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1. Introduction
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•  Main goal: to understand physics at the most fundamental scale
–  it is important to understand relevant energy scales for the problem at hand
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Introduction: B-meson observables

•  transitions: study time development of a B-systemΔb = 2
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– diagonalize the Hamiltonian to get the mass eigenstates
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– … and define the mass and lifetime differences
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B-mixing: experimental measurements

• The experimental values for the mass differences have been 
measured by many experiments

<latexit sha1_base64="OwgWKUwGzylD+jjEe3C3vxZQFg0="></latexit>
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B-mixing parameters: theoretical predictions

A.Buras, M.Jamin, P. Weisz

• Both  and  can be computed in the  limit:Δmq ΔΓq mb → ∞

For : Δmq

J. Albrecht, F. Bernlochner, 
A. Lenz, A. Rusov
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B-mixing parameters: theoretical predictions

Γ21(Bs) =
∑

k

Ck(µ)
mk
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〈Bs|O∆B=2
k (µ)|Bs〉.

+

A. Lenz, U. Nierste

• Both  and  can be computed in the  limit:Δmq ΔΓq mb → ∞

For : ΔΓq

J. Albrecht, F. Bernlochner, 
A. Lenz, A. Rusov
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Higher-order SM contributions to ΔΓs 

Γ21(Bs) = − G2
F m2

b

12π(2MBs)
(V ∗

cbVcs)2 [[F (z) + P (z)] 〈Q〉

+ [FS(z) + PS(z)] 〈QS〉 + δ1/m + δ1/m2
]

Q = (b̄isi)V−A(b̄jsj)V−A, QS = (b̄isi)S−P (b̄jsj)S−P

Q̃ = (b̄isj)V−A(b̄jsi)V−A, Q̃S = (b̄isj)S−P (b̄jsi)S−P

∆ΓBs =
[
0.0005B + 0.1732Bs + 0.0024B1 − 0.0237B2 − 0.0024B3 − 0.0436B4

+ 2× 10−5α1 + 4× 10−5α2 + 4× 10−5α3 + 0.0009α4 − 0.0007α5

+ 0.0002β1 − 0.0002β2 + 6× 10−5β3 − 6× 10−5β4 − 1× 10−5β5

− 1× 10−5β6 + 1× 10−5β7 + 1× 10−5β8

]
(ps−1).
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★ ... with operators

★ ... so the result (up to 1/mb2) is:

A.Badin, F. Gabbiani,  A.A.P. 	
Phys. Lett. B653, 230 (2007)

WC (incl. pQCD corr): Beneke et al, Ciuchini et al 

}

• ΔΓs: a calculation yields:
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2. Introduction: D-meson observables
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(b-quark, NP, …): small? bi-local time-ordered product

bi-local time-ordered product

xD =
M2 �M1

�D
, yD =

�2 � �1

2�D

i
d

dt
|D(t)〉 =

(
M − i

2
Γ
)

|D(t)〉

•  transitions: study time development of a D-systemΔc = 2

– diagonalize the Hamiltonian and define the mass an lifetime differences

– … which can be calculated as real and imaginary parts of a correlation function
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D-mixing: experimental measurements

• The experimental values for the mixing parameters have been measured

<latexit sha1_base64="EUb/L/q4EGT8viC6wsIvYCsZRms="></latexit>

xexp
D = (0.405± 0.043)%

yexpD = (0.636± 0.024)%

Note that  in charm, whereas in beauty it is always xD ≤ yD xq ≫ yq
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Lowest order: dimension-6 operators

• Lowest order contribution: dimension-6 operators
<latexit sha1_base64="EZYjAg2na6kcy/ViGal57UDj8ug="></latexit>
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with the operators

E. Golowich and A.A.P.	
Phys. Lett. B625 (2005) 53 
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xexp
D = (0.407± 0.044)%
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D
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What is going on?Numerically, 

– at the lowest order in  ,  and  depend on high powers of  1/mc xD yD xs = ms /mc
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Dimension-6 operators

H. Georgi, …	
I. Bigi, N. Uraltsev	

M. Bobrowski, A. Lenz, J. Riedl, 	
J. Rohrwild, JHEP 1003 (2010) 009

- Note that 1/mc is not small, while factors of ms make the result small	
- keep Vub ≠ 0, so the leading SU(3)-breaking contribution is  

suppressed by 𝛌b2 ~ 𝛌10 (small)	

- perturbative QCD corrections? Should the renormalization scales 
for the , , and  intermediate scales be the same?ss̄ dd̄ sd̄ /ds̄

Guestimate:     x ~ y ~ 10-3 ?

