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Flavour Physics

There are (at least) six kinds (=ßavours ) of quarks

! u
d

" ! c
s

" #
t
b

$ #
q = +2 / 3
q = ! 1/ 3

$

! Proton p = |uud"
! (Heavy) Flavour Physics describes hadrons with a charm- or a bottom-quark

D 0 = (øuc) D + = ( ødc) D +
s = (øsc) ! c = ( udc)

Mass (GeV) 1.86486 1.86962 1.96850 2.28646
Lifetime (ps) 0.4101 1.040 0.500 0.200

Bd = ( øbd) B + = ( øbu) Bs = ( øbs) B +
c = ( øbc) ! b = ( udb)

Mass (GeV) 5.27958 5.27926 5.3667 6.2745 5.6194
Lifetime(ps) 1.519 1.638 1.512 0.500 1.451



Motivation for Flavour Physics
• Test of our understanding of QCD 
• Develop QCD tools for other fields  
               Effect. Theories, SCET,… 
• Determination of SM parameter 

• CP violation - Baryogenesis 
• Indirect new physics searches 
• Constrain extensions of the SM: NP models, DM,… 

Practical reasons: 
• There is a lot of data 
• Theory works well 
• There are some deviations around



QCD Tools for Collider, Dark matter,…

• Effective Theories - Fermi Theory 

• SCET for Collider Physics
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One is then left with the Fermi-theory of the weak interaction. Corrections
are of the order ofk2/M 2
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we will arrive at the e! ective weak Hamiltonian.
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Without QCD corrections only the operatorQ2 arises and theWilson coef-
Þcient C2 = 1. The operator Q2 has a current-current structure:

Q2 = (øc! ! µ(1 " ! 5)b! ) $
&ød" ! µ(1 " ! 5)u"

'
,

=: (øc! b! )V " A $
&ød" u"

'
V " A

, (93)

where" and # denote colour indices. TheVs describe di! erent combinations
of CKM elements. With the inclusion of QCD one gets additional operators.
Q1 has the same quark structure asQ2, but it has a di! erent colour struc-
ture, Q3, .., Q6 arise from penguin decays. Due to renormalisation all Wilson
coe" cients become scale dependent functions. NumericallyC2 is of order
one, C1 of order 20% and the penguin coe" cients are below 5%, with the
exception ofC8, the coe" cient of the chromomagnetic operator.
The e! ective Hamiltonian in Eq.(92) was already obtained in 1974 in LO-
QCD [92], a nice review of the NLO-results is given in [89]. Currently also
NNLO results are available [93]. For the LO Wilson coe" cients 1-loop dia-
grams have to be calculated, for NLO 2-loop diagrams and for NNLO 3-loop
diagrams:
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Determination of SM parameter
• CKM parameter: e.g. CKMfitter, UTfit, Eigen et al 

• Quarkmasses



Flavour precision era



Consequences for theory:  
higher precision needed

• more loops 
• more precise lattice calc. 
• revisit common assumptions 
A. How large are penguins? 
B. How large can duality violation be? 
C. How large can new physics effects  
                in tree-level decays be? 
D. How well does QCD factorisation work? 
E. ….



On the ultimate precision of meson mixing observables 
1603.07770  

Thomas Jubb, Matthew Kirk, AL, Gilberto Tetlalmatzi-Xolozcotzi 

• Bounds on duality violation in              and  
• Connect these bounds with  
• How can you be sure that you found new physics in            , 
                and/or  in                             ? (Compare         and                    ) 

• D-mixing: could duality violation solve the discrepancy 
between experiment and theory? 

• How precise will the theory of the mixing quantities be in the 
near future? An aggressive numerical estimate.
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What is duality (violation)?
1970 Blom, Gilman for  e-p scattering 
1979 Poggio, Quinn, Weinberg for e+e- to hadrons  
               Basic idea: Sum overall hadrons = quark level 
Our definition: duality violation is deviation from  HQE  

Actual expansion parameter is momentum release 
Taylor expansion of exp[-1/x] in x does give zero 

Best candidate: 

expansion of the decay rates of b-hadrons in inverse powers of the heavy quark mass.
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with ⇤ being of the order of the hadronic scale. One finds that there are no corrections of order
1/m

b

and that some corrections from the order 1/m3

b

onwards are enhanced by an additional
phase space factor of 16⇡2. The HQE assumes quark hadron duality, i.e. that the hadron
decays can be described at the quark level. A violation of duality could correspond to non-
perturbative terms like exp[�m

b

/⇤], which give vanishing contributions, when being Taylor
expanded around ⇤/m

b

= 0 (see e.g. [13] and also [14] for a detailed discussion of duality, its
violations and some possible models for duality violations). To estimate the possible size of
these non-perturbative terms we note first that the actual expansion parameter of the HQE

is the hadronic scale ⇤ normalised to the momentum release
q

M

2

i
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f

. For the decay of

a free b-quark we get - depending on the final quark states - the following possible values of
the expansion parameter and the non-perturbative term (varying ⇤ within 0.2 and 2 GeV,
m

b

within 4.18 and 4.78 GeV and m

c

within 0.975 and 1.67 GeV):

Channel Expansion parameter x Numerical value exp[�1/x]
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!p
m

2
b ! m

2
c

⇡ !
mb

⇣
1 + 1

2

m

2
c

m

2
b

⌘
0.045� 0.49 1.9 · 10! 10 � 0.13

b ! uūs
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0.042� 0.48 4.2 · 10! 11 � 0.12

(2.2)

From this simple numerical exercise one finds that duality violating terms could easily be of
a similar size as the expansion parameter of the HQE. Moreover decay channels like b ! cc̄s

might be more strongly a↵ected by duality violations compared to e.g. b ! uūs. This agrees
with the naive expectation that decays with a smaller final state phase space might be more
sensitive to duality violation.
Obviously duality cannot be proved directly, because this would require a complete solution of
QCD and a subsequent comparison with the HQE expectations, which is clearly not possible.
To make statements about duality violation in principle two strategies can be performed:

a) Study simplified models for QCD, e.g. the t’Hooft model (a two-dimension model for
QCD, see e.g. [13–18]) and develop models for duality violations, like instanton-based
and resonance-based models (see e.g. [13, 14]).

b) Use a pure phenomenological approach, by comparing experiment with HQE predic-
tions.

