3fPc1AQ5VoYRTqe1fqZpiskYD2nPUoETqoN8tvEUnVglQrFU9gmDZurviRwnWk+S0CYTbEZ60SvE/7xeZuLLIGcizQwVZP5RnHFkJCrORxFTlBg+sQQTxeyuiIywwsTYkooSvMWTl4l/1rxqenfnjdZ12UYVjuAYTsGDC2jBLbTBBwICnuEV3hztvDjvzsc8WnHKmUP4A+fzB1V+kDs=</latexit><latexit sha1_base64="egPqVc1IXBIvztbbM8xmAiyp4Ac=">AAAB8HicbVBNSwMxFHxbv2r9qnr0EiyCp7IrgnorevFYwbXFdinZbLYNzSZLkhXK0n/hxYOKV3+ON/+N2XYP2joQGGbmkfcmTDnTxnW/ncrK6tr6RnWztrW9s7tX3z940DJThPpEcqm6IdaUM0F9wwyn3VRRnIScdsLxTeF3nqjSTIp7M0lpkOChYDEj2Fjpsc9tNMIDUhvUG27TnQEtE68kDSjRHtS/+pEkWUKFIRxr3fPc1AQ5VoYRTqe1fqZpiskYD2nPUoETqoN8tvEUnVglQrFU9gmDZurviRwnWk+S0CYTbEZ60SvE/7xeZuLLIGcizQwVZP5RnHFkJCrORxFTlBg+sQQTxeyuiIywwsTYkooSvMWTl4l/1rxqenfnjdZ12UYVjuAYTsGDC2jBLbTBBwICnuEV3hztvDjvzsc8WnHKmUP4A+fzB1V+kDs=</latexit><latexit sha1_base64="egPqVc1IXBIvztbbM8xmAiyp4Ac=">AAAB8HicbVBNSwMxFHxbv2r9qnr0EiyCp7IrgnorevFYwbXFdinZbLYNzSZLkhXK0n/hxYOKV3+ON/+N2XYP2joQGGbmkfcmTDnTxnW/ncrK6tr6RnWztrW9s7tX3z940DJThPpEcqm6IdaUM0F9wwyn3VRRnIScdsLxTeF3nqjSTIp7M0lpkOChYDEj2Fjpsc9tNMIDUhvUG27TnQEtE68kDSjRHtS/+pEkWUKFIRxr3fPc1AQ5VoYRTqe1fqZpiskYD2nPUoETqoN8tvEUnVglQrFU9gmDZurviRwnWk+S0CYTbEZ60SvE/7xeZuLLIGcizQwVZP5RnHFkJCrORxFTlBg+sQQTxeyuiIywwsTYkooSvMWTl4l/1rxqenfnjdZ12UYVjuAYTsGDC2jBLbTBBwICnuEV3hztvDjvzsc8WnHKmUP4A+fzB1V+kDs=</latexit>



Fundamentals of B-mixing 8

• CKM elements 

• Loop functions

1. Constant term f_0 cancel 
2. If internal quarks have equal masses, then M_12 vanishes                
GIM cancellation        

3. f depends strongly on (m_q/M_W)^2 

Charm system:                            are all small !                 
m2

d

M2
W

,
m2

s

M2
W

,
m2

b

M2
W
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0.00030.0000…

0.0000… 0.0000… 0.003

4.5
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Inami-Lim function

In the Bs system an additional CKM suppression

GIM

In the charm system  
the internal b-quark 
is CKM suppressed,  

compared to  
down and strange



Fundamentals of B-mixing 9

non-perturbative  
matrix elements

Weak coupling,  
W propagator

CKM elements
2 loop QCD 
corrections

Inami-Lim  
function

via lattice or sum rules
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SM error dominated by non-perturbative parameter  



Total decay rate can be expanded in inverse powers of mb

Each term in the series can be further expanded in the strong 
coupling

Each term is a product of a perturbative function and the matrix 
element of  Delta B = 0 operators (lattice , sum rules)
Mixing obeys a similar HQE

Now Delta B = 2 operators appear (lattice , sum rules)

HEAVY QUARK EXPANSION  



STATUS BEFORE 2017

 

B+ 1985 
-1996 2002  2001 2003

Bs 1985 
-1996 2002 2001 2003

G12s 1985 
-1996

1998 
-2006 -2016 1996

G12d 1985 
-1996

2003 
-2006 -2016 2003

�(0)
3 �(1)

3 �(2)
3 �(0)

4 �(1)
4

< |dim6| > < |dim7| >



THEORY UNCERTAINTIES IN MIXING

3 dominant uncertainties:         

   

CP violation in the Bs system  
Marina Artuso, Guennadi Borissov, Alexander Lenz  
Rev.Mod.Phys. 88 (2016) no.4,045002

Dim 6 is done on the lattice                                                               
newest results (Fermilab MILC 1602:03560) 
indicate a tension with experiment

Dim 7 has never been done                                                               

NNLO QCD has not been done



NEWS

 

B+ 1985 
-1996 2002  2001 2003

Bs 1985 
-1996 2002 2001 2003

G12s 1985 
-1996

1998 
-2006 -2016 1996

G12d 1985 
-1996

2003 
-2006 -2016 2003

�(0)
3 �(1)

3 �(2)
3 �(0)

4 �(1)
4

< |dim6| > < |dim7| >

First steps: Asatrian et al 1709.02160 
Sum rules: Kirk, Lenz, Rauh 1711.02100 
HPQCD in progress, see LATTICE 2016, 2017
Sum rules: Kirk, Lenz, Rauh in progress



 HQE FOR B-MIXING

Again: perfect agreement of experiment and theory
HFLAV 2018

Jubb, Kirk, AL, 
Tetlalmatzi-Xolocotzi 
2017



D MIXING 



Charm theory is notoriously difficult 

modified Nelson plot from A. Petrov hep-ph/0311371



Charm mixing - Theory 1
Flavour Eigenstates

Mixing due to box diagrams

 Mass Eigenstates

|D0i = |cūi |D̄0i = |c̄ui
<latexit sha1_base64="23PXLLUksWUnrXMc66N9VFgLuF0="></latexit><latexit sha1_base64="23PXLLUksWUnrXMc66N9VFgLuF0="></latexit><latexit sha1_base64="23PXLLUksWUnrXMc66N9VFgLuF0="></latexit><latexit sha1_base64="23PXLLUksWUnrXMc66N9VFgLuF0="></latexit>

|D1,2i = p|D0i± q|D̄0i
<latexit sha1_base64="hdfrYgV2t3UZlaRI3X7lY3BCHKM="></latexit><latexit sha1_base64="hdfrYgV2t3UZlaRI3X7lY3BCHKM="></latexit><latexit sha1_base64="hdfrYgV2t3UZlaRI3X7lY3BCHKM="></latexit><latexit sha1_base64="hdfrYgV2t3UZlaRI3X7lY3BCHKM="></latexit>



Charm mixing - Theory 2
Diagonalise mass and decay rate matrix

�M2
D � 1

4
��2

D = 4
��MD

12

��2 �
���D

12

��2 ,

�MD��D = 4
��MD

12

�� ���D
12

�� cos(�D
12) ,

<latexit sha1_base64="d0zab4qssCOsPHGNwgcqELzoBCI="></latexit><latexit sha1_base64="d0zab4qssCOsPHGNwgcqELzoBCI="></latexit><latexit sha1_base64="d0zab4qssCOsPHGNwgcqELzoBCI="></latexit><latexit sha1_base64="d0zab4qssCOsPHGNwgcqELzoBCI="></latexit>

mass difference


decorate difference


absorptive part of box diagram (on-shell)


dispersive part of box diagram (off-shell)


relative phase


�D
12
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MD
12
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�D
12 = � arg(�MD

12/�
D
12)

<latexit sha1_base64="dD6hWCM/6Mb2PjL7ZkwLYHtZuLs="></latexit><latexit sha1_base64="dD6hWCM/6Mb2PjL7ZkwLYHtZuLs="></latexit><latexit sha1_base64="dD6hWCM/6Mb2PjL7ZkwLYHtZuLs="></latexit><latexit sha1_base64="dD6hWCM/6Mb2PjL7ZkwLYHtZuLs="></latexit>

