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Short summary
• I do not claim that I can proof a BSM origin of Delta A_CP 

• I claim theory predictions in the charm system have an 
unjustified bad reputation -  but they are much harder than 
theory predictions in the beauty sector 

• I claim there is no evidence for assuming generally order 
10 non-perturbative effects in the charm system  

• There are many ways in order to improve the reliability of 
charm predictions 

• It is worthwhile considering BSM explanations of Delta 
A_CP 
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Welcome to Sagaland



Charm theory is notoriously difficult 

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

Q1: Does this plot show  
a) the ignorance of the theorists trying to calculate D mixing within the SM  
b) the ignorance of the person showing this plot  
c) or is just  for entertainment?
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Delta I =1/2 rule
Charm theory is notoriously difficult 

About a factor of ten larger 
compared to perturbative 

estimates Maybe penguins in the  
charm system are also 

a factor of 10 larger than naive  
expectations



Delta I =1/2 rule
1212.1474

1505.7863

Charm theory is notoriously difficult?

Lattice: Enhancement seems to come from  
cancellation of tree level contributions  

in Re A_2 and not from  
enhancements of penguins 

In Re A_0 

Seems not to tell anything about 
about the possible size of  

non-perturbative contributions 
in the charm system

What can tell us anything about 
about the possible size of  

non-perturbative contributions 
in the charm system?



Welcome to the real world



Charm Theory 1

The Heavy Quark Expansion 


 Expansion of inclusive decay rates in  


The HQE works well in the B-system

Voloshin, Shifman 1983, 1985 
Bigi, Uraltsev 1992 
Bigi, Uraltsev, Vainshtein 1992 
Blok, Shifman 1992

⇤/mQ
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Kirk, AL, Rauh 1711.02100
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Charm Theory 2

HQE

Each term can be split up into 

a perturbative Wilson coefficient and a non-perturbative matrix element

For mixing a similar expansion holds - starting at the third order

{ <latexit sha1_base64="vpmLmdyHBSAHgqcwwEK1+wOyH6Y=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgKcxEMckt6MVjRPOAZAmzk9lkyOyDmVkhLPkELx4U8eoXefNvnE0iqGhBQ1HVTXeXF0uhDcYfTm5ldW19I79Z2Nre2d0r7h+0dZQoxlsskpHqelRzKULeMsJI3o0Vp4EnecebXGV+554rLaLwzkxj7gZ0FApfMGqsdNtPC4NiCZcxxoQQlBFSvcCW1Ou1CqkhklkWJViiOSi+94cRSwIeGiap1j2CY+OmVBnBJJ8V+onmMWUTOuI9S0MacO2m81Nn6MQqQ+RHylZo0Fz9PpHSQOtp4NnOgJqx/u1l4l9eLzF+zU1FGCeGh2yxyE8kMhHK/kZDoTgzcmoJZUrYWxEbU0WZselkIXx9iv4n7UqZnJXxzXmpcbmMIw9HcAynQKAKDbiGJrSAwQge4AmeHek8Oi/O66I15yxnDuEHnLdPHhiNsQ==</latexit> { <latexit sha1_base64="VFPQIQVsQAdUbAzYoo9VBn1qxvI=">AAAB6nicdVDLSsNAFJ3UV62vqks3g0VwFSZpaOuu6MZlRfuANpTJdNIOnUzCzEQooZ/gxoUibv0id/6Nk7aCih64cDjnXu69J0g4UxqhD6uwtr6xuVXcLu3s7u0flA+POipOJaFtEvNY9gKsKGeCtjXTnPYSSXEUcNoNple5372nUrFY3OlZQv0IjwULGcHaSLeDrDQsV5B90ai5Xg0iG6G64zo5cete1YOOUXJUwAqtYfl9MIpJGlGhCcdK9R2UaD/DUjPC6bw0SBVNMJniMe0bKnBElZ8tTp3DM6OMYBhLU0LDhfp9IsORUrMoMJ0R1hP128vFv7x+qsOGnzGRpJoKslwUphzqGOZ/wxGTlGg+MwQTycytkEywxESbdPIQvj6F/5OOaztVG914leblKo4iOAGn4Bw4oA6a4Bq0QBsQMAYP4Ak8W9x6tF6s12VrwVrNHIMfsN4+ATExjb0=</latexit>
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Charm Theory 3
A + for each independent calculation
At most ++ 
At most +++ for <>: 2 lattice, 1 sum rule
Punishment: A   - - for no <Q6>
A 0  for quark model et al for <Q6>