In this work we will follow strategy b) and use a simple parameterisation for duality violation
in mixing observables and lifetime ratios, which will be most pronounced for the b ! cc̄s

channel. At this stage it is interesting to note that for many years there have been problems
related to application of the HQE for inclusive b-hadron decays and most of them seemed to
be related to the b ! cc̄s channel:

• The experimental ⇤
b

lifetime was considerably lower than the theory prediction, see
e.g. the discussion in [19], where also a simple model for a modification of the HQE

2

expansion of the decay rates ofb-hadrons in inverse powers of the heavy quark mass.
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with " being of the order of the hadronic scale. One Þnds that there are no corrections of order
1/m b and that some corrections from the order 1/m 3

b onwards are enhanced by an additional
phase space factor of 16! 2. The HQE assumes quark hadron duality, i.e. that the hadron
decays can be described at the quark level. A violation of duality could correspond to non-
perturbative terms like exp[! mb/ " ], which give vanishing contributions, when being Taylor
expanded around" /m b = 0 (see e.g. [13] and also [14] for a detailed discussion of duality, its
violations and some possible models for duality violations). To estimate the possible size of
these non-perturbative terms we note Þrst that the actual expansion parameter of the HQE
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a freeb-quark we get - depending on the Þnal quark states - the following possible values of
the expansion parameter and the non-perturbative term (varying" within 0.2 and 2 GeV,
mb within 4.18 and 4.78 GeV andmc within 0.975 and 1.67 GeV):
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From this simple numerical exercise one Þnds that duality violating terms could easily be of
a similar size as the expansion parameter of the HQE. Moreover decay channels likeb " cøcs
might be more strongly a#ected by duality violations compared to e.g.b " uøus. This agrees
with the naive expectation that decays with a smaller Þnal state phase space might be more
sensitive to duality violation.
Obviously duality cannot be proved directly, because this would require a complete solution of
QCD and a subsequent comparison with the HQE expectations, which is clearly not possible.
To make statements about duality violation in principle two strategies can be performed:

a) Study simpliÞed models for QCD, e.g. the tÕHooft model (a two-dimension model for
QCD, see e.g. [13Ð18]) and develop models for duality violations, like instanton-based
and resonance-based models (see e.g. [13,14]).

b) Use a pure phenomenological approach, by comparing experiment with HQE predic-
tions.

In this work we will follow strategy b) and use a simple parameterisation for duality violation
in mixing observables and lifetime ratios, which will be most pronounced for theb " cøcs
channel. At this stage it is interesting to note that for many years there have been problems
related to application of the HQE for inclusiveb-hadron decays and most of them seemed to
be related to theb " cøcs channel:
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Old hints for duality violations
• missing charm puzzle, semi-leptonic branching ratio 
     solved by experiment and theory Krinner, AL, Rauh arXiv:1305.5390  

•              lifetime, solved by exp.  

      mostly LHCb, AL arXiv:1305.5390   
•            lifetime, about 2.5  
• Di-muon asymmetry 
       D0 collaboration, about 3 

         still not completely settled: more theory work and experimental values of  
                                                                     needed 

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 B

0

s

-lifetime is more or less equal to the B

0

d

-lifetime, see
e.g. [12]. For quite some time experiment found deviations of ⌧(B0

s

)/⌧(B0

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

)/⌧(B0

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.
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Meson Mixing
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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

|M 12|, |! 12| and φ = arg(! M 12/ ! 12) can be related to three observables:

■ Mass difference: " M := M H ! M L " 2|M 12| (off-shell)
|M 12| : heavy internal particles: t, SUSY, ...

■ Decay rate difference: "! := ! L ! ! H " 2|! 12| cosφ (on-shell)

|! 12| : light internal particles: u, c, ... (almost) no NP!!!

■ Flavor speciÞc/semi-leptonic CP asymmetries: e.g. Bq # Xl ν (semi-leptonic)

asl $ afs =
! (B q(t) # f ) ! ! (Bq(t) # f )

! (B q(t) # f ) + ! (Bq(t) # f )
=

!
!
!
!

! 12

M 12

!
!
!
! sinφ



Calculation mixing observables
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The SM rules: B-mixing

Calculating the box diagram with an internal top-quark yields

M 12,q =
G2

F

12! 2 (V !
tqVtb)2M 2

WS0(xt)BBq f 2
Bq

MBq ö"B

■ 1 loop calculation S0(xt = m2
t /M 2

W ) Inami, Lim, Õ81

■ 2-loop perturbative QCD corrections ö"B Buras, Jamin, Weisz, Õ90

■ Hadronic matrix element: 8
3 BBq f 2

Bq
MBq = ! øBq|(øbq)V " A(øbq)V " A|Bq" FLAG

Theory A.L., Nierste 1102.4274 vs. Experiment : HFAG 14

∆M d = 0 .543± 0.091ps" 1 ∆M d = 0 .510± 0.003ps" 1

∆M s = 17.30± 2.6 ps" 1 ∆M s = 17.761± 0.022ps" 1

■ Perfect agreement with SM
■ Important bounds on the unitarity triangle and NP
■ Dominant SM uncertainty = Lattice

There is still space for sizable NP effects
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Test of our theoretical Tools

Decay rate difference: Second OPE = Heavy Quark Expansion (HQE)

! 12 =
!

"
mb

" 3#
! (0)

3 +
αs

4π
! (1)

3 + ...
$

+
!

"
mb

" 4#
! (0)

4 + ...
$

+
!

"
mb

" 5#
! (0)

5 + ...
$

+ ...

’96: Beneke, Buchalla; ’98: Beneke, Buchalla, Greub, A.L., Nierste;
’03: Beneke, Buchalla, A.L., Nierste; ’03: Ciuchini, Franco, Lubicz, Mescia, Tarantino;

’06; ’11: A.L., Nierste; ’07 Badin, Gabianni,Petrov
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Current status of mixing 
observables

New numerical analysis in  
Artuso, Borissov, AL; arXiv:1511.09466 [hep-ph]

Thus it was suggested to investigate the dimuon asymmetry without making use of
the theory prediction of ! s

12

[36], which was criticised in [37]. The issue of the dimuon
asymmetry is still not settled and we will discuss it further below.

All of these problems are currently considerably softened and huge duality violations are now
ruled out by experiment [38], in particular by the measurement of "! s, which is to a good
approximation a b ! cc̄s transition. But there is still space for a small amount of duality
violation - which will be quantised in this work.
We will thus investigate the decay rate di#erence "! s in more detail. According to the HQE
we get the following expansion for "! s = 2|! s

12

| cos ! s
12

! s
12

=
$ 3

m

3

b

⇣
! s,(0)
3

+
" s

4#
! s,(1)
3

+ ...

⌘
+

$ 4

m

4

b

⇣
! s,(0)
4

+ ...