�MD = M1 �M2
<latexit sha1_base64="ll1/va8v65IlXMveEtDsKtvBdm8="></latexit><latexit sha1_base64="ll1/va8v65IlXMveEtDsKtvBdm8="></latexit><latexit sha1_base64="ll1/va8v65IlXMveEtDsKtvBdm8="></latexit><latexit sha1_base64="ll1/va8v65IlXMveEtDsKtvBdm8="></latexit>

��D = �2 � �1
<latexit sha1_base64="Dpe9HtKkfN8t2bb5tWUTn/kfYlg="></latexit><latexit sha1_base64="Dpe9HtKkfN8t2bb5tWUTn/kfYlg="></latexit><latexit sha1_base64="Dpe9HtKkfN8t2bb5tWUTn/kfYlg="></latexit><latexit sha1_base64="Dpe9HtKkfN8t2bb5tWUTn/kfYlg="></latexit>



Charm mixing - Experiment 
Experimental situation


• Small values

• non-vanishing x not yet confirmed

x :=
�MD

�D
= 0.32%± 0.14% ,

y :=
��D

2�D
= 0.61%± 0.07% ,

<latexit sha1_base64="i7A+lRiZDY4ph1YFNWI7/wgVTXk="></latexit><latexit sha1_base64="i7A+lRiZDY4ph1YFNWI7/wgVTXk="></latexit><latexit sha1_base64="i7A+lRiZDY4ph1YFNWI7/wgVTXk="></latexit><latexit sha1_base64="i7A+lRiZDY4ph1YFNWI7/wgVTXk="></latexit>

HFLAV 2016/2018



Charm mixing - Theory 3
Crucial differences compared to B mixing


1) No simple formulae like


both        and         have to be known! 


but there is a bound


2) GIM  cancellation vs CKM hierarchy:                , but complex!!!

��D  2|�D
12|
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�MBS = 2|MBs
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<latexit sha1_base64="9SHEUMuKGZz+xxhwoiQEDWBTrG0="></latexit><latexit sha1_base64="9SHEUMuKGZz+xxhwoiQEDWBTrG0="></latexit><latexit sha1_base64="9SHEUMuKGZz+xxhwoiQEDWBTrG0="></latexit><latexit sha1_base64="9SHEUMuKGZz+xxhwoiQEDWBTrG0="></latexit>
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<latexit sha1_base64="oR4DHknsEqph/3XjImDHPWhplng="></latexit><latexit sha1_base64="oR4DHknsEqph/3XjImDHPWhplng="></latexit><latexit sha1_base64="oR4DHknsEqph/3XjImDHPWhplng="></latexit><latexit sha1_base64="oR4DHknsEqph/3XjImDHPWhplng="></latexit>

MD
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s

⇥
MD
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sd +MD

dd

⇤
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sd +MD
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<latexit sha1_base64="A/ySyYDCpuB2pa4PGMuSy98Dy/Q="></latexit><latexit sha1_base64="A/ySyYDCpuB2pa4PGMuSy98Dy/Q="></latexit><latexit sha1_base64="A/ySyYDCpuB2pa4PGMuSy98Dy/Q="></latexit><latexit sha1_base64="A/ySyYDCpuB2pa4PGMuSy98Dy/Q="></latexit>

�b ⌧ �s
<latexit sha1_base64="NWs8u/XkkwR4AhIT0nEE4rE3c/k=">AAACAnicdVDNS8MwHE39nPWr6km8BIfgqaSi6HHoxeME9wFrKWmabmFpWpJUGGN48V/x4kERr/4V3vxvTLcOVPRB4OW99yP5vSjnTGmEPq2FxaXlldXamr2+sbm17ezstlVWSEJbJOOZ7EZYUc4EbWmmOe3mkuI04rQTDa9Kv3NHpWKZuNWjnAYp7guWMIK1kUJn3/a5Scc4jKDPOZzflB06deSeoRIQuWhOKsWrlDqo0AydDz/OSJFSoQnHSvU8lOtgjKVmhNOJ7ReK5pgMcZ/2DBU4pSoYT1eYwCOjxDDJpDlCw6n6fWKMU6VGaWSSKdYD9dsrxb+8XqGTi2DMRF5oKsjsoaTgUGew7APGTFKi+cgQTCQzf4VkgCUm2rRWljDfFP5P2ieuh1zv5rTeuKzqqIEDcAiOgQfOQQNcgyZoAQLuwSN4Bi/Wg/VkvVpvs+iCVc3sgR+w3r8AmJKWRA==</latexit><latexit sha1_base64="NWs8u/XkkwR4AhIT0nEE4rE3c/k=">AAACAnicdVDNS8MwHE39nPWr6km8BIfgqaSi6HHoxeME9wFrKWmabmFpWpJUGGN48V/x4kERr/4V3vxvTLcOVPRB4OW99yP5vSjnTGmEPq2FxaXlldXamr2+sbm17ezstlVWSEJbJOOZ7EZYUc4EbWmmOe3mkuI04rQTDa9Kv3NHpWKZuNWjnAYp7guWMIK1kUJn3/a5Scc4jKDPOZzflB06deSeoRIQuWhOKsWrlDqo0AydDz/OSJFSoQnHSvU8lOtgjKVmhNOJ7ReK5pgMcZ/2DBU4pSoYT1eYwCOjxDDJpDlCw6n6fWKMU6VGaWSSKdYD9dsrxb+8XqGTi2DMRF5oKsjsoaTgUGew7APGTFKi+cgQTCQzf4VkgCUm2rRWljDfFP5P2ieuh1zv5rTeuKzqqIEDcAiOgQfOQQNcgyZoAQLuwSN4Bi/Wg/VkvVpvs+iCVc3sgR+w3r8AmJKWRA==</latexit><latexit sha1_base64="NWs8u/XkkwR4AhIT0nEE4rE3c/k=">AAACAnicdVDNS8MwHE39nPWr6km8BIfgqaSi6HHoxeME9wFrKWmabmFpWpJUGGN48V/x4kERr/4V3vxvTLcOVPRB4OW99yP5vSjnTGmEPq2FxaXlldXamr2+sbm17ezstlVWSEJbJOOZ7EZYUc4EbWmmOe3mkuI04rQTDa9Kv3NHpWKZuNWjnAYp7guWMIK1kUJn3/a5Scc4jKDPOZzflB06deSeoRIQuWhOKsWrlDqo0AydDz/OSJFSoQnHSvU8lOtgjKVmhNOJ7ReK5pgMcZ/2DBU4pSoYT1eYwCOjxDDJpDlCw6n6fWKMU6VGaWSSKdYD9dsrxb+8XqGTi2DMRF5oKsjsoaTgUGew7APGTFKi+cgQTCQzf4VkgCUm2rRWljDfFP5P2ieuh1zv5rTeuKzqqIEDcAiOgQfOQQNcgyZoAQLuwSN4Bi/Wg/VkvVpvs+iCVc3sgR+w3r8AmJKWRA==</latexit><latexit sha1_base64="NWs8u/XkkwR4AhIT0nEE4rE3c/k=">AAACAnicdVDNS8MwHE39nPWr6km8BIfgqaSi6HHoxeME9wFrKWmabmFpWpJUGGN48V/x4kERr/4V3vxvTLcOVPRB4OW99yP5vSjnTGmEPq2FxaXlldXamr2+sbm17ezstlVWSEJbJOOZ7EZYUc4EbWmmOe3mkuI04rQTDa9Kv3NHpWKZuNWjnAYp7guWMIK1kUJn3/a5Scc4jKDPOZzflB06deSeoRIQuWhOKsWrlDqo0AydDz/OSJFSoQnHSvU8lOtgjKVmhNOJ7ReK5pgMcZ/2DBU4pSoYT1eYwCOjxDDJpDlCw6n6fWKMU6VGaWSSKdYD9dsrxb+8XqGTi2DMRF5oKsjsoaTgUGew7APGTFKi+cgQTCQzf4VkgCUm2rRWljDfFP5P2ieuh1zv5rTeuKzqqIEDcAiOgQfOQQNcgyZoAQLuwSN4Bi/Wg/VkvVpvs+iCVc3sgR+w3r8AmJKWRA==</latexit>

Nierste 0904.1869 
Jubb et al. 1603.07770



Charm mixing - Theory 3
Crucial differences compared to B mixing


1) No simple formulae like


both        and         have to be known! 


but there is a bound


2) GIM  cancellation vs CKM hierarchy:                , but complex!!!