****: 12-15         *** 8 -11.5         **: 4-7.5        *: 2-3.5Hai-Yang Cheng 1807.00916 
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                             - 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

Charm Theory 5



Charm Theory 6
Impressive confirmation of HQET sum rules by lattice: 

The same methods can be used for B mixing 
- pre 2016:  Delta Ms SM like, large uncertainties 
- FNAL/MILC (1602.03560): Delta Ms 2 sigma above experiment; dramatic 

consequences for  BSM models (One constraint to kill them all, 1712/06572) 
- HQET sum rules (1606.06054, 1711.02100, 1904.00940) do not confirm the large 

FNAL/MILC values 
- Average with most recent lattice (HQPCD 1907.01025) confirms sum rules

Di Luzio, Kirk, AL, Rauh 1909.xxxxx



Charm Theory 7
How to improve charm lifetime predictions? 

a) Improve precision for D+/D0 
        - NNLO matching for HQET SR  (see Grozin, Mannel, Pivovarov 1806.00253) 
        - lattice determination of matrix elements 
        - determine the D=7 matrix elements (HQET SR/lattice) 
            (see Wingate et al for Bs mixing) 

b) Do different meson systems Ds+/D0 
       - HQET sum rules for Ds+  
         (ms corrections as in Bs mixing, also tau Bs) 
       - lattice determination of matrix elements  
       - determine the D=7 matrix elements (HQET SR/lattice) 

c) Improve on charm baryon lifetimes 
      - perturbative NLO-QCD corrections 
      - D=6 matrix elements with HQET sum rules 
      - D=6 matrix elements with lattice 
      - determine the D=7 matrix elements (HQET SR/lattice) 

Confirm/disprove the applicability of the HQE in the charm sector for inclusive quantities 

(see King, AL, Rauh 1904.00940) 



Welcome to the real world

For the theoretical “simplest” cases the theory tools seem to work! 

What about mixing?



Charm mixing - Summary
Naive HQE estimate deviates by 10^4 from Exp


due to severe GIM cancellation of 3 contributions 
that are individually 5 times larger than 
experiment


20% of deviation from HQE expectation 
sufficient to explain experiment! Not 1000000% 

So far no proof for this possibility, but many 
doable ideas around to test that idea

for details see spare slides



Welcome to the real world

For the theoretical “simplest” cases the theory tools seem to work! 

Mixing is also not a proof of a total failure of the theory tools! 

      What about              ? �ACP
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NAIVE EXPECTATION 
P/T = 0.1



�ACP
<latexit sha1_base64="2zAF7ACES5eWb7NTT0DeCC7Muqs=">AAAB9HicdVDLSgMxFM3UV62vqks3wSK4KkkV2+6qdeGygn1AO5RMmmlDM5kxyRTK0O9w40IRt36MO//GTFtBRQ9cOJxzL/fe40WCa4PQh5NZWV1b38hu5ra2d3b38vsHLR3GirImDUWoOh7RTHDJmoYbwTqRYiTwBGt743rqtydMaR7KOzONmBuQoeQ+p8RYye1dM2EIvOwn9casny+gIkIIYwxTgssXyJJqtVLCFYhTy6IAlmj08++9QUjjgElDBdG6i1Fk3IQow6lgs1wv1iwidEyGrGupJAHTbjI/egZPrDKAfqhsSQPn6veJhARaTwPPdgbEjPRvLxX/8rqx8StuwmUUGybpYpEfC2hCmCYAB1wxasTUEkIVt7dCOiKKUGNzytkQvj6F/5NWqYjPiuj2vFC7WsaRBUfgGJwCDMqgBm5AAzQBBffgATyBZ2fiPDovzuuiNeMsZw7BDzhvn0CBkcU=</latexit>



WHAT HAPPENED IN THEORY SINCE 2013?