• Lowest order contribution: dimension-6 operators

- In the heavy-quark limit mc → ∞ we have mc ≫ ∑ mintermediate quarks, so Ereleased ~ mc	
- the situation is similar to B-physics, where it is “short-distance” dominated	
- one can consistently compute pQCD and 1/m corrections 

- But wait, mc is NOT infinitely large! What happens for finite mc??? 	
- what other phenomena can change chirality of an s-quark?

A. Lenz, M. L. Piscopo, C. Vlahos 
Phys. Rev. D 102, 093002 (2020)
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 breaking: group theorySU(3)F

• What should we expect from the general arguments: group theory?

– note that  is an  singlet ⟨D0 |HwHw |D0⟩ ⇒ ⟨0 |DHwHwD |0⟩ SU(3)F

with  that belongs to 3 of  	

          is  or 

D → Di SU(3)F

Hw = Hij
k (q̄ic)(q̄jqk) 3 × 3̄ × 3̄ = 15 + 6 + 3̄ + 3̄

– the quark operators can be written in terms of their  propertiesSU(3)F
<latexit sha1_base64="SLmJsMYFPc5tZEcCBx5U5nvprEc="></latexit>
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– introduce SU(3) breaking via Mi
j = diag(mu, md, ms) → 1 + 8

– all non-zero matrix elements built out of  and  must be  singlets Di, Hij
k Mi

j SU(3)F
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 breaking: group theorySU(3)F

• What should we expect from the general arguments: group theory?

– note that  is an  singlet ⟨D0 |HwHw |D0⟩ ⇒ ⟨0 |DHwHwD |0⟩ SU(3)F

also note that  is symmetric belongs to 6 of DiDj ⇒ SU(3)F

then, the product HwHw ⇒ O60 + O42 + O15′￼

– there is no  in the decomposition of   no  singlet can be formed6̄ HwHw ⇒ SU(3)F

D-mixing is prohibited by  symmetry SU(3)F

– consider a single insertion of  transforms as Mi
j ⇒ D6M 6 × 8 = 24 + 15 + 6 + 3

no D-mixing at the first order of  breaking SU(3)F

 still no  singlet can be formed⇒ SU(3)F

– consider double insertion of  transforms as	

    

Mi
j ⇒ D6MM

6 × (8 × 8)S = (60 + 42 + 24 + 15 + 15 + 6) + (24 + 15 + 6 + 3) + 6
D-mixing occurs at the second order of  breaking SU(3)F

Falk, Grossman, Ligeti, AAP, PRD65, 054034, (2002)
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Aside: how to flip chirality in QCD

• Chirality flip plays a very important role in D-mixing

– it seems like the “culprit” in  is the small value of xexp
D ≫ xtheory

D ms

• Are there any other ways to flip quark’s chirality in QCD?
– magnetic moment of quarks ⟨qσGq⟩ = ⟨qRσGqL⟩ + ⟨qLσGqR⟩
– the vacuum of QCD is not empty; it is filled with quark-

antiquark pairs that form chiral condensate ⟨q̄q⟩ ≠ 0

Operator Product Expansion: if  then some higher order 
terms in  would be (numerically) more important than the leading ones!