��D  2|�D
12|

<latexit sha1_base64="mkVQoIwudnSiLss8ZcBt9IA7QSg=">AAACEXicdZBNS8NAEIY3flu/qh69LBahp5IURY9FC3pUsLXQ1DLZTtulu0nc3Qgl7V/w4l/x4kERr968+W9M2ggq+sLCyzMzzM7rhYJrY9sf1szs3PzC4tJybmV1bX0jv7lV10GkGNZYIALV8ECj4D7WDDcCG6FCkJ7AK29wktavblFpHviXZhhiS0LP513OwCSonS+6VRQGqHsKUkK7Sl2BN7RMRxmInfL4ukpHuXa+YJcO7FTULtlfJiNORgok03k7/+52AhZJ9A0ToHXTsUPTikEZzgSOc26kMQQ2gB42E+uDRN2KJxeN6V5COrQbqOT5hk7o94kYpNZD6SWdEkxf/66l8K9aMzLdo1bM/TAy6LPpom4kqAloGg/tcIXMiGFigCme/JWyPihgJgkxDeHrUvq/qZdLjl1yLvYLleMsjiWyQ3ZJkTjkkFTIGTknNcLIHXkgT+TZurcerRfrddo6Y2Uz2+SHrLdPbXKbeg==</latexit><latexit sha1_base64="mkVQoIwudnSiLss8ZcBt9IA7QSg=">AAACEXicdZBNS8NAEIY3flu/qh69LBahp5IURY9FC3pUsLXQ1DLZTtulu0nc3Qgl7V/w4l/x4kERr968+W9M2ggq+sLCyzMzzM7rhYJrY9sf1szs3PzC4tJybmV1bX0jv7lV10GkGNZYIALV8ECj4D7WDDcCG6FCkJ7AK29wktavblFpHviXZhhiS0LP513OwCSonS+6VRQGqHsKUkK7Sl2BN7RMRxmInfL4ukpHuXa+YJcO7FTULtlfJiNORgok03k7/+52AhZJ9A0ToHXTsUPTikEZzgSOc26kMQQ2gB42E+uDRN2KJxeN6V5COrQbqOT5hk7o94kYpNZD6SWdEkxf/66l8K9aMzLdo1bM/TAy6LPpom4kqAloGg/tcIXMiGFigCme/JWyPihgJgkxDeHrUvq/qZdLjl1yLvYLleMsjiWyQ3ZJkTjkkFTIGTknNcLIHXkgT+TZurcerRfrddo6Y2Uz2+SHrLdPbXKbeg==</latexit><latexit sha1_base64="mkVQoIwudnSiLss8ZcBt9IA7QSg=">AAACEXicdZBNS8NAEIY3flu/qh69LBahp5IURY9FC3pUsLXQ1DLZTtulu0nc3Qgl7V/w4l/x4kERr968+W9M2ggq+sLCyzMzzM7rhYJrY9sf1szs3PzC4tJybmV1bX0jv7lV10GkGNZYIALV8ECj4D7WDDcCG6FCkJ7AK29wktavblFpHviXZhhiS0LP513OwCSonS+6VRQGqHsKUkK7Sl2BN7RMRxmInfL4ukpHuXa+YJcO7FTULtlfJiNORgok03k7/+52AhZJ9A0ToHXTsUPTikEZzgSOc26kMQQ2gB42E+uDRN2KJxeN6V5COrQbqOT5hk7o94kYpNZD6SWdEkxf/66l8K9aMzLdo1bM/TAy6LPpom4kqAloGg/tcIXMiGFigCme/JWyPihgJgkxDeHrUvq/qZdLjl1yLvYLleMsjiWyQ3ZJkTjkkFTIGTknNcLIHXkgT+TZurcerRfrddo6Y2Uz2+SHrLdPbXKbeg==</latexit><latexit sha1_base64="mkVQoIwudnSiLss8ZcBt9IA7QSg=">AAACEXicdZBNS8NAEIY3flu/qh69LBahp5IURY9FC3pUsLXQ1DLZTtulu0nc3Qgl7V/w4l/x4kERr968+W9M2ggq+sLCyzMzzM7rhYJrY9sf1szs3PzC4tJybmV1bX0jv7lV10GkGNZYIALV8ECj4D7WDDcCG6FCkJ7AK29wktavblFpHviXZhhiS0LP513OwCSonS+6VRQGqHsKUkK7Sl2BN7RMRxmInfL4ukpHuXa+YJcO7FTULtlfJiNORgok03k7/+52AhZJ9A0ToHXTsUPTikEZzgSOc26kMQQ2gB42E+uDRN2KJxeN6V5COrQbqOT5hk7o94kYpNZD6SWdEkxf/66l8K9aMzLdo1bM/TAy6LPpom4kqAloGg/tcIXMiGFigCme/JWyPihgJgkxDeHrUvq/qZdLjl1yLvYLleMsjiWyQ3ZJkTjkkFTIGTknNcLIHXkgT+TZurcerRfrddo6Y2Uz2+SHrLdPbXKbeg==</latexit>

�MBS = 2|MBs
12 |

<latexit sha1_base64="2Ov5MypqZLu8YVy0v5HUglk9pUE=">AAACDnicdZDLSsNAFIYn9VbrLerSzWApuApJUXQjlOrCjVDRXqCNYTKdtEMnF2YmQknzBG58FTcuFHHr2p1v46RNQUV/GPjnO+cwc343YlRI0/zUCguLS8srxdXS2vrG5pa+vdMSYcwxaeKQhbzjIkEYDUhTUslIJ+IE+S4jbXd0ltXbd4QLGgY3chwR20eDgHoUI6mQo1d654RJBC+dpO5cpxCewiqcZFermt4qJlI4KTl62TSOzEzQNMy5yYmVkzLI1XD0j14/xLFPAokZEqJrmZG0E8QlxYykpV4sSITwCA1IV9kA+UTYyXSdFFYU6UMv5OoEEk7p94kE+UKMfVd1+kgOxe9aBv+qdWPpndgJDaJYkgDPHvJiBmUIs2xgn3KCJRsrgzCn6q8QDxFHWKoEsxDmm8L/TatqWKZhXR2Wa/U8jiLYA/vgAFjgGNTABWiAJsDgHjyCZ/CiPWhP2qv2NmstaPnMLvgh7f0LYY+Zxw==</latexit><latexit sha1_base64="2Ov5MypqZLu8YVy0v5HUglk9pUE=">AAACDnicdZDLSsNAFIYn9VbrLerSzWApuApJUXQjlOrCjVDRXqCNYTKdtEMnF2YmQknzBG58FTcuFHHr2p1v46RNQUV/GPjnO+cwc343YlRI0/zUCguLS8srxdXS2vrG5pa+vdMSYcwxaeKQhbzjIkEYDUhTUslIJ+IE+S4jbXd0ltXbd4QLGgY3chwR20eDgHoUI6mQo1d654RJBC+dpO5cpxCewiqcZFermt4qJlI4KTl62TSOzEzQNMy5yYmVkzLI1XD0j14/xLFPAokZEqJrmZG0E8QlxYykpV4sSITwCA1IV9kA+UTYyXSdFFYU6UMv5OoEEk7p94kE+UKMfVd1+kgOxe9aBv+qdWPpndgJDaJYkgDPHvJiBmUIs2xgn3KCJRsrgzCn6q8QDxFHWKoEsxDmm8L/TatqWKZhXR2Wa/U8jiLYA/vgAFjgGNTABWiAJsDgHjyCZ/CiPWhP2qv2NmstaPnMLvgh7f0LYY+Zxw==</latexit><latexit sha1_base64="2Ov5MypqZLu8YVy0v5HUglk9pUE=">AAACDnicdZDLSsNAFIYn9VbrLerSzWApuApJUXQjlOrCjVDRXqCNYTKdtEMnF2YmQknzBG58FTcuFHHr2p1v46RNQUV/GPjnO+cwc343YlRI0/zUCguLS8srxdXS2vrG5pa+vdMSYcwxaeKQhbzjIkEYDUhTUslIJ+IE+S4jbXd0ltXbd4QLGgY3chwR20eDgHoUI6mQo1d654RJBC+dpO5cpxCewiqcZFermt4qJlI4KTl62TSOzEzQNMy5yYmVkzLI1XD0j14/xLFPAokZEqJrmZG0E8QlxYykpV4sSITwCA1IV9kA+UTYyXSdFFYU6UMv5OoEEk7p94kE+UKMfVd1+kgOxe9aBv+qdWPpndgJDaJYkgDPHvJiBmUIs2xgn3KCJRsrgzCn6q8QDxFHWKoEsxDmm8L/TatqWKZhXR2Wa/U8jiLYA/vgAFjgGNTABWiAJsDgHjyCZ/CiPWhP2qv2NmstaPnMLvgh7f0LYY+Zxw==</latexit><latexit sha1_base64="2Ov5MypqZLu8YVy0v5HUglk9pUE=">AAACDnicdZDLSsNAFIYn9VbrLerSzWApuApJUXQjlOrCjVDRXqCNYTKdtEMnF2YmQknzBG58FTcuFHHr2p1v46RNQUV/GPjnO+cwc343YlRI0/zUCguLS8srxdXS2vrG5pa+vdMSYcwxaeKQhbzjIkEYDUhTUslIJ+IE+S4jbXd0ltXbd4QLGgY3chwR20eDgHoUI6mQo1d654RJBC+dpO5cpxCewiqcZFermt4qJlI4KTl62TSOzEzQNMy5yYmVkzLI1XD0j14/xLFPAokZEqJrmZG0E8QlxYykpV4sSITwCA1IV9kA+UTYyXSdFFYU6UMv5OoEEk7p94kE+UKMfVd1+kgOxe9aBv+qdWPpndgJDaJYkgDPHvJiBmUIs2xgn3KCJRsrgzCn6q8QDxFHWKoEsxDmm8L/TatqWKZhXR2Wa/U8jiLYA/vgAFjgGNTABWiAJsDgHjyCZ/CiPWhP2qv2NmstaPnMLvgh7f0LYY+Zxw==</latexit>