1. Convergence of HQE for tau D+/tau D  - expansion parameter = 0.30 

2. Delta I = 1/2 in Kaon gives no indication for large penguins in D decays 

3. Failure of HQE for mixing might be due to a phase space dependent LD  
effect as small as 20% 

4. Expansion works very well in the b-sector, the expansion parameter should 
only be around 3 times worse… 

=> do not assume O(10) enhancements of penguins,  
=> rely on QCD based approaches like LCSR (see Khodjamirian, Petrov)  

Can /will be improved

Can /will be improved

Can /will be improved

Can /will be improved
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Petrov, Khodjamirian 2017: LCSR determination 

Re-run B-> pi pi calculation (Khodjamirian 2000, Khodjamirian, Mannel , Melic 2003) 

Determine T from experiment 

Determine P from LCSR based estimate (update after LHCb measurement) 

Only strong phase of P is determined,  
but not strong phase of P/T
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How to improve on LCSR determination? 

1.Include Pengiun operators in the penguin contribution  
  relatively easy 

2.Include Higher twist corrections in the penguins 
   less easy 

3.Determine also T - many topologies will contribute, also penguins 
   and determine also branching ratios 
   Much more complicated than calculating P alone 
   If Br agrees then this will be a huge boost for the SM theory predictions 
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BSM explanations are strongly constrained, but not impossible
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Compare disagreeing literature: e.g. Grossman, Schacht 1903.10952

• Assume: P/T cannot be calculated from first principles 
• Use symmetries like SU(3)_F or U-spin 
• Find a consistent picture if you assume large values of P/T

Be aware: this does by no means proof the SM origin of large P/T

Large of P/T due to NP
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Compare disagreeing literature: e.g. Grossman, Schacht 1903.10952

• Assume: P/T cannot be calculated from first principles 
• Use symmetries like SU(3)_F or U-spin 
• Find a consistent picture if you assume large values of P/T

Be aware: this does by no means proof the SM origin of large P/T

Large of P/T due to NP

NP = non-perturbative or NP = new physics?
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Compare disagreeing literature: e.g. Grossman, Schacht 1903.10952
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Compare disagreeing literature: e.g. Grossman, Schacht 1903.10952
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Compare disagreeing literature: e.g. Grossman, Schacht 1903.10952

So far, I agree with Stefan and Yuval Here I disagree, please 
Check the quoted lattice 

Papers by your self



Conclusion
1) Yes, charm SM predictions are notoriously difficult 

      Be aware of cancellations:  
      - GIM in Mixing 
      - Wilson coefficients in lifetimes 
      - … 

2) No, not all animals are equal  

3) HQET sum rules are competitive to most recent lattice 
     evaluations of bag parameter 

4) No, charm SM predictions are not arbitrary 

      I see no justification for order 10 non-perturbative effects 
       maybe 20% - 100%? Depending on observable 

5) A lot of work has still to be done - but it can be done! 





Charm mixing - Theory 1
Flavour Eigenstates

Mixing due to box diagrams

 Mass Eigenstates

|D0i = |cūi |D̄0i = |c̄ui
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|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
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mass difference


decorate difference


absorptive part of box diagram (on-shell)


dispersive part of box diagram (off-shell)


relative phase
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Charm mixing - Experiment 
Experimental situation