⟨s̄s⟩0 /m3
c ≫ xs = ms /mc

1/mc

Let’s find those terms

H. Georgi, …	
I. Bigi, N. Uraltsev
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Higher-order operators: dimension-9

• Next-to-lowest order contribution (in ): dimension-9 operatorsms

<latexit sha1_base64="milhdY+3geoSxebi5HITwddgvYQ="></latexit>
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– recall that we only look pick the terms with lower powers of  ms

– take matrix elements, to evaluate them assume factorization ansatze

– drop terms proportional to xd = md /mc

We traded more powers of  for fewer powers of 1/mc xs

This contribution should be numerically more important, provided that ⟨s̄s⟩0 /m3
c ≫ xs
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Higher-order operators: dimension-11

• Next-to-lowest order contribution (in ): dimension-11 operatorsms
– recall that we only look pick the terms with lower powers of , expand the propoagator ms
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S(x, 0) = S0(x, 0) + S1(x, 0) + . . .

– the expansion of nonlocal product also contains the mixed quark gluon condensate

– we can see that it is also proportional to the terms with fewer powers of ms

<latexit sha1_base64="jEEFto/H1zbHTNqzngBShjoqlQU="></latexit>
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2
qi,

- it can also flip chirality ⟨qσGq⟩ = ⟨qRσGqL⟩ + ⟨qLσGqR⟩

where
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We traded more powers of  for fewer powers of 1/mc xs

L. Dulibic, B. Melic, AAP, 
arXiv:2508.16337 [hep-ph]
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Higher-order operators: dimension-12

• Next-to-next-to-lowest order contribution (in ): dimension-12 operatorsms
– recall that we only look pick the terms with lower powers of  ms

<latexit sha1_base64="LmuH8iMFWkdEjrxBetE67RaZGxc="></latexit>
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– we can see that it is, again, proportional to the terms with fewer powers of ms

Note: an example!
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Note: as the value of the four-quark condensate is 
noit known well, employ double-factorization: 	

(1) factorize four quark condensate from the operator	

(2) factorize four-quark condensate into a product of 
two two-quark condensate

Numerically largest?
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Higher-order operators: dimension-12

• Expectation: the fewest powers of  from dimension-12 operatorsxs

– nine unique diagrams, the rest can be related to the diagrams above 
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Results: putting all together

• What should we expect from this calculation?
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xexp
D = (0.407± 0.044)%

– recall that we only look pick the terms with fewest powers of  at each orderms

– theoretical errors are evaluated by adding parameter uncertainties in quadrature

– it seems that theoretical predictions are two orders of magnitude smaller than exp, 
which might be due to the use factorization approximation, parameter values, or 
(even) a possible New Physics contribution 

we checked that other schemes do not chnage the result much

– the results are smaller than expected before as it is no longer the case that  ⟨s̄s⟩0 /m3
c ≫ xs
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 mixing: theoretical uncertaintiesD0D0

• We can evaluate the uncertainties of the final result
– note that the value of the quark condensate  GeV3⟨s̄s⟩0 ≪ 1
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New Physics and the lifetime difference

• (Heavy) New Physics contributions are local at  μ = mc

Example:

Suppose

Zero in the SU(3) limit
Falk, Grossman, Ligeti, and A.A.P.	
Phys.Rev. D65, 054034, 2002 	
	 2nd order effect!!!

Can be significant?

Amplitude

phase space

E.Golowich, S. Pakvasa and A.A.P.	
Phys. Rev. Lett. 98, 181801, 2007

• There is a (theoretical) limit where y is dominated by New Physics
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3. New Physics: baryon-antibaryon mixing

• New Physics in  transitions: study time developmentΔB = 2
– neutral baryons can mix if baryon number is broken:

– diagonalize the Hamiltonian and look for the oscillations
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This implies that one pays a steep price of  suppression for probing high scales !Λ−10 Λ

Can the BNV scale be different for heavy quarks? Maybe… Can one measure  oscillations? Probably not…ΛbΛb
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4. Things to take home

 Computation of charm mixing amplitudes is a difficult task	
• no obvious model-independent/perturbative technique  
• SU(3)/flavor flow fits need theory input/better exp data 
• need better theory calculation in “inclusive” techniques 

 Why is that?	
• no dominant heavy dof, as in beauty decays 
• charm quark is not very heavy 
• “exclucive” techniques need to fit over large number of decays, AND cannot use 

current experimental data on D-decays: cancellations complicate predictions 
• “inclusive” techniques depend on large number of matrix elements; factorization 

might affect the predictions, AND  is not true 
• upcoming lattice calculation? 