�D
12

<latexit sha1_base64="4l52xW2ofr4wgSKZDlOtA4Hxzo4="></latexit><latexit sha1_base64="4l52xW2ofr4wgSKZDlOtA4Hxzo4="></latexit><latexit sha1_base64="4l52xW2ofr4wgSKZDlOtA4Hxzo4="></latexit><latexit sha1_base64="4l52xW2ofr4wgSKZDlOtA4Hxzo4="></latexit>
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12

<latexit sha1_base64="9SHEUMuKGZz+xxhwoiQEDWBTrG0="></latexit><latexit sha1_base64="9SHEUMuKGZz+xxhwoiQEDWBTrG0="></latexit><latexit sha1_base64="9SHEUMuKGZz+xxhwoiQEDWBTrG0="></latexit><latexit sha1_base64="9SHEUMuKGZz+xxhwoiQEDWBTrG0="></latexit>
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<latexit sha1_base64="oR4DHknsEqph/3XjImDHPWhplng="></latexit><latexit sha1_base64="oR4DHknsEqph/3XjImDHPWhplng="></latexit><latexit sha1_base64="oR4DHknsEqph/3XjImDHPWhplng="></latexit><latexit sha1_base64="oR4DHknsEqph/3XjImDHPWhplng="></latexit>
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<latexit sha1_base64="A/ySyYDCpuB2pa4PGMuSy98Dy/Q="></latexit><latexit sha1_base64="A/ySyYDCpuB2pa4PGMuSy98Dy/Q="></latexit><latexit sha1_base64="A/ySyYDCpuB2pa4PGMuSy98Dy/Q="></latexit><latexit sha1_base64="A/ySyYDCpuB2pa4PGMuSy98Dy/Q="></latexit>

�b ⌧ �s
<latexit sha1_base64="NWs8u/XkkwR4AhIT0nEE4rE3c/k=">AAACAnicdVDNS8MwHE39nPWr6km8BIfgqaSi6HHoxeME9wFrKWmabmFpWpJUGGN48V/x4kERr/4V3vxvTLcOVPRB4OW99yP5vSjnTGmEPq2FxaXlldXamr2+sbm17ezstlVWSEJbJOOZ7EZYUc4EbWmmOe3mkuI04rQTDa9Kv3NHpWKZuNWjnAYp7guWMIK1kUJn3/a5Scc4jKDPOZzflB06deSeoRIQuWhOKsWrlDqo0AydDz/OSJFSoQnHSvU8lOtgjKVmhNOJ7ReK5pgMcZ/2DBU4pSoYT1eYwCOjxDDJpDlCw6n6fWKMU6VGaWSSKdYD9dsrxb+8XqGTi2DMRF5oKsjsoaTgUGew7APGTFKi+cgQTCQzf4VkgCUm2rRWljDfFP5P2ieuh1zv5rTeuKzqqIEDcAiOgQfOQQNcgyZoAQLuwSN4Bi/Wg/VkvVpvs+iCVc3sgR+w3r8AmJKWRA==</latexit><latexit sha1_base64="NWs8u/XkkwR4AhIT0nEE4rE3c/k=">AAACAnicdVDNS8MwHE39nPWr6km8BIfgqaSi6HHoxeME9wFrKWmabmFpWpJUGGN48V/x4kERr/4V3vxvTLcOVPRB4OW99yP5vSjnTGmEPq2FxaXlldXamr2+sbm17ezstlVWSEJbJOOZ7EZYUc4EbWmmOe3mkuI04rQTDa9Kv3NHpWKZuNWjnAYp7guWMIK1kUJn3/a5Scc4jKDPOZzflB06deSeoRIQuWhOKsWrlDqo0AydDz/OSJFSoQnHSvU8lOtgjKVmhNOJ7ReK5pgMcZ/2DBU4pSoYT1eYwCOjxDDJpDlCw6n6fWKMU6VGaWSSKdYD9dsrxb+8XqGTi2DMRF5oKsjsoaTgUGew7APGTFKi+cgQTCQzf4VkgCUm2rRWljDfFP5P2ieuh1zv5rTeuKzqqIEDcAiOgQfOQQNcgyZoAQLuwSN4Bi/Wg/VkvVpvs+iCVc3sgR+w3r8AmJKWRA==</latexit><latexit sha1_base64="NWs8u/XkkwR4AhIT0nEE4rE3c/k=">AAACAnicdVDNS8MwHE39nPWr6km8BIfgqaSi6HHoxeME9wFrKWmabmFpWpJUGGN48V/x4kERr/4V3vxvTLcOVPRB4OW99yP5vSjnTGmEPq2FxaXlldXamr2+sbm17ezstlVWSEJbJOOZ7EZYUc4EbWmmOe3mkuI04rQTDa9Kv3NHpWKZuNWjnAYp7guWMIK1kUJn3/a5Scc4jKDPOZzflB06deSeoRIQuWhOKsWrlDqo0AydDz/OSJFSoQnHSvU8lOtgjKVmhNOJ7ReK5pgMcZ/2DBU4pSoYT1eYwCOjxDDJpDlCw6n6fWKMU6VGaWSSKdYD9dsrxb+8XqGTi2DMRF5oKsjsoaTgUGew7APGTFKi+cgQTCQzf4VkgCUm2rRWljDfFP5P2ieuh1zv5rTeuKzqqIEDcAiOgQfOQQNcgyZoAQLuwSN4Bi/Wg/VkvVpvs+iCVc3sgR+w3r8AmJKWRA==</latexit><latexit sha1_base64="NWs8u/XkkwR4AhIT0nEE4rE3c/k=">AAACAnicdVDNS8MwHE39nPWr6km8BIfgqaSi6HHoxeME9wFrKWmabmFpWpJUGGN48V/x4kERr/4V3vxvTLcOVPRB4OW99yP5vSjnTGmEPq2FxaXlldXamr2+sbm17ezstlVWSEJbJOOZ7EZYUc4EbWmmOe3mkuI04rQTDa9Kv3NHpWKZuNWjnAYp7guWMIK1kUJn3/a5Scc4jKDPOZzflB06deSeoRIQuWhOKsWrlDqo0AydDz/OSJFSoQnHSvU8lOtgjKVmhNOJ7ReK5pgMcZ/2DBU4pSoYT1eYwCOjxDDJpDlCw6n6fWKMU6VGaWSSKdYD9dsrxb+8XqGTi2DMRF5oKsjsoaTgUGew7APGTFKi+cgQTCQzf4VkgCUm2rRWljDfFP5P2ieuh1zv5rTeuKzqqIEDcAiOgQfOQQNcgyZoAQLuwSN4Bi/Wg/VkvVpvs+iCVc3sgR+w3r8AmJKWRA==</latexit>

survives in 
SU(3)F limit!