• Small values

• non-vanishing x not yet confirmed

HFLAV 2019 
 

x :=
�MD

�D
= 0.39%+0.11%

�0.12%

y :=
��D

2�D
= 0.651%+0.063%

�0.069%
<latexit sha1_base64="RoqoYsAyKPeI8/2lycIrezJeqbE=">AAACenicdZHfShwxFMYzo7a6/be1l0UILmqLdMjs6rYWBKmCvREsdFXY2Q5nspk1mMwMSaZ0CfsQvlrvfBJvvGhmnRVt7YHAj++c8+XkJCkE14aQK8+fm1948nRxqfHs+YuXr5qvl090XirKejQXuTpLQDPBM9Yz3Ah2VigGMhHsNLnYr/KnP5nSPM++m3HBBhJGGU85BeOkuHn5C69/3sVRqoDa6IAJA/goPpjY6BCkBEd4F5 Ogs4OjtR92kwRh6GgS2w8O2xU2oqgx/tfkrt+28UOv7nY4MyPdzp0b6e5M7eJmiwTbpApXTGZQK2GttFAdx3HzdzTMaSlZZqgArfshKczAgjKcCubmKzUrgF7AiPUdZiCZHtjp6iZ4zSlDnObKnczgqXq/w4LUeiwTVynBnOu/c5X4WK5fmvTTwPKsKA3L6O1FaSmwyXH1D3jIFaNGjB0AVdzNiuk5uAUa91vVEmYvxf+Hk3YQdgLybau196VexyJ6i1bROxSij2gPfUXHqIcouvZWvHVvw7vxV/33/uZtqe/VPW/Qg/C3/gDl7rVw</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>
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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!!!
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survives in 
SU(3)F limit!

dominant for 
B mixingCPV
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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, Grossman, Ligeti, Petrov 0110317 
Falk, Grossman, Ligeti, Nir, Petrov 0402204 
Cheng, Chiang 1005.1106 
Jiang et al1705.07335 

Due to extreme GIM cancellation very high precision necessary!!!
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Charm mixing - Theory 5
The HQE is successful in the B system and for D meson lifetimes 

=> apply it for D-mixing

yHQE

D ⇡ �2

s

�
�ss
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� 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
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 Important observation for CPV



Charm mixing - Theory 6
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 prove it yet:-)

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
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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