⌘
+ ... . (2.3)

The leading term ! s,(0)
3

has been calculated quite some time ago by [39–44], NLO-QCD

corrections ! s,(1)
3

have been determined in [45–47] and sub-leading mass corrections were
done in [48–50]. Corresponding lattice values were determined by [51–54].
The most recent numerical update for the mixing quantities is given in [55] (superseding the
numerical predictions in [56, 57]) and can be compared to the experimental values from e.g.
HFAG [31]. The theory prediction uses conservative ranges for the input parameters - we
will present a more aggressive estimate in Sec. 3 and in Appendix C.

Observable SM Experiment

" Ms (18.3 ± 2.7) ps�1 (17.757 ± 0.021) ps�1

"! s (0.088 ± 0.020) ps�1 (0.082 ± 0.006) ps�1

a

s
sl (2.22 ± 0.27) á10�5 (�750 ± 410) á10�5

"! s/" Ms 48.1 (1 ± 0.173) á10�4 46.2 (1 ± 0.073) á10�4

" Md (0.528 ± 0.078) ps�1 (0.5055 ± 0.0020) ps�1

"! d (2.61 ± 0.59) á10�3 ps�1 0.657895(1 ± 10) á10�3 ps�1

a

d
sl (�4.7 ± 0.6) á10�4 (�15 ± 17) á10�4

"! d/" Md 49.4 (1 ± 0.172) á10�4 13.0147 (1 ± 10) á10�4

(2.4)

Experiment and theory agree very well for the quantities " Mq and "! s. The semi-leptonic
asymmetries and the decay rate di#erence in the B

0

d-system have not been observed yet.
More profound statements about the validity of the theory can be made by comparing the
ratio of "! s and " Ms, where many theoretical uncertainties cancel and we get

⇣
!" s
! M s

⌘
Exp

⇣
!" s
! M s

⌘
SM

= 0.96 ± 0.19 . (2.5)

The central value shows a perfect agreement of experiment and HQE predictions. The re-
maining uncertainty leaves some space for new physics e#ects or for violations of duality.
Thus we can make statements like: in the most sensitive decay channel b ! cc̄s duality is
violated by at most 19%. In the next chapter we try to investigate these possibilities a little
more in detail.

4
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Error Composition 43

Parameter Value Collaboration

fB s

p
B 200(5� 10) MeV HPQCD

÷
BS/B 1.03

BR 1 /B 1.98

B ÷R 1
/B 1.48

fB s

p
B 211(8) MeV ETMC

÷
BS/B 1.03

BR 1 /B 1.46

B ÷R 1
/B 1.15

fB s

p
B 227(7) MeV Fermi-MILC

÷
BS/B 1.15

BR 1 /B 1.60

B ÷R 1
/B 1.17

fB s

p
B 262(?) MeV RBC-UKQCD

TABLE XII List of additional and mostly preliminary deter-
minations of lattice parameters needed for an update of the
theory prediction of di ↵erent mixing observables. Some of the
values given here were simply read o↵ plots provided by the
di↵erent collaborations.

�M

SM
s This work LN 2011 LN 2006

Central Value 18.3 ps! 1 17.3 ps! 1 19.3 ps! 1

! (fB s

p
B) 13.9% 13.5% 34.1%

! (Vcb) 4.9% 3.4% 4.9%

! (mt ) 0.7% 1.1% 1.8%

! (" s ) 0.1% 0.4% 2.0%

! (#) 0.1% 0.3% 1.0%

! (|Vub /Vcb|) 0.1% 0.2% 0.5%

! (mb) < 0.1% 0.1% ���
!

! 14.8% 14.0% 34.6%

TABLE XIII List of the individual contributions to the theo-
retical error of the mass di↵erence�Ms within the Standard
Model and comparison with the values obtained in (Lenz and
Nierste, 2011) and (Lenz and Nierste, 2007).

the 3 times 3 CKM matrix, the uncertainty can go up
considerably. The uncertainties due to the remaining pa-
rameters, play no important role. All in all we are left
with an overall uncertainty of close to 15%, which has to
be compared to the experimental uncertainty of about 1
per mille. This situation leaves currently some space for
new physics contributions to the mass di! erence" M s.
With future improvements on the non-perturbative pa-
rameters a theoretical uncertainty in the range of 5% till
10% is feasible.
Next we study the error budget of the decay rate di! er-
ence"# s in Table XIV. The uncertainty in the decay rate
di! erence also did not change considerably compared to
2011. The dominant uncertainty is still the unknown bag
parameter of the power suppressed operatorR2. This
input did not improve since 2011. Here and in (Lenz

��SM
s this work LN 2011 LN 2006

Central Value 0.088 ps! 1 0.087 ps! 1 0.096 ps! 1

! (B !R 2
) 14.8% 17.2% 15.7%

! (fB s

p
B) 13.9% 13.5% 34.0%

! (µ) 8.4% 7.8% 13.7%

! (Vcb) 4.9% 3.4% 4.9%

! ( "
BS ) 2.1% 4.8% 3.1%

! (BR 0 ) 2.1% 3.4% 3.0%

! (øz) 1.1% 1.5% 1.9%

! (mb) 0.8% 0.1% 1.0%

! (B ÷R 1
) 0.7% 1.9% ���

! (B ÷R 3
) 0.6% 0.5% ����

! (BR 1 ) 0.5% 0.8% ���
! (BR 3 ) 0.2% 0.2% ���
! (ms ) 0.1% 1.0% 1.0%

! (#) 0.1% 0.3% 1.0%

! (" s ) 0.1% 0.4% 0.1%

! (|Vub /Vcb|) 0.1% 0.2% 0.5%

! ( ømt ( ømt ) 0.0% 0.0% 0.0%
!