 Philosophy: if one fits all possible exclusive nonleptonic decays of the  and 
use it to predict the lifetime in mixing, does it constitute a prediction?

⟨s̄s⟩0 /m3
c ≫ xs

D0

1

``Charm physics’’	
A.A.P., Eur. Phys. J. ST 233 (2024) 2, 439-456	
D. Friday, E. Gersabeck, A. Lenz, M.L. Piscopo, 2506.15584

M. Di Carlo, F. Erben and M. T. Hansen

L. Dulibic, B. Melic, AAP, 
arXiv:2508.16337 [hep-ph]
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Things to take home

 More philosophy: mass difference in  mixing D0D0

Theory          ❌
Experiment  ❌

Not a very interesting case…

Theory           ❌
Experiment    ✔

SM wins again?

Theory           ✔
Experiment    ❌

SM wins again!

Theory           ✔
Experiment    ✔

New Physics!
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Expansions
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Inclusive approach to mixing: quark-hadron duality

★ Let’s look at how the momentum is routed in a  
leading-order diagram  
- injected momentum is pc ~ mc 
- thus, p1~p2~mc/2 ~ O(ΛQCD)? 

★ How can one tell that a process is dominated by long-distance or short-distance?

pc

p1

p2

★ For a particular example of the lifetime difference, have hadronic intermediate states  

-let’s use an example of KKK intermediate state 
- in this example,  Ereleased ~ mD - 3 mK ~ O(ΛQCD) 

★ Similar threshold effects exist in B-mixing calculations  
- but mb ≫ ∑ mintermediate quarks, so Ereleased ~ mb (almost) always 
- quark-hadron duality takes care of the rest!

Still OK with OPE, signals large nonperturbative contributions
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NLO in pQCD

… as can be seen from a “straightforward computation”…

with

Notice, however, that at NLO in QCD (xNLO,yNLO) >> (xLO, yLO) :

Similar for x (trust me!)Example of NLO contribution
E. Golowich and A.A.P. 
Phys. Lett. B625 (2005) 53 

… xLO >> yLO !!!

xNLO ~ yNLO!

• Lowest order contribution: dimension-6 operators
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Exclusive approach to mixing: use data?

y =
1
2Γ

∑

n

ρn

[
〈D0|H∆C=1

W |n〉〈n|H∆C=1
W |D0〉 + 〈D0|H∆C=1

W |n〉〈n|H∆C=1
W |D0〉

]

y2 = Br(D0 → K+K−) + Br(D0 → π+π−)

− 2 cos δ
√

Br(D0 → K+π−)Br(D0 → π+K−)

If every Br is known up to O(1%)             the result is expected to be O(1%)!

… with n being all states to which D0 and D0 can decay. Consider ππ, πK, KK  intermediate 
states as an example…

cancellation 
expected

The result here is a series of large numbers with alternating signs, SU(3) forces 0 

    If experimental data on Br is used, are we only sensitive to exit. uncertainties?

J. Donoghue et. al. 
L. Wolfenstein 
P. Colangelo et. al. 

H.Y. Cheng and C. Chiang

★ LD calculation: saturate the correlator by hadronic states, e.g.

★ Need to “repackage” the analysis: look at complete multiplet contribution
Falk, Grossman, Ligeti, Nir. A.A.P. 
Phys.Rev. D69, 114021, 2004  
Falk, Grossman, Ligeti, and A.A.P. 
Phys.Rev. D65, 054034, 2002

y =
∑

FR

yF,R Br(D0 → FR) =
∑

FR

yF,R
1
Γ

∑

n∈FR

Γ(D0 → n)
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Exclusive approach to mixing: use data!

★ What if we insist on using experimental data anyway?

in units of 10-3

Jiang, Yu, Qin, Li, and Lu, 2017

★ Ex., one can employ Factorizaton-Assisted Topological Amplitudes

★ … but it appears to yield a smaller result, 


