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Charm theory is notoriously difficult 



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?

See Chris Sachrajda’s talk

See Max Hansen’s talk

See this talk



Charm Theory 1

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
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Kirk, AL, Rauh 1711.02100



                             - could still give some reasonable estimates!

Look in systems without GIM cancellation: D-lifetimes
⇤/mc ⇡ 3⇤/mb
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⌧(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 2



Charm Theory 3

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
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c

�4 + . . .
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c

�̃3 +
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m4
c

�̃4 + . . .
<latexit sha1_base64="XJsIGWnwIvZxTWq+rmum14Fmvyk="></latexit>



Charm Theory 4
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
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Charm Theory 5
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 1904.00940lattice) 



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
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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) ,
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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)
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�MD = M1 �M2
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Charm mixing - Experiment 
Experimental situation


• Small values

• non-vanishing x not yet confirmed

HFLAV 2019,  
see Marco Gersabeck’s talk 

x :=
�MD

�D
= 0.39%+0.11%

�0.12%

y :=
��D

2�D
= 0.651%+0.063%

�0.069%
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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!!!

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

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

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, 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!!!



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

=> apply it for D-mixing
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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 ,

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

 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

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  



COMMENTS ON DELTA A_CP

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… (see also Keri Vos) 

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

Can /will be improved

Can /will be improved

Can /will be improved

Can /will be improved



COMMENTS ON DELTA A_CP

Maybe 4 but not the slightest indication for 15! 



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) No, charm SM predictions are not arbitrary 

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

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



Outlook
My prediction:  

Yuval will meet the lady on the train again when 
travelling to TUPIFP 2022 and will have to say:

First trip to  
Durham 
in 2019

QCD based 
theory tools 
for charm 

HQE, LCSR,…