! 22.8% 24.5% 40.5%

TABLE XIV List of the individual contributions to the theo-
retical error of the decay rate di ↵erence��s within the Stan-
dard Model and comparison with the values obtained in (Lenz
and Nierste, 2011) and (Lenz and Nierste, 2007).

and Nierste, 2011) and (Lenz and Nierste, 2007) we took
the very conservative assumption ofBR 2, 3 = 1 ± 0.5. If
in future these parameters could be determined with an
uncertainty of about ± 10%, then an overall uncertainty
of less than± 10% in "# s would become feasible. First
steps in the direction of a non-perturbative determination
of BR 2 within the framework of QCD sum rules have been
done by (Mannelet al., 2007, 2011). There, however, only
sub-leading contributions were determined. Thus a cal-
culation of the leading (three-loop) contribution would
be very desirable. The second largest uncertainty stems
from f B s

!
B , whose value did also not improve since

2011. There are, however, several new (mostly prelim-
inary) results on market - HQPCD (LATTICE 2014 up-
date by (Dowdall et al., 2014)), ETMC ((Carrasco et al.,
2014)), the LATTICE 2015 update from the Fermilab-
MILC Collaboration ((Bouchard et al., 2011)) and the
LATTICE 2015 update from RBC-UKQCD of (Aoki
et al., 2015) - that seem to indicate that f B s

!
B can

be determined with an uncertainty as low as 5% in the
near future. In most of these works not only the matrix
element of Q, but also the full " B = 2 operator ba-
sis is studied. This will provide improved values for the
bag parametersBS, ÷BS, BR 1 , B ÷R 1

and BR 0 , via Eq.(66).
Number three in the error budget is the dependence on
the renormalisation scale, here a calculation of NNLO-
QCD corrections would be necessary to further reduce



                                    Calculation of      

                                                       +   

We have three contribution (cc,uc=cu,uu) with CKM factors 

 In the ratio                         many theory uncertainties cancel 

The ratio can be further modified to (using CKM unitarity) 

Assuming no new physics in �M
s

we can further reduce the theory error for ��
s

by using2

��2015,SMb
s

=

✓
��

s

�M
s

◆SM

á�M Exp
s

= 0.085 ± 0.015 ps! 1 . (2.6)

This is currently the most precise prediction for the decay rate di↵erence; in Section 3 we
will give a less conservative estimate of the SM prediction for ��

s

, with an even smaller
uncertainty.

2.1 B-mixing

The o↵-diagonal elements �s

12 and M s

12 of the mixing matrix for B 0
s

-mesons can be expressed
as

�s

12 = �
X

x= u,c

X

y= u,c

�

x

�

y

�s,xy

12 , M s

12 = �

2
t

M̃ s

12 . (2.7)

Here we have separated the CKM dependence, �
q

= V "
qs

V
qb

. �s,xy

12 describes the on-shell part

of a B 0
s

mixing diagram with internal x and y-quarks, x, y 2 { u, c} , and M̃ s

12 describes the
o↵-shell part without CKM factors.
For simplicity we give only the expressions for B 0

s

-mesons when modifications for B 0
d

-mesons
are obvious, and we will explicitly present expressions for the B 0

d

-sector only when they are
non-trivial. The physical observables �M

s

, �
s

and as

sl

are related to the ratio �s

12/M
s

12 -
there several theory uncertainties are cancelling - via

��
s

�M
s

= �<
✓

�s

12

M s

12

◆
, (2.8)

as

sl

= =
✓

�s

12

M s

12

◆
. (2.9)

Using the unitarity of the CKM matrix we can simplify �s

12/M
s

12.

� �s

12

M s

12
=

�

2
c

�s,cc

12 + 2�
c

�

u

�s,uc

12 + �

2
u

�s,uu

12

�

2
t

M̃ s

12

(2.10)

=
�s,cc

12

M̃ s

12

+ 2
�

u

�

t

�s,cc

12 � �s,uc

12

M̃ s

12

+

✓
�

u

�

t

◆2 �s,cc

12 � 2�s,uc

12 + �s,uu

12

M̃ s

12

(2.11)

= �10! 4

"
c+ a

�

u

�

t

+ b
✓
�

u

�

t

◆2
#

. (2.12)

Eq.(2.12) introduces the a, b and c notation of [47]. The way of writing �s

12/M
s

12 in Eq.(2.11)
and Eq.(2.12) can be viewed as a Taylor expansion in the small CKM parameter �

u

/ �
t

, for

2In the ratio ��s/ �M s theoretical uncertainties are cancelling and thus the corresponding theory error
is smaller than for ��s alone. We would reintroduce this uncertainty by multiplying with the theory value
of �M s. Using instead the experimental value of �M s, which has in comparison a negligible error we get a
more precise prediction of ��s, which, however, only holds under the assumption that �M Exp

s is given by
its standard model value.
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Implementing duality violation
We expect duality violations to be more pronounced 
 if the final state phase space is becoming smaller 
our ansatz: 

We  get the following dependence of mixing observables

which we get (we use the same the CKM input as [55]; the values were taken in 2015 from
CKMfitter [58], similar values can be obtained from UTfit [59].)

CKM B 0
s B 0

d
�u
�t

�8.0486 á10! 3 + 1.81082 á10! 2I 7.5543 á10! 3 � 4.04703 á10! 1I
!

�u
�t

" 2
�2.63126 á10! 4 � 2.91491 á10! 4I �1.63728 á10! 1 � 6.1145 á10! 3I

(2.13)

In addition to the CKM suppression a pronounced GIM-cancellation [60] is arising in the
coe! cients a and b in Eq.(2.12). With the input parameters described in [55] we get for the
numerical values of a, b and c:

B 0
s B 0

d

c �48.0 ± 8.3 �49.5 ± 8.5
a +12.3 ± 1.4 +11.7 ± 1.3
b +0.79 ± 0.12 +0.24 ± 0.06

(2.14)

From this hierarchy we see, that "# q/ " Mq is given to a very good approximation by�0.0001c
and aq

sl by 0.0001a=(! u/ ! t).
Next we introduce a simple model for duality violation. Such e$ects are typically expected
to be larger, if the phase-space of a B 0

s decay becomes smaller. Thus b-quark decays into two
charm quarks are expected to be more strongly a$ected by duality violating e$ects compared
to b-quark decays into two up quarks. Motivated by the observations in Section 2 we write
to a first approximation3:

#s,cc
12 ! #s,cc

12 (1 + 4" ) , (2.15)

#s,uc
12 ! #s,uc

12 (1 + " ) , (2.16)

#s,uu
12 ! #s,uu

12 (1 + 0" ) . (2.17)

The cc̄ contribution is a$ected by a correction of 4" , cū by " and uū is not a$ected at all.
Already at this stage ones sees that such a model is softening GIM cancellations in the ratio
#s

12/M
s
12; we get

#s
12

M s
12

= 10! 4

#
c(1 + 4" ) +

! u

! t
(a+ " (6c+ a)) +

! 2
u

! 2
t
(b+ " (2c+ a))

$
. (2.18)

Studying this expression, we find that the decay rate di$erence is mostly given by the first
term on the r.h.s., so we expect "# s/ " Ms ⇡ �c(1 + 4" ) á10! 4, which is equivalent to our
naive starting point of comparing experiment and theory prediction for "# s. The semi-
leptonic CP asymmetries will be dominantly given by the second term on the r.h.s., as

sl ⇡
=(! u/ ! t) [a+ " (6c+ a)] á10! 4. Now the duality violating coe! cient " is GIM enhanced by
(6c+ a) compared to the leading term a. Having an agreement of experiment and theory for
semi-leptonic CP asymmetries could thus provide very strong constraints on duality violation.
Using the values of a, b and c from Eq.(2.14) and the CKM elements from Eq.(2.13) we get