Charm mixing - Theory 3
Crucial differences compared to B mixing


1) No simple formulae like


both        and         have to be known! 


but there is a bound


2) GIM  cancellation vs CKM hierarchy:                , but complex!!!

��D  2|�D
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<latexit sha1_base64="mkVQoIwudnSiLss8ZcBt9IA7QSg=">AAACEXicdZBNS8NAEIY3flu/qh69LBahp5IURY9FC3pUsLXQ1DLZTtulu0nc3Qgl7V/w4l/x4kERr968+W9M2ggq+sLCyzMzzM7rhYJrY9sf1szs3PzC4tJybmV1bX0jv7lV10GkGNZYIALV8ECj4D7WDDcCG6FCkJ7AK29wktavblFpHviXZhhiS0LP513OwCSonS+6VRQGqHsKUkK7Sl2BN7RMRxmInfL4ukpHuXa+YJcO7FTULtlfJiNORgok03k7/+52AhZJ9A0ToHXTsUPTikEZzgSOc26kMQQ2gB42E+uDRN2KJxeN6V5COrQbqOT5hk7o94kYpNZD6SWdEkxf/66l8K9aMzLdo1bM/TAy6LPpom4kqAloGg/tcIXMiGFigCme/JWyPihgJgkxDeHrUvq/qZdLjl1yLvYLleMsjiWyQ3ZJkTjkkFTIGTknNcLIHXkgT+TZurcerRfrddo6Y2Uz2+SHrLdPbXKbeg==</latexit><latexit sha1_base64="mkVQoIwudnSiLss8ZcBt9IA7QSg=">AAACEXicdZBNS8NAEIY3flu/qh69LBahp5IURY9FC3pUsLXQ1DLZTtulu0nc3Qgl7V/w4l/x4kERr968+W9M2ggq+sLCyzMzzM7rhYJrY9sf1szs3PzC4tJybmV1bX0jv7lV10GkGNZYIALV8ECj4D7WDDcCG6FCkJ7AK29wktavblFpHviXZhhiS0LP513OwCSonS+6VRQGqHsKUkK7Sl2BN7RMRxmInfL4ukpHuXa+YJcO7FTULtlfJiNORgok03k7/+52AhZJ9A0ToHXTsUPTikEZzgSOc26kMQQ2gB42E+uDRN2KJxeN6V5COrQbqOT5hk7o94kYpNZD6SWdEkxf/66l8K9aMzLdo1bM/TAy6LPpom4kqAloGg/tcIXMiGFigCme/JWyPihgJgkxDeHrUvq/qZdLjl1yLvYLleMsjiWyQ3ZJkTjkkFTIGTknNcLIHXkgT+TZurcerRfrddo6Y2Uz2+SHrLdPbXKbeg==</latexit><latexit sha1_base64="mkVQoIwudnSiLss8ZcBt9IA7QSg=">AAACEXicdZBNS8NAEIY3flu/qh69LBahp5IURY9FC3pUsLXQ1DLZTtulu0nc3Qgl7V/w4l/x4kERr968+W9M2ggq+sLCyzMzzM7rhYJrY9sf1szs3PzC4tJybmV1bX0jv7lV10GkGNZYIALV8ECj4D7WDDcCG6FCkJ7AK29wktavblFpHviXZhhiS0LP513OwCSonS+6VRQGqHsKUkK7Sl2BN7RMRxmInfL4ukpHuXa+YJcO7FTULtlfJiNORgok03k7/+52AhZJ9A0ToHXTsUPTikEZzgSOc26kMQQ2gB42E+uDRN2KJxeN6V5COrQbqOT5hk7o94kYpNZD6SWdEkxf/66l8K9aMzLdo1bM/TAy6LPpom4kqAloGg/tcIXMiGFigCme/JWyPihgJgkxDeHrUvq/qZdLjl1yLvYLleMsjiWyQ3ZJkTjkkFTIGTknNcLIHXkgT+TZurcerRfrddo6Y2Uz2+SHrLdPbXKbeg==</latexit><latexit sha1_base64="mkVQoIwudnSiLss8ZcBt9IA7QSg=">AAACEXicdZBNS8NAEIY3flu/qh69LBahp5IURY9FC3pUsLXQ1DLZTtulu0nc3Qgl7V/w4l/x4kERr968+W9M2ggq+sLCyzMzzM7rhYJrY9sf1szs3PzC4tJybmV1bX0jv7lV10GkGNZYIALV8ECj4D7WDDcCG6FCkJ7AK29wktavblFpHviXZhhiS0LP513OwCSonS+6VRQGqHsKUkK7Sl2BN7RMRxmInfL4ukpHuXa+YJcO7FTULtlfJiNORgok03k7/+52AhZJ9A0ToHXTsUPTikEZzgSOc26kMQQ2gB42E+uDRN2KJxeN6V5COrQbqOT5hk7o94kYpNZD6SWdEkxf/66l8K9aMzLdo1bM/TAy6LPpom4kqAloGg/tcIXMiGFigCme/JWyPihgJgkxDeHrUvq/qZdLjl1yLvYLleMsjiWyQ3ZJkTjkkFTIGTknNcLIHXkgT+TZurcerRfrddo6Y2Uz2+SHrLdPbXKbeg==</latexit>

�MBS = 2|MBs
12 |

<latexit sha1_base64="2Ov5MypqZLu8YVy0v5HUglk9pUE=">AAACDnicdZDLSsNAFIYn9VbrLerSzWApuApJUXQjlOrCjVDRXqCNYTKdtEMnF2YmQknzBG58FTcuFHHr2p1v46RNQUV/GPjnO+cwc343YlRI0/zUCguLS8srxdXS2vrG5pa+vdMSYcwxaeKQhbzjIkEYDUhTUslIJ+IE+S4jbXd0ltXbd4QLGgY3chwR20eDgHoUI6mQo1d654RJBC+dpO5cpxCewiqcZFermt4qJlI4KTl62TSOzEzQNMy5yYmVkzLI1XD0j14/xLFPAokZEqJrmZG0E8QlxYykpV4sSITwCA1IV9kA+UTYyXSdFFYU6UMv5OoEEk7p94kE+UKMfVd1+kgOxe9aBv+qdWPpndgJDaJYkgDPHvJiBmUIs2xgn3KCJRsrgzCn6q8QDxFHWKoEsxDmm8L/TatqWKZhXR2Wa/U8jiLYA/vgAFjgGNTABWiAJsDgHjyCZ/CiPWhP2qv2NmstaPnMLvgh7f0LYY+Zxw==</latexit><latexit sha1_base64="2Ov5MypqZLu8YVy0v5HUglk9pUE=">AAACDnicdZDLSsNAFIYn9VbrLerSzWApuApJUXQjlOrCjVDRXqCNYTKdtEMnF2YmQknzBG58FTcuFHHr2p1v46RNQUV/GPjnO+cwc343YlRI0/zUCguLS8srxdXS2vrG5pa+vdMSYcwxaeKQhbzjIkEYDUhTUslIJ+IE+S4jbXd0ltXbd4QLGgY3chwR20eDgHoUI6mQo1d654RJBC+dpO5cpxCewiqcZFermt4qJlI4KTl62TSOzEzQNMy5yYmVkzLI1XD0j14/xLFPAokZEqJrmZG0E8QlxYykpV4sSITwCA1IV9kA+UTYyXSdFFYU6UMv5OoEEk7p94kE+UKMfVd1+kgOxe9aBv+qdWPpndgJDaJYkgDPHvJiBmUIs2xgn3KCJRsrgzCn6q8QDxFHWKoEsxDmm8L/TatqWKZhXR2Wa/U8jiLYA/vgAFjgGNTABWiAJsDgHjyCZ/CiPWhP2qv2NmstaPnMLvgh7f0LYY+Zxw==</latexit><latexit sha1_base64="2Ov5MypqZLu8YVy0v5HUglk9pUE=">AAACDnicdZDLSsNAFIYn9VbrLerSzWApuApJUXQjlOrCjVDRXqCNYTKdtEMnF2YmQknzBG58FTcuFHHr2p1v46RNQUV/GPjnO+cwc343YlRI0/zUCguLS8srxdXS2vrG5pa+vdMSYcwxaeKQhbzjIkEYDUhTUslIJ+IE+S4jbXd0ltXbd4QLGgY3chwR20eDgHoUI6mQo1d654RJBC+dpO5cpxCewiqcZFermt4qJlI4KTl62TSOzEzQNMy5yYmVkzLI1XD0j14/xLFPAokZEqJrmZG0E8QlxYykpV4sSITwCA1IV9kA+UTYyXSdFFYU6UMv5OoEEk7p94kE+UKMfVd1+kgOxe9aBv+qdWPpndgJDaJYkgDPHvJiBmUIs2xgn3KCJRsrgzCn6q8QDxFHWKoEsxDmm8L/TatqWKZhXR2Wa/U8jiLYA/vgAFjgGNTABWiAJsDgHjyCZ/CiPWhP2qv2NmstaPnMLvgh7f0LYY+Zxw==</latexit><latexit sha1_base64="2Ov5MypqZLu8YVy0v5HUglk9pUE=">AAACDnicdZDLSsNAFIYn9VbrLerSzWApuApJUXQjlOrCjVDRXqCNYTKdtEMnF2YmQknzBG58FTcuFHHr2p1v46RNQUV/GPjnO+cwc343YlRI0/zUCguLS8srxdXS2vrG5pa+vdMSYcwxaeKQhbzjIkEYDUhTUslIJ+IE+S4jbXd0ltXbd4QLGgY3chwR20eDgHoUI6mQo1d654RJBC+dpO5cpxCewiqcZFermt4qJlI4KTl62TSOzEzQNMy5yYmVkzLI1XD0j14/xLFPAokZEqJrmZG0E8QlxYykpV4sSITwCA1IV9kA+UTYyXSdFFYU6UMv5OoEEk7p94kE+UKMfVd1+kgOxe9aBv+qdWPpndgJDaJYkgDPHvJiBmUIs2xgn3KCJRsrgzCn6q8QDxFHWKoEsxDmm8L/TatqWKZhXR2Wa/U8jiLYA/vgAFjgGNTABWiAJsDgHjyCZ/CiPWhP2qv2NmstaPnMLvgh7f0LYY+Zxw==</latexit>