<latexit sha1_base64="0zgJh4ZjOxw6yUiQfkQNU6q6KIM=">AAAB8nicdZDLSgMxFIYz9VbrrerSTbAIroaMKLosunFZwV5gOpRMmmlDM8mQZKTD0Mdw40IRtz6NO9/GTDsFFf0h8POdc8g5f5hwpg1Cn05lZXVtfaO6Wdva3tndq+8fdLRMFaFtIrlUvRBrypmgbcMMp71EURyHnHbDyU1R7z5QpZkU9yZLaBDjkWARI9hY5E9hHyeJklOYDeoN5F6gQhC5aGlK4pWkAUq1BvWP/lCSNKbCEI619j2UmCDHyjDC6azWTzVNMJngEfWtFTimOsjnK8/giSVDGEllnzBwTr9P5DjWOotD2xljM9a/awX8q+anJroKciaS1FBBFh9FKYdGwuJ+OGSKEsMzazBRzO4KyRgrTIxNqWZDWF4K/zedM9dDrnd33mhel3FUwRE4BqfAA5egCW5BC7QBARI8gmfw4hjnyXl13hatFaecOQQ/5Lx/ARANkRk=</latexit><latexit sha1_base64="0zgJh4ZjOxw6yUiQfkQNU6q6KIM=">AAAB8nicdZDLSgMxFIYz9VbrrerSTbAIroaMKLosunFZwV5gOpRMmmlDM8mQZKTD0Mdw40IRtz6NO9/GTDsFFf0h8POdc8g5f5hwpg1Cn05lZXVtfaO6Wdva3tndq+8fdLRMFaFtIrlUvRBrypmgbcMMp71EURyHnHbDyU1R7z5QpZkU9yZLaBDjkWARI9hY5E9hHyeJklOYDeoN5F6gQhC5aGlK4pWkAUq1BvWP/lCSNKbCEI619j2UmCDHyjDC6azWTzVNMJngEfWtFTimOsjnK8/giSVDGEllnzBwTr9P5DjWOotD2xljM9a/awX8q+anJroKciaS1FBBFh9FKYdGwuJ+OGSKEsMzazBRzO4KyRgrTIxNqWZDWF4K/zedM9dDrnd33mhel3FUwRE4BqfAA5egCW5BC7QBARI8gmfw4hjnyXl13hatFaecOQQ/5Lx/ARANkRk=</latexit><latexit sha1_base64="0zgJh4ZjOxw6yUiQfkQNU6q6KIM=">AAAB8nicdZDLSgMxFIYz9VbrrerSTbAIroaMKLosunFZwV5gOpRMmmlDM8mQZKTD0Mdw40IRtz6NO9/GTDsFFf0h8POdc8g5f5hwpg1Cn05lZXVtfaO6Wdva3tndq+8fdLRMFaFtIrlUvRBrypmgbcMMp71EURyHnHbDyU1R7z5QpZkU9yZLaBDjkWARI9hY5E9hHyeJklOYDeoN5F6gQhC5aGlK4pWkAUq1BvWP/lCSNKbCEI619j2UmCDHyjDC6azWTzVNMJngEfWtFTimOsjnK8/giSVDGEllnzBwTr9P5DjWOotD2xljM9a/awX8q+anJroKciaS1FBBFh9FKYdGwuJ+OGSKEsMzazBRzO4KyRgrTIxNqWZDWF4K/zedM9dDrnd33mhel3FUwRE4BqfAA5egCW5BC7QBARI8gmfw4hjnyXl13hatFaecOQQ/5Lx/ARANkRk=</latexit><latexit sha1_base64="0zgJh4ZjOxw6yUiQfkQNU6q6KIM=">AAAB8nicdZDLSgMxFIYz9VbrrerSTbAIroaMKLosunFZwV5gOpRMmmlDM8mQZKTD0Mdw40IRtz6NO9/GTDsFFf0h8POdc8g5f5hwpg1Cn05lZXVtfaO6Wdva3tndq+8fdLRMFaFtIrlUvRBrypmgbcMMp71EURyHnHbDyU1R7z5QpZkU9yZLaBDjkWARI9hY5E9hHyeJklOYDeoN5F6gQhC5aGlK4pWkAUq1BvWP/lCSNKbCEI619j2UmCDHyjDC6azWTzVNMJngEfWtFTimOsjnK8/giSVDGEllnzBwTr9P5DjWOotD2xljM9a/awX8q+anJroKciaS1FBBFh9FKYdGwuJ+OGSKEsMzazBRzO4KyRgrTIxNqWZDWF4K/zedM9dDrnd33mhel3FUwRE4BqfAA5egCW5BC7QBARI8gmfw4hjnyXl13hatFaecOQQ/5Lx/ARANkRk=</latexit>