3Similar models have been used in [61Ð63] for penguin insertions with acøc)-loop.
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for the observables! Mq, !" q and aq
sl the following dependence on the duality violating

parameter ! :

Observable B 0
s B 0

d
!" q

! M q
48.1(1 + 3.95! ) á10! 4 49.5(1 + 3.76! ) á10! 4

!" q 0.0880(1 + 3.95! ) ps! 1 2.61(1 + 3.759! ) á10! 3 ps! 1

aq
sl 2.225(1� 22.3! ) á10! 5 �4.74(1� 24.5! ) á10! 4

(2.19)

As expected we Þnd that the duality violating parameter! has a decent leverage on!" q

and a sizeable one onaq
sl . The expressions for!" q were obtained by simply multiplying the

theory ratio !" q/ ! Mq with the theoretical values of the mass di#erence, as given in Eq.(2.4).
Comparing experiment and theory for the ratio of the decay rate di#erence!" s and the mass
di#erence! Ms we found (see Eq.(2.5)) an agreement with a deviation of at most 19%. Thus
the duality violation - i.e. the factor 1 + 3.94516! in Table 2.19 - has to be smaller than this
uncertainty:

1 + 3.95!  0.96± 0.19) ! 2 [�0.0583, 0.0380]. (2.20)

Equivalently this bound tells us that the duality violation in the cc-channel is at most +15.2%
or �23.3%, if the e#ect turns out to be negative. If there would also be an 19% agreement
of experiment and theory for the semi-leptonic asymmetryas

sl , then we could shrink the
bound to ! down to 0.00851. Unfortunately experiment is still far away from the standard
model prediction, see Eq.(2.4). However, we can turn around the argument: even in the most
pessimistic scenario - i.e. having a duality violation that lifts GIM suppression - the theory
prediction of as

sl can be enhanced/diminished at most to

as
sl = [0.336, 5.12]á10! 5 . (2.21)

In the B 0
d-system a comparison of experiment and theory for the ratio of decay rate di#erence

and mass di#erence turns out to be tricky, since!" d is not yet measured, see Eq.(2.4). If we
would use the current experimental bound on the decay rate di#erence!" d, we would get
artiÞcially large bounds on! . Looking at the structure of the loop contributions necessary to
calculate" d

12 and " s
12, one Þnds very similarcøc-, uøcc-, cøu- and uøu-contributions. Our duality

violation model is based on the phase space di#erences of decays likeB 0
s ! DsDs (cc), B 0

s !
DsK (uc) and B 0

s ! " K (uu), which are very pronounced. On the other hand we Þnd that
the phase space di#erences ofB 0

s - and B 0
d-decays are not very pronounced, i.e. the di#erence

between e.g.B 0
s ! DsDs vs. B 0

d ! DsD is small - compared to the above di#erences due to
di#erent internal quarks. Hence we conclude that the duality violation bounds from theB 0

s -
system can also be applied to a good approximation to theB 0

d-system. With the B 0
s -bound

we get that the theory prediction ofad
sl and !" d can be enhanced/diminished due to duality

violations at most to

ad
sl 2 [�11.5,�0.326]á10! 4 , (2.22)

!" d 2 [2.04, 2.98]á10! 3 ps! 1 . (2.23)

These numbers can be compared to the SM values obtained in [55], see Eq.(2.4). In principle
any measurement of these observables outside the ranges in Eq.(2.21), Eq.(2.22) and Eq.(2.23)
would be a clear indication of new physics. New physics in!" d could have the very interesting
e#ect of reducing [64] the still existing discrepancy of the dimuon asymmetry measured at

7



Duality violation in B-mixing

                more general analysis of

In the case of��s, which will be used to determine the size of the duality violating! s, the
coe�cients of the uu component are suppressed by more than three orders of magnitude
compared to the rest and therefore neglected. For the semi-leptonic CP asymmetries theuu

duality violating component is about two orders of magnitude lower than the rest, thus we
neglect theuu component in the following. This might lead to an uncertainty of about 20%
in the duality bounds for ��d, which we will keep in mind.
Considering only ! cc and ! uc we get with the likelihood ratio test the bounds depicted in
Fig. 2 at a 90% conÞdence level. Fig. 2 shows that a duality violation of no more than 35%

! 1.5

! 0.75

0

1

2

3.5

! 0.3 ! 0.2 ! 0.1 0.0 0.1 0.2 0.3

! 0.3

! 0.2

! 0.1

0.0

0.1

0.2

0.3

δcc

δuc

Figure 2: 90% conÞdence limits on! cc and ! uc for the B

0
s -system from a comparison of the

experimentally allowed region of (��s/�Ms) with the theory expression in Eq.(2.31). The
allowed regions for the! s are shaded blue(grey). A deviation of the! s from zero will also
a↵ect the theory prediction of as

sl in Eq. 2.34. The modiÞcation factors ofas
sl/a

s,SM
sl are

denoted by the black lines.

is allowed in either�s
cc or in �s

uc. We also see that it is in principle possible to see duality
violation in ��s but not in a

s
sl and vice versa. Moreover we Þnd from the functional form of

a

s
sl , that this quantity achieves a maximum (minimum) when! uc = 0 and ! cc < 0 or (> 0).

Our generalised parameterisation of duality violation gives now the most conservative bounds

9

!" s/ ! M s

��s

�Ms

Exp

=
��s

�Ms

SM+DV

46.2(1± 0.073) · 10�4 = 48.1(1± 0.173) · 10�4(1 + 3.95�)

) � 2 [�0.0583,+0.0380]



What do these bounds mean?
Is it NP or QCD if we find a deviation in                          ?

on the mixing observables

as
sl ! [" 2.48, 8.32]á10! 5 , (2.35)

ad
sl ! [" 19.0, 6.28]á10! 4 , (2.36)

!" d ! [1.52, 3.45]á10! 3 ps! 1 . (2.37)