�D
12

<latexit sha1_base64="4l52xW2ofr4wgSKZDlOtA4Hxzo4="></latexit><latexit sha1_base64="4l52xW2ofr4wgSKZDlOtA4Hxzo4="></latexit><latexit sha1_base64="4l52xW2ofr4wgSKZDlOtA4Hxzo4="></latexit><latexit sha1_base64="4l52xW2ofr4wgSKZDlOtA4Hxzo4="></latexit>

MD
12

<latexit sha1_base64="9SHEUMuKGZz+xxhwoiQEDWBTrG0="></latexit><latexit sha1_base64="9SHEUMuKGZz+xxhwoiQEDWBTrG0="></latexit><latexit sha1_base64="9SHEUMuKGZz+xxhwoiQEDWBTrG0="></latexit><latexit sha1_base64="9SHEUMuKGZz+xxhwoiQEDWBTrG0="></latexit>

�D
12 = ��2

s

�
�D
ss � 2�D

sd + �D
dd

�
+ 2�s�b

�
�D
sd � �D

dd

�
� �2

b�
D
dd ,

<latexit sha1_base64="oR4DHknsEqph/3XjImDHPWhplng="></latexit><latexit sha1_base64="oR4DHknsEqph/3XjImDHPWhplng="></latexit><latexit sha1_base64="oR4DHknsEqph/3XjImDHPWhplng="></latexit><latexit sha1_base64="oR4DHknsEqph/3XjImDHPWhplng="></latexit>

MD
12= �2

s

⇥
MD

ss� 2MD
sd +MD

dd

⇤
+ 2�s�b

⇥
MD

bs�MD
bd�MD

sd +MD
dd

⇤
+ �2

b

⇥
MD

bb� 2MD
bd +MD

dd

⇤
.

<latexit sha1_base64="A/ySyYDCpuB2pa4PGMuSy98Dy/Q="></latexit><latexit sha1_base64="A/ySyYDCpuB2pa4PGMuSy98Dy/Q="></latexit><latexit sha1_base64="A/ySyYDCpuB2pa4PGMuSy98Dy/Q="></latexit><latexit sha1_base64="A/ySyYDCpuB2pa4PGMuSy98Dy/Q="></latexit>

�b ⌧ �s
<latexit sha1_base64="NWs8u/XkkwR4AhIT0nEE4rE3c/k=">AAACAnicdVDNS8MwHE39nPWr6km8BIfgqaSi6HHoxeME9wFrKWmabmFpWpJUGGN48V/x4kERr/4V3vxvTLcOVPRB4OW99yP5vSjnTGmEPq2FxaXlldXamr2+sbm17ezstlVWSEJbJOOZ7EZYUc4EbWmmOe3mkuI04rQTDa9Kv3NHpWKZuNWjnAYp7guWMIK1kUJn3/a5Scc4jKDPOZzflB06deSeoRIQuWhOKsWrlDqo0AydDz/OSJFSoQnHSvU8lOtgjKVmhNOJ7ReK5pgMcZ/2DBU4pSoYT1eYwCOjxDDJpDlCw6n6fWKMU6VGaWSSKdYD9dsrxb+8XqGTi2DMRF5oKsjsoaTgUGew7APGTFKi+cgQTCQzf4VkgCUm2rRWljDfFP5P2ieuh1zv5rTeuKzqqIEDcAiOgQfOQQNcgyZoAQLuwSN4Bi/Wg/VkvVpvs+iCVc3sgR+w3r8AmJKWRA==</latexit><latexit sha1_base64="NWs8u/XkkwR4AhIT0nEE4rE3c/k=">AAACAnicdVDNS8MwHE39nPWr6km8BIfgqaSi6HHoxeME9wFrKWmabmFpWpJUGGN48V/x4kERr/4V3vxvTLcOVPRB4OW99yP5vSjnTGmEPq2FxaXlldXamr2+sbm17ezstlVWSEJbJOOZ7EZYUc4EbWmmOe3mkuI04rQTDa9Kv3NHpWKZuNWjnAYp7guWMIK1kUJn3/a5Scc4jKDPOZzflB06deSeoRIQuWhOKsWrlDqo0AydDz/OSJFSoQnHSvU8lOtgjKVmhNOJ7ReK5pgMcZ/2DBU4pSoYT1eYwCOjxDDJpDlCw6n6fWKMU6VGaWSSKdYD9dsrxb+8XqGTi2DMRF5oKsjsoaTgUGew7APGTFKi+cgQTCQzf4VkgCUm2rRWljDfFP5P2ieuh1zv5rTeuKzqqIEDcAiOgQfOQQNcgyZoAQLuwSN4Bi/Wg/VkvVpvs+iCVc3sgR+w3r8AmJKWRA==</latexit><latexit sha1_base64="NWs8u/XkkwR4AhIT0nEE4rE3c/k=">AAACAnicdVDNS8MwHE39nPWr6km8BIfgqaSi6HHoxeME9wFrKWmabmFpWpJUGGN48V/x4kERr/4V3vxvTLcOVPRB4OW99yP5vSjnTGmEPq2FxaXlldXamr2+sbm17ezstlVWSEJbJOOZ7EZYUc4EbWmmOe3mkuI04rQTDa9Kv3NHpWKZuNWjnAYp7guWMIK1kUJn3/a5Scc4jKDPOZzflB06deSeoRIQuWhOKsWrlDqo0AydDz/OSJFSoQnHSvU8lOtgjKVmhNOJ7ReK5pgMcZ/2DBU4pSoYT1eYwCOjxDDJpDlCw6n6fWKMU6VGaWSSKdYD9dsrxb+8XqGTi2DMRF5oKsjsoaTgUGew7APGTFKi+cgQTCQzf4VkgCUm2rRWljDfFP5P2ieuh1zv5rTeuKzqqIEDcAiOgQfOQQNcgyZoAQLuwSN4Bi/Wg/VkvVpvs+iCVc3sgR+w3r8AmJKWRA==</latexit><latexit sha1_base64="NWs8u/XkkwR4AhIT0nEE4rE3c/k=">AAACAnicdVDNS8MwHE39nPWr6km8BIfgqaSi6HHoxeME9wFrKWmabmFpWpJUGGN48V/x4kERr/4V3vxvTLcOVPRB4OW99yP5vSjnTGmEPq2FxaXlldXamr2+sbm17ezstlVWSEJbJOOZ7EZYUc4EbWmmOe3mkuI04rQTDa9Kv3NHpWKZuNWjnAYp7guWMIK1kUJn3/a5Scc4jKDPOZzflB06deSeoRIQuWhOKsWrlDqo0AydDz/OSJFSoQnHSvU8lOtgjKVmhNOJ7ReK5pgMcZ/2DBU4pSoYT1eYwCOjxDDJpDlCw6n6fWKMU6VGaWSSKdYD9dsrxb+8XqGTi2DMRF5oKsjsoaTgUGew7APGTFKi+cgQTCQzf4VkgCUm2rRWljDfFP5P2ieuh1zv5rTeuKzqqIEDcAiOgQfOQQNcgyZoAQLuwSN4Bi/Wg/VkvVpvs+iCVc3sgR+w3r8AmJKWRA==</latexit>