y ⇡ 0.2%
<latexit sha1_base64="QXY0sdHq6AtrOOBiCtAa9Ctji24=">AAAB+XicdZDLSsNAFIYn9VbrLerSzWApuAqTouiy6MZlBXuBJpTJdNIOnSTDzKQYQt/EjQtF3Pom7nwbJ20KKvrDwM93zuGc+QPBmdIIfVqVtfWNza3qdm1nd2//wD486qoklYR2SMIT2Q+wopzFtKOZ5rQvJMVRwGkvmN4U9d6MSsWS+F5ngvoRHscsZARrg4a2nUEPCyGTB4icJvQaQ7uOnAtUyBC0MiVxS1IHpdpD+8MbJSSNaKwJx0oNXCS0n2OpGeF0XvNSRQUmUzymA2NjHFHl54vL57BhyAiGiTQv1nBBv0/kOFIqiwLTGWE9Ub9rBfyrNkh1eOXnLBappjFZLgpTDnUCixjgiElKNM+MwUQycyskEywx0Sasmglh9VP4v+k2HRc57t15vXVdxlEFJ+AUnAEXXIIWuAVt0AEEzMAjeAYvVm49Wa/W27K1YpUzx+CHrPcvbp6SNQ==</latexit><latexit sha1_base64="QXY0sdHq6AtrOOBiCtAa9Ctji24=">AAAB+XicdZDLSsNAFIYn9VbrLerSzWApuAqTouiy6MZlBXuBJpTJdNIOnSTDzKQYQt/EjQtF3Pom7nwbJ20KKvrDwM93zuGc+QPBmdIIfVqVtfWNza3qdm1nd2//wD486qoklYR2SMIT2Q+wopzFtKOZ5rQvJMVRwGkvmN4U9d6MSsWS+F5ngvoRHscsZARrg4a2nUEPCyGTB4icJvQaQ7uOnAtUyBC0MiVxS1IHpdpD+8MbJSSNaKwJx0oNXCS0n2OpGeF0XvNSRQUmUzymA2NjHFHl54vL57BhyAiGiTQv1nBBv0/kOFIqiwLTGWE9Ub9rBfyrNkh1eOXnLBappjFZLgpTDnUCixjgiElKNM+MwUQycyskEywx0Sasmglh9VP4v+k2HRc57t15vXVdxlEFJ+AUnAEXXIIWuAVt0AEEzMAjeAYvVm49Wa/W27K1YpUzx+CHrPcvbp6SNQ==</latexit><latexit sha1_base64="QXY0sdHq6AtrOOBiCtAa9Ctji24=">AAAB+XicdZDLSsNAFIYn9VbrLerSzWApuAqTouiy6MZlBXuBJpTJdNIOnSTDzKQYQt/EjQtF3Pom7nwbJ20KKvrDwM93zuGc+QPBmdIIfVqVtfWNza3qdm1nd2//wD486qoklYR2SMIT2Q+wopzFtKOZ5rQvJMVRwGkvmN4U9d6MSsWS+F5ngvoRHscsZARrg4a2nUEPCyGTB4icJvQaQ7uOnAtUyBC0MiVxS1IHpdpD+8MbJSSNaKwJx0oNXCS0n2OpGeF0XvNSRQUmUzymA2NjHFHl54vL57BhyAiGiTQv1nBBv0/kOFIqiwLTGWE9Ub9rBfyrNkh1eOXnLBappjFZLgpTDnUCixjgiElKNM+MwUQycyskEywx0Sasmglh9VP4v+k2HRc57t15vXVdxlEFJ+AUnAEXXIIWuAVt0AEEzMAjeAYvVm49Wa/W27K1YpUzx+CHrPcvbp6SNQ==</latexit><latexit sha1_base64="QXY0sdHq6AtrOOBiCtAa9Ctji24=">AAAB+XicdZDLSsNAFIYn9VbrLerSzWApuAqTouiy6MZlBXuBJpTJdNIOnSTDzKQYQt/EjQtF3Pom7nwbJ20KKvrDwM93zuGc+QPBmdIIfVqVtfWNza3qdm1nd2//wD486qoklYR2SMIT2Q+wopzFtKOZ5rQvJMVRwGkvmN4U9d6MSsWS+F5ngvoRHscsZARrg4a2nUEPCyGTB4icJvQaQ7uOnAtUyBC0MiVxS1IHpdpD+8MbJSSNaKwJx0oNXCS0n2OpGeF0XvNSRQUmUzymA2NjHFHl54vL57BhyAiGiTQv1nBBv0/kOFIqiwLTGWE9Ub9rBfyrNkh1eOXnLBappjFZLgpTDnUCixjgiElKNM+MwUQycyskEywx0Sasmglh9VP4v+k2HRc57t15vXVdxlEFJ+AUnAEXXIIWuAVt0AEEzMAjeAYvVm49Wa/W27K1YpUzx+CHrPcvbp6SNQ==</latexit>

x / O(0.1%) y / O(few 0.1%)
<latexit sha1_base64="r6QPhv9tbiyRMtlvMrw5+/Heoxs="></latexit><latexit sha1_base64="r6QPhv9tbiyRMtlvMrw5+/Heoxs="></latexit><latexit sha1_base64="r6QPhv9tbiyRMtlvMrw5+/Heoxs="></latexit><latexit sha1_base64="r6QPhv9tbiyRMtlvMrw5+/Heoxs="></latexit>

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

Determine higher dimension contributions to Gamma_12 

• D=9  
• D=12 

Determine M_12 

Have a good idea for a model of duality violation  

Have a good idea for improving exclusive approaches 

Continue lattice studies for D-mixing  





Charm Theory 6
Impressive confirmation of HQET sum rules by lattice: 

The same methods can be used for B mixing 
- pre 2016:  Delta Ms SM like, large uncertainties 
- FNAL/MILC (1602.03560): Delta Ms 2 sigma above experiment; dramatic 

consequences for  BSM models (One constraint to kill them all, 1712/06572) 
- HQET sum rules (1606.06054, 1711.02100, 1904.00940) do not confirm the large 

FNAL/MILC values 
- Most recent lattice (HQPCD 1907.01025) impressively confirm sum rules