We are now in a position to make a strong statement: any measurement outside this range,
cannot be due to duality violation and it will be an unambiguous signal for new physics.
Since the ranges in Eq.(2.35), Eq.(2.36) and Eq.(2.37) are considerably larger than the un-
certainties of the corresponding standard model prediction given in Eq.(2.4) the question of
how to further shrink the duality bounds is arising. Currently the bound on the duality vio-
lating parameters! come entirely from!" s, where the current experimental and theoretical
uncertainty adds up to ± 19%. Any improvement on this uncertainty will shrink the allowed
regions on! . In Section 3 we will discuss a more aggressive estimate of the theory predictions
for the mixing observable, indicating that a theory uncertainty of about± 10% or even± 5%
in !" s/ ! Ms might come into sight. Including also possible improvements in experiment this
would indicate a region for! that is considerably smaller than the ones given in Eq.(2.35),
Eq.(2.36) and Eq.(2.37). The current (and a possible future) situation are summarised in
Fig. 3. On the l.h.s. of Fig. 3!" d is investigated. The current experimental bound is given

Future Scenario
SM
Duality Violation
Experiment

-0.005 0.000 0.005

ΔΓd

Figure 3: Comparison of SM prediction (green), SM + duality violation (brown), SM +
duality violation in future (orange) and current experimental (blue) bound for!" d (l.h.s.).
One the r.h.s. the experimental bounds onad

sl (brown) and as
sl (blue) are shown in comparison

to their theory values. Any measurement outside the allowed theory regions will be a clear
indication for new physics. The theory uncertainties foras

sl are so small, that they cannot be
resolved, they are depicted by the black line. Forad

sl the duality allowed region (green) has
quite some overlap with the experimental one, in future this region can be shrinked to the
red region.

by the blue region, which can be compared to the standard model prediction (green). As
we have seen above, because of still sizeable uncertainties in!" s duality violation of up to
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on the mixing observables

a

s

sl

2 [�2.48, 8.32] · 10�5

, (2.35)

a

d

sl

2 [�19.0, 6.28] · 10�4

, (2.36)

��
d

2 [1.52, 3.45] · 10�3 ps�1

. (2.37)

We are now in a position to make a strong statement: any measurement outside this range,
cannot be due to duality violation and it will be an unambiguous signal for new physics.
Since the ranges in Eq.(2.35), Eq.(2.36) and Eq.(2.37) are considerably larger than the un-
certainties of the corresponding standard model prediction given in Eq.(2.4) the question of
how to further shrink the duality bounds is arising. Currently the bound on the duality vio-
lating parameters � come entirely from ��

s

, where the current experimental and theoretical
uncertainty adds up to ±19%. Any improvement on this uncertainty will shrink the allowed
regions on �. In Section 3 we will discuss a more aggressive estimate of the theory predictions
for the mixing observable, indicating that a theory uncertainty of about ±10% or even ±5%
in ��

s

/�M

s

might come into sight. Including also possible improvements in experiment this
would indicate a region for � that is considerably smaller than the ones given in Eq.(2.35),
Eq.(2.36) and Eq.(2.37). The current (and a possible future) situation are summarised in
Fig. 3. On the l.h.s. of Fig. 3 ��

d

is investigated. The current experimental bound is given

asl
s,exp

asl
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asl
d,future

-0.01 0 0.01
-0.02

-0.01

0

0.01

asl
d

a
sls
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Figure 3: Comparison of SM prediction (green), SM + duality violation (brown), SM +
duality violation in future (orange) and current experimental (blue) bound for ��

d

(l.h.s.).
One the r.h.s. the experimental bounds on a

d

sl

(brown) and a

s

sl

(blue) are shown in comparison
to their theory values. Any measurement outside the allowed theory regions will be a clear
indication for new physics. The theory uncertainties for as

sl

are so small, that they cannot be
resolved, they are depicted by the black line. For ad

sl

the duality allowed region (green) has
quite some overlap with the experimental one, in future this region can be shrinked to the
red region.

by the blue region, which can be compared to the standard model prediction (green). As
we have seen above, because of still sizeable uncertainties in ��

s

duality violation of up to
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How can the duality bounds be improved?

aqsl and ��s

Duality violation cannot explain dimuon asymmetry!



Complementary duality bounds 
          and                                   have very similar contributions 

Do the same duality violating model:

This can be compared to the experimental result provided by D0 [35]

A

CP

= (�2.35± 0.84) · 10�3

. (2.42)

We find that there is an agreement of experiment and theory if � lies in the following region
(90 % confidence level)

� 1.87  �  �0.37 . (2.43)

This is clearly out of the range found in Eq. (2.24) from the direct constraints of mixing
observables. On the other hand we find with the allowed �-regions given in Eq. (2.24), that
A

CP

can be at most enhanced to

� 4.25 · 10�4  A

CP

 �1.34 · 10�4

, (2.44)

which is considerably smaller thant the experimental result. This excludes the possibility of
explaining the current value for A

CP

as an e↵ect of duality violation at the 2� level.

2.3 Duality bounds from lifetime ratios

Very similar diagrams to the ones in �q

12

arise in the lifetime ratio ⌧(B0

s

)/⌧(B0

d

), see Fig.
4. The obvious di↵erence between the two diagrams is the trivial exchange of b- and q-lines

b

q̄

b̄

q

ȳ

x

b

q̄

q̄

b

ȳ

x

Figure 4: Diagrams contributing to the �q

12

(l.h.s.) and diagrams contributing to the lifetime
of a B

0

q

-meson (r.h.s.).

at the right end of the diagrams. A more subtle and more important di↵erence lies in the
possible intermediate states, when cutting the diagrams in the middle. In the case of lifetimes
all possible intermediate states that can originate from a xȳ quark pair, can arise. In the
case of mixing, we have only the subset of all intermediate states into which both B

0

q

and
B̄

0

q

can decay. Independent of this observation, our initial argument that the phase space
for intermediate cc̄-states is smaller than the one for intermediate uc̄-states, which is again
smaller that the uū-case, still holds. Hence we assume that the xȳ-loop for the lifetime
ratio, has the same duality violating factor �xy as the xȳ-loop for �q

12

. It turns out that the
largest weak annihilation contribution to the B

0

s

-lifetime is given by a cc-loop, while for the
B

0

d

-lifetime a uc-loop is dominating. This observation tells us that duality will not not drop
out in the lifetime ratio, because the dominating contributions for B

0

s

and B

0

d

are a↵ected
di↵erently. Using our above model and modifying the cc-loop with a factor 1 + 4� and the
uc-loop with a factor 1 + �, we get with the expressions in [12, 20, 21, 67]

⌧(B0

s

)

⌧(B0

d

)
= 1.00050± 0.00108� 0.0225 � . (2.45)

12

Current experiment
Scenario I
Scenario II
Theory

-0.2 0.0 0.2 0.4 0.6 0.8 1.0
0.980

0.985

0.990

0.995

1.000

δ

τ(B
s)
/τ
(B

d
)

0.37 < δ < 0.56-0.07 < δ < 0.11

Figure 5: Duality bounds extracted from the lifetime ratio ⌧(B0

s

)/⌧(B0

d

). The red band shows
the theoretical expected value, see Eq.(2.45) of the lifetime ratio in dependence of the �. The
current experimental bound is given by the blue region and the overlap of both gives the
current allowed region �, indicated in Eq.(2.48). The future scenarios are indicated by the
violet band (Scenario I) and the green band (Scenario II). Again the overlap of the future
scenarios with the theory prediction gives future allowed regions for �.