survives in 
SU(3)F limit!

dominant for 
B mixingCPV



Charm mixing - Theory 4
Two theory approaches for calculating D mixing 


1) Inclusive approach


calculate on quark level


2) Exclusive approach


calculate on hadron level

Georgi 9209291 
Ohl, Ricciardi,Simmons 9301212 
Bigi, Uraltsev 0005089 
Bobrowski et al 1002.4794

Falk et al 0110317 
Falk et al 0402204 
Cheng, Chiang 1005.1106 
Jiang et al1705.07335 

Due to extreme GIM cancellation very high precision necessary!!!



Charm mixing - Theory 5
The Heavy Quark Expansion 


 Expansion in 


The HQE works well in the B-system

Voloshin, Shifman 1983, 1985 
Bigi, Uraltsev 1992 
Bigi, Uraltsev, Vainshtein 1992 
Blok, Shifman 1992⇤/mQ

<latexit sha1_base64="JsJR8bpRT3J3JCJPi3s9HM9O6os=">AAAB9XicdVDLSgMxFM34rOOr6tJNsAiuxowouiy6ceGiBfuAdiyZNNOGJpkhyShl6H+4caGIW//FnX9jpp2Cih4IHM45l3tzwoQzbRD6dBYWl5ZXVktr7vrG5tZ2eWe3qeNUEdogMY9VO8SaciZpwzDDaTtRFIuQ01Y4usr91j1VmsXy1owTGgg8kCxiBBsr3bndG5vtY3gMRa/eK1eQd4ZyQOShOSkUv1AqoECtV/7o9mOSCioN4Vjrjo8SE2RYGUY4nbjdVNMEkxEe0I6lEguqg2x69QQeWqUPo1jZJw2cqt8nMiy0HovQJgU2Q/3by8W/vE5qoosgYzJJDZVktihKOTQxzCuAfaYoMXxsCSaK2VshGWKFibFFubaE+U/h/6R54vnI8+unleplUUcJ7IMDcAR8cA6q4BrUQAMQoMAjeAYvzoPz5Lw6b7PoglPM7IEfcN6/AJebkUM=</latexit><latexit sha1_base64="JsJR8bpRT3J3JCJPi3s9HM9O6os=">AAAB9XicdVDLSgMxFM34rOOr6tJNsAiuxowouiy6ceGiBfuAdiyZNNOGJpkhyShl6H+4caGIW//FnX9jpp2Cih4IHM45l3tzwoQzbRD6dBYWl5ZXVktr7vrG5tZ2eWe3qeNUEdogMY9VO8SaciZpwzDDaTtRFIuQ01Y4usr91j1VmsXy1owTGgg8kCxiBBsr3bndG5vtY3gMRa/eK1eQd4ZyQOShOSkUv1AqoECtV/7o9mOSCioN4Vjrjo8SE2RYGUY4nbjdVNMEkxEe0I6lEguqg2x69QQeWqUPo1jZJw2cqt8nMiy0HovQJgU2Q/3by8W/vE5qoosgYzJJDZVktihKOTQxzCuAfaYoMXxsCSaK2VshGWKFibFFubaE+U/h/6R54vnI8+unleplUUcJ7IMDcAR8cA6q4BrUQAMQoMAjeAYvzoPz5Lw6b7PoglPM7IEfcN6/AJebkUM=</latexit><latexit sha1_base64="JsJR8bpRT3J3JCJPi3s9HM9O6os=">AAAB9XicdVDLSgMxFM34rOOr6tJNsAiuxowouiy6ceGiBfuAdiyZNNOGJpkhyShl6H+4caGIW//FnX9jpp2Cih4IHM45l3tzwoQzbRD6dBYWl5ZXVktr7vrG5tZ2eWe3qeNUEdogMY9VO8SaciZpwzDDaTtRFIuQ01Y4usr91j1VmsXy1owTGgg8kCxiBBsr3bndG5vtY3gMRa/eK1eQd4ZyQOShOSkUv1AqoECtV/7o9mOSCioN4Vjrjo8SE2RYGUY4nbjdVNMEkxEe0I6lEguqg2x69QQeWqUPo1jZJw2cqt8nMiy0HovQJgU2Q/3by8W/vE5qoosgYzJJDZVktihKOTQxzCuAfaYoMXxsCSaK2VshGWKFibFFubaE+U/h/6R54vnI8+unleplUUcJ7IMDcAR8cA6q4BrUQAMQoMAjeAYvzoPz5Lw6b7PoglPM7IEfcN6/AJebkUM=</latexit><latexit sha1_base64="JsJR8bpRT3J3JCJPi3s9HM9O6os=">AAAB9XicdVDLSgMxFM34rOOr6tJNsAiuxowouiy6ceGiBfuAdiyZNNOGJpkhyShl6H+4caGIW//FnX9jpp2Cih4IHM45l3tzwoQzbRD6dBYWl5ZXVktr7vrG5tZ2eWe3qeNUEdogMY9VO8SaciZpwzDDaTtRFIuQ01Y4usr91j1VmsXy1owTGgg8kCxiBBsr3bndG5vtY3gMRa/eK1eQd4ZyQOShOSkUv1AqoECtV/7o9mOSCioN4Vjrjo8SE2RYGUY4nbjdVNMEkxEe0I6lEguqg2x69QQeWqUPo1jZJw2cqt8nMiy0HovQJgU2Q/3by8W/vE5qoosgYzJJDZVktihKOTQxzCuAfaYoMXxsCSaK2VshGWKFibFFubaE+U/h/6R54vnI8+unleplUUcJ7IMDcAR8cA6q4BrUQAMQoMAjeAYvzoPz5Lw6b7PoglPM7IEfcN6/AJebkUM=</latexit>

Kirk, AL, Rauh 1711.02100



Charm mixing - Theory 6
                             - could still give some reasonable estimates!