14

�q
12 ⌧(B0

s )/⌧(B
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0
d) = 1.00050± 0.00108� 0.0225�



Improve precision in mixing for 
more precise duality bounds

dominant uncertainty of the duality violating bounds 
stem currently from the theory uncertainty in ! q

12/M
q
12

1. Non-perturbative matrix elements of dim 7 
operators: assume VIA, i.e.  

2. Non-perturbative mart elements of dimension 6 
operators, e.g.  

3. Renormalisation scale dependence 

Lattice + NNLO QCD needed

BR = 1± 0.5

f2
Bs

B



Recent lattice study
Fermilab-MILC 1602.03560  

1. Precise values for 5 different dim 6-operators 
2. Turns out that VIA works perfectly for all of them: all B’s are within [0.8,1.2] 
3. Overall normalisation of their results seems to be high 

This lattice study is the basis of an aggressive new numerical estimate 

1. Take the dim 6 values from Fermilab-MILC 
2. Assume a smaller uncertainty for the dim 7 operators: 
3. Use updated CKM input compared to Artuso, Borissov, AL 
4. Use exact equations of motion for dim 7 operators 

BR = 1± 0.2

of the bag parameters which di↵er from one in vacuum insertion approximation, see
e.g. the discussion in [55]. The deÞnitions in [79] are all consistent withB = 1 ± 0.2 in
vacuum insertion approximation.

¥ The numerical values off 2

Bq
B are larger than most previous lattice calculations.

Based on these new results we perform a more aggressive - compared to the recent study
in [55] - numerical analysis of the SM predictions, where we try to push the current theory
uncertainties to the limits. In particular we will modify the predictions in [55] by using

¥ Most recent values of the CKM parameter from CKMÞtter [58] (similar values can be
obtained from UTÞt [59]).

¥ New Fermilab MILC results for the bag parameters ofQ, ÷
Q

S

, R
0

, R
1

and ÷
R

1

. We do
not try to average with other lattice results, e.g. the values given by FLAG [81].

¥ Assume vacuum insertion approximation forR
2

and R

3

with a small uncertainty of
B = 1 ± 0.2. We note that this is not clearly justiÞed yet and it has to be conÞrmed
by independent determinations of the corresponding bag parameters.

¥ Use results derived from equations of motion÷B
R3 = 7/5B

R3�2/5B
R2 and ÷

B

R2 = �B

R2

[48].

All inputs are listed in Appendix C. We Þrst note that the overall normalisation due tof 2

Bq
B

seems to be considerably enhanced now, so we expect enhancements in�M

q

and ��
q

that
will cancel in the ratio. Moreover the uncertainty in the bag parameter ratio÷

B

S

/B is larger
than e.g. in [55]. On the other hand the dominant uncertainty due toR

2

and R

3

will now
be dramatically be reduced.
Putting everything together we get with the new parameters the following predictions for the
two neutral B-systems, which are compared with the more conservative theory predictions [55]
and the experimental values from HFAG [31], that were already given in Eq.(2.4).

Observable SM - conservative SM - aggressive Experiment
�M

s

(18.3 ± 2.7) ps�1 (20.31± 1.34) ps�1 (17.757± 0.021) ps�1

��
s

(0.088± 0.20) ps�1 (0.1001± 0.0134) ps�1 (0.082± 0.006) ps�1

a

s

sl

(2.22± 0.27)á10�5 (2.272± 0.249)á10�5 (�7.5 ± 4.1) á10�3

!" s
! Ms

48.1 (1± 0.173)á10�4 49.3 (1± 0.117) 46.2 (1± 0.073)á10�4

�M

d

(0.528± 0.078) ps�1 (0.615± 0.053) ps�1 (0.5055± 0.0020) ps�1

��
d

(2.61± 0.59)á10�3 ps�1 (3.10± 0.49)á10�3 ps�1 (0.658± 6.579)á10�3 ps�1

a

d

sl

(�4.7 ± 0.6) á10�4 (�4.88± 0.54)á10�4 (�1.5 ± 1.7) á10�3

!" d
! Md

49.4 (1± 0.172)á10�4 50.4 (1± 0.130) 13.0147 (1± 10)á10�3

(3.1)
The new theory values for�M

q

and ��
q

are larger than the ones presented in [55] and
they are further from experiment. For the ratios��

q

/�M

q

and a

q

sl

the central values are
only slightly enhanced. The overall error shrinks by about a factor of two for�M

s

and also
sizeably for�M

d

, ��
q

and the ratios ��
q

/�M

q

. For the semi-leptonic asymmetries the
e↵ect is less pronounced. In Appendix C a detailed analysis of the errors is given.
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Aggressive mixing estimate
It is now interesting to consider the ratios of the new SM predictions normalised to the
experimental numbers.

�M

SMagr.

s

�M

Exp

s

= 1.144(1± 0.0659)(1± 0.0012) (3.2)

= 1.144(1± 0.066) , (3.3)

��SMagr.

s

��Exp

s

= 1.22(1± 0.134)(1± 0.073) (3.4)

= 1.22(1± 0.15) , (3.5)

⇣
��s
�Ms

⌘
Exp.

⇣
��s
�Ms

⌘
SMagr.

= 0.937(1± 0.117)(1± 0.073) (3.6)

= 0.937(1± 0.138) , (3.7)

�M

SMagr.

d

�M

Exp

d

= 1.2173(1± 0.0867)(1± 0.0040) (3.8)

= 1.22(1± 0.09) . (3.9)

Here one clearly sees the enhancements of the mass di↵erences, which are up to 20% or
more than two standard deviations above the experimental value. The decay rate di↵erence
��

s

is also enhanced by about 20% above the measured value; due to larger uncertainties,
this is statistically less significant. The dominant source for this enhancement is the new
value of hQi. The ratio ��

s

/�M

s

is slightly lower than before, but still consistent with the
corresponding experimental number.
Taking the deviations above seriously, we can think about several possible interpretations:

1. Statistical fluctuations in the experimental results of the order of three standard de-
viations might explain the deviation in ��

s

, while the deviation in �M

s

cannot be
explained by a fluctuation in the experiment.