Look in systems without GIM cancellation: D-lifetimes
⇤/mc ⇡ 3⇤/mb

<latexit sha1_base64="AtMCRZuv7DUucmtOvfKqwSDEbvs=">AAACEHicdVDLSsNAFJ3UV42vqEs3g0V0FRMf6LLoxoWLCvYBTQiTyaQdOnkwMxFL6Ce48VfcuFDErUt3/o2TNoUqemDgcM653LnHTxkV0rK+tMrc/MLiUnVZX1ldW98wNrdaIsk4Jk2csIR3fCQIozFpSioZ6aScoMhnpO0PLgu/fUe4oEl8K4cpcSPUi2lIMZJK8ox93blW6QDBQxh5GDooTXlyD+ExnDV8z6hZ5qlVAFqmNS WlYpdKDZRoeManEyQ4i0gsMUNCdG0rlW6OuKSYkZHuZIKkCA9Qj3QVjVFEhJuPDxrBPaUEMEy4erGEY3V2IkeREMPIV8kIyb747RXiX143k+G5m9M4zSSJ8WRRmDEoE1i0AwPKCZZsqAjCnKq/QtxHHGGpOtRVCdNL4f+kdWTalmnfnNTqF2UdVbADdsEBsMEZqIMr0ABNgMEDeAIv4FV71J61N+19Eq1o5cw2+AHt4xuMuJpj</latexit><latexit sha1_base64="AtMCRZuv7DUucmtOvfKqwSDEbvs=">AAACEHicdVDLSsNAFJ3UV42vqEs3g0V0FRMf6LLoxoWLCvYBTQiTyaQdOnkwMxFL6Ce48VfcuFDErUt3/o2TNoUqemDgcM653LnHTxkV0rK+tMrc/MLiUnVZX1ldW98wNrdaIsk4Jk2csIR3fCQIozFpSioZ6aScoMhnpO0PLgu/fUe4oEl8K4cpcSPUi2lIMZJK8ox93blW6QDBQxh5GDooTXlyD+ExnDV8z6hZ5qlVAFqmNS WlYpdKDZRoeManEyQ4i0gsMUNCdG0rlW6OuKSYkZHuZIKkCA9Qj3QVjVFEhJuPDxrBPaUEMEy4erGEY3V2IkeREMPIV8kIyb747RXiX143k+G5m9M4zSSJ8WRRmDEoE1i0AwPKCZZsqAjCnKq/QtxHHGGpOtRVCdNL4f+kdWTalmnfnNTqF2UdVbADdsEBsMEZqIMr0ABNgMEDeAIv4FV71J61N+19Eq1o5cw2+AHt4xuMuJpj</latexit><latexit sha1_base64="AtMCRZuv7DUucmtOvfKqwSDEbvs=">AAACEHicdVDLSsNAFJ3UV42vqEs3g0V0FRMf6LLoxoWLCvYBTQiTyaQdOnkwMxFL6Ce48VfcuFDErUt3/o2TNoUqemDgcM653LnHTxkV0rK+tMrc/MLiUnVZX1ldW98wNrdaIsk4Jk2csIR3fCQIozFpSioZ6aScoMhnpO0PLgu/fUe4oEl8K4cpcSPUi2lIMZJK8ox93blW6QDBQxh5GDooTXlyD+ExnDV8z6hZ5qlVAFqmNS WlYpdKDZRoeManEyQ4i0gsMUNCdG0rlW6OuKSYkZHuZIKkCA9Qj3QVjVFEhJuPDxrBPaUEMEy4erGEY3V2IkeREMPIV8kIyb747RXiX143k+G5m9M4zSSJ8WRRmDEoE1i0AwPKCZZsqAjCnKq/QtxHHGGpOtRVCdNL4f+kdWTalmnfnNTqF2UdVbADdsEBsMEZqIMr0ABNgMEDeAIv4FV71J61N+19Eq1o5cw2+AHt4xuMuJpj</latexit><latexit sha1_base64="AtMCRZuv7DUucmtOvfKqwSDEbvs=">AAACEHicdVDLSsNAFJ3UV42vqEs3g0V0FRMf6LLoxoWLCvYBTQiTyaQdOnkwMxFL6Ce48VfcuFDErUt3/o2TNoUqemDgcM653LnHTxkV0rK+tMrc/MLiUnVZX1ldW98wNrdaIsk4Jk2csIR3fCQIozFpSioZ6aScoMhnpO0PLgu/fUe4oEl8K4cpcSPUi2lIMZJK8ox93blW6QDBQxh5GDooTXlyD+ExnDV8z6hZ5qlVAFqmNS WlYpdKDZRoeManEyQ4i0gsMUNCdG0rlW6OuKSYkZHuZIKkCA9Qj3QVjVFEhJuPDxrBPaUEMEy4erGEY3V2IkeREMPIV8kIyb747RXiX143k+G5m9M4zSSJ8WRRmDEoE1i0AwPKCZZsqAjCnKq/QtxHHGGpOtRVCdNL4f+kdWTalmnfnNTqF2UdVbADdsEBsMEZqIMr0ABNgMEDeAIv4FV71J61N+19Eq1o5cw2+AHt4xuMuJpj</latexit>

⌧(D+)

⌧(D0)
= 2.7 = 1 + 16⇡2 (0.25)3 (1� 0.34)
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Kirk, AL, Rauh 1711.02100 
pert. NLO-QCD:

AL, Rauh 1305.3588  

NEW 3-loop 
sum rules

Expansion parameter  
for HQE in charm = 0.3 
not a back of envelope 


statement, but real calculations

d=7 estimated  
in vacuum insertion 

approximation 
do sum rule/lattice

d=6 calculated with  
sum rules 

lattice confirmation  
urgently needed
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Charm mixing - Theory 7
The HQE is successful in the B system and for D meson lifetimes 

=> apply it for D-mixing

yHQE

D ⇡ �2

s

�
�ss
12

� 2�sd
12

� �dd
12

�
⇡ 1.7 · 10�4yExp.

D

How can this be? 

Look only at a single diagram:

yHQE

D 6= �2

s�
ss
12
⌧D = 3.7 · 10�2 ⇡ 5.6yExp.

D

The problem seems to originate in the extreme GIM cancellations

pert. calculation: Bobrowski et al 1002.4794 
latice input: ETM 1403.7302; 1505.06639; FNAL/MILC 1706.04622



Charm mixing - Theory 7
The HQE is successful in the B system and for D meson lifetimes 

=> apply it for D-mixing

 Bobrowski et al 1002.4794

�D
12 = ��2

s

�
�D
ss � 2�D

sd + �D
dd

�
+ 2�s�b

�
�D
sd � �D

dd

�
� �2

b�
D
dd ,
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 Important observation for CPV



Charm mixing - Theory 8
What could have gone wrong in D-mixing? 

1. Duality violations - break down of HQE 

2.  Higher dimensions 
Idea: GIM cancellation is lifted by higher orders in the 
HQE - overcompensating the 1/mc suppression. 

Partial calculation of D=9 yields an enhancement - but not 
to the experimental value 

3. New Physics is present and we cannot proof it :-)

Jubb, Kirk, AL,
 Tetlalmatzi-Xolocotzi 2016

20% of duality violation  
is sufficient to explain 

experiment

Georgi 9209291; Ohl, Ricciardi,Simmons 9301212; Bigi, Uraltsev 0005089

Bobrowski, AL, Rauh 2012



Exclusive approach
�D
12 =

X

n

⇢nhD̄
0
|H

�C=1
eff. |nihn|H�C=1

eff. |D0
i ,

MD
12 =

X

n

hD̄0
|H

�C=2
eff. |D0

i+ P
X

n

hD̄0
|H

�C=1
eff. |nihn|H�C=1

eff. |D0
i

m2
D � E2

n

,
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Estimate phase space effects for y: Falk et al 0110317  
- assume pert. SU(3)F breaking 
- neglect 3 family 
- neglect SU(3)F breaking in matrix elements  
Mass difference from a dispersion relation Falk et al 0402204 
Exp. data Cheng, Chiang 1005.1106 
U-Spin sum rule Gronau, Rosner 2012 
Factorisation-assisted topological amplitude approach 
 Jiang et al1705.07335 

y ⇡ 1%
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x ⇡ y
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y ⇡ 0.2%
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x / O(0.1%) y / O(few 0.1%)
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Cannot be calculated yet 



Direct lattice determination

slide by Max Hansen

Still a very long way! 
But not completely crazy  

anymore!



Theory to-do-list
Non-perturbative matrix elements for D-meson lifetimes  

• d= 6 lattice  - check sum rules 
• d=7 with sum rules, lattice 
• NNLO matching a la Grozin, Mannel, Pivovarov 1806.00253 

• charmed baryons  

Determine higher dimension contributions to Gamma_12 

• D=9  
• D=12 

Determine M_12 

Have a good idea for improving exclusive approaches 

First direct lattice studies for D-mixing  
(probably similar time scale as HL-LHC)



Charm Theory Task Force

Joachim Brod, TU Dortmund 
Svjetlana Fajfer, Ljubljana 
Alexander Kagan, Cincinnati 
Alexander Lenz, IPPP Durham

October 2017, CERN 
HL/HE Questions in charm

April 2018, Fermilab 
Absorptive and dispersive 

CPV in D mixing 
(relation to experiment)

• Theory predictions