2. Duality violations alone cannot explain these deviations, because they have no visible
e↵ects on �M

q

.

3. The lattice normalisation for f

2

B

B is simply too high, future investigations will bring
down the value and there is no NP in mixing. Currently there is no foundation for this
possibility, but we try to leave no stone unturned. Since f

2

B

B cancels in the ratio of
mass and decay rate di↵erence, we can use the new values to give the most precise SM
prediction of ��

s

via

��
s

�M

s

· 17.757 ps�1(⌘ �M

exp

s

) = 0.0875± 0.0102 ps�1

. (3.10)

Now the theory error is very close to the experimental one and it would be desirable
to have more precise values in theory and in experiment. In that case we also get
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Aggressive mixing estimate
Interpretation 

1. Lattice artefact… has to be determined by  different groups 
2. VIA for dim 7 operators might not be valid - calculate directly 
3. Very large NNLO-QCD corrections - calculate them 

4. New physics in  
5. New physics/duality violation/experimental fluctuation in 
6. New effects have to cancel roughly in  

Write many papers with NP effects in mixing….

M q
12

�q
12

�q
12/M

q
12



Charm mixing: status
Experimentally  well established 

                                                                        HFAG 2015 

Theory: 
1. HQE based approach gives results 3-4 orders below experiment! 
2. Exclusive estimate gives results in the experimental ballpark  

Falk, Grossman, Ligeti, Nir, Petrov, 2002, 2004 
best estimate, but not a first principle approach 

=> HQE in charm does not work?

Using ⌧(D0) = 0.4101 ps [69], this can be translated into

�M

D

=
x

⌧(D0)
= 0.00902 ps�1

, (4.3)

��
D

= 2
y

⌧(D0)
= 0.0322 ps�1

. (4.4)

When trying to compare these numbers with theory predictions, we face the problem that it
is not obvious if our theory tools are also working in the D-system. Till now the mixing quan-
tities have been estimated via exclusive and inclusive approaches. The exclusive approach
is mostly based on phase space and SU(3)

F

-symmetry arguments, see e.g. [70, 71]. Within
this approach values for x and y of the order of 1% can be obtained. Thus, even if it is not
a real first principle approach, this method seems to be our best currently available tool to
describe D-mixing. Inclusive HQE calculations worked very well in the B-system, but their
naive application to the D-system gives results that are several orders of magnitude lower
than the experimental result [72, 73]. Hence it seems we are left with some of the following
options:

¥ The HQE is not valid in the charm system. This obvious solution might however, be
challenged by the fact that the tiny theoretical D-mixing result is solely triggered by
an extremely e↵ective GIM cancellation [60], see e.g. the discussion in [74], and not by
the smallness of the first terms of the HQE expansion. A breakdown of the HQE in
the charm system could best be tested by investigating the lifetime ratio of D-mesons.
From the theory side, the NLO QCD corrections have been determined for the lifetime
ratio in [75] and it seems that the experimental measured values can be reproduced. To
draw a definite conclusion about the agreement of experiment and theory for lifetimes
and thus about the convergence of the HQE in the charm system, lattice evaluations
of the unknown charm lifetime matrix elements are urgently needed. So this issue is
currently unsettled.

¥ Bigi and Uraltsev pointed out in 2000 [76] that the extreme GIM cancellation in D-
mixing might be lifted by higher terms in HQE, i.e. the 1/m

c

-suppression of higher
terms in the HQE is overcompensated by a lifting of the GIM cancellation in higher
order terms. There are indications for such an e↵ect, see [74, 77], but it is not clear
whether the e↵ect is large enough to explain the experimental mixing values. To make
further progress in that direction we need the perturbative calculation of the dimension
9 and 12 terms of the OPE and an idea of how to estimate the matrix elements of the
arising D=9 and D=12 operators. Hence this possibility is not ruled out yet.

¥ The deviation of theory and experiment could of course also be due to new physics
e↵ects. Bounds on new physics models from determining their contributions to D-
mixing, while more or less neglecting the standard model contributions were studied
e.g. in [78].

In this work we will investigate the related question, whether relatively small duality violating
e↵ects in inclusive charm decays could explain the deviation between experiment and the
inclusive approach. We consider the decay rate di↵erence ��

D

for this task. According to
the relation (see the derivation in the appendix)

��
D

 2|�
12

| , (4.5)
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Peculiarities of the charm system

Severe GIM cancellation           CKM hierarchy 

                                             

Why does the HQE not work? 
1. Hadronic effect? Test with charm lifetimes  AL, Rauh arXiv:1305.3588 
2. Higher dimension terms in HQE are not GIM suppressed: Bigi, Uraltsev hep-ph/

0005089; Bobrowski, AL, Riedl, Rohrwild 1002.4794 
3. New physics! 

Use our duality model

we will only study |�
12

| and test whether it can be enhanced close to the experimental value of
the decay rate di↵erence. This is of course only a necessary, but not a su�cient condition for
an agreement of experiment and theory. A complete answer would also require a calculation
of |M

12

|, which is beyond the scope of this work.
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consists again of three CKM contributions
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with the CKM elements �
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The CKM-factor have now a very pronounced hierarchy, they read
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Looking at the expressions in Eq.(4.7) we see an extreme GIM cancellation in the CKM-
leading term, while the last term without any GIM cancellation is strongly CKM suppressed.
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Using our simplest duality violating model
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Charm mixing vs. Duality violation
δdd = 0
δdd = -0.04
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Figure 6: 90% confidence limits on �

ss, �sd and �

dd for the D-system from a comparison of
the experimentally allowed region of ��

D

with the theory prediction based on the HQE. The
allowed regions for the �s are shaded. Depending on the values of �dd, di↵erent colours are
used. As expected for small values of � the experimental value of ��

D

can not be reproduced.
Thus the area in the centre is free. Starting from values of about 20% on duality violation
can explain the di↵erence between experiment and HQE. To see more precisely, where the
smallest possible value of � lies, we have zoomed into the overlap region.
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Duality violation as low as 20%, sufficient to explain 
the experimental value of charm mixing!



Conclusion+Outlook
• Duality violations can be constrained best by                                                     

more precise measurements of             needed 
   more precise theory values: dim7, dim 6, NNLO-QCD 
• Duality violations in semi-leptonic asymmetries cannot be arbitrarily large 
    measure          more precisely to find unambiguously NP 
• Complementary information from  
   measure                                more precisely 
   lattice values for       
• New lattice results point towards slight deviations in B-mixing 
   new independent lattice results 
• Charm-mixing might be explained by small duality violation 
   Test with charm -lifetimes: lattice values needed
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