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B mixing

Flavour basis ≠ mass basis ⇒ M & Γ non-diagonal
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Mass difference

∆Ms =
1

2mBs

hB̄s|H
∆B=2

eff |Bsi

Q2 = (b̄α(1− γ
5)sα)(b̄β(1− γ

5)sβ)

Q1 = (b̄αγµ(1− γ
5)sα)(b̄βγµ(1− γ

5)sβ)

Q3 = (b̄α(1− γ
5)sβ)(b̄β(1− γ

5)sα)
Q5 = (b̄α(1− γ

5)sβ)(b̄β(1 + γ
5)sα)

Q4 = (b̄α(1− γ
5)sα)(b̄β(1 + γ

5)sβ)

In the Standard Model only Q1 enters ΔMs.

Recent work: HPQCD (prelim) arXiv:1411.6989,   FNAL/MILC arXiv:1602.03560v2, HPQCD (in progress)

Oscillations governed by Hermitian part: dominated by local ΔB = 2 matrix el.
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http://arxiv.org/abs/1411.6989
http://arxiv.org/abs/1602.03560


Lifetime difference & HQE

• Γ12 from imaginary part (optical theorem) 

• Large momentum through loop 

• Operator product expansion: Heavy Quark 

Expansion (HQE), quark-hadron duality 

• Nonlocal operator related to local ΔB = 2 

operators
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HQE @ LO



HQE expressions

Expressions from Lenz & Nierste, JHEP 06 (2007), hep-ph/0612167
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Leading order:

where lattice QCD gives the matrix elements of Q1 and Q3.
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G’s depend on αs,mb, mc/mb, μ1, μ2 Beneke, et al. PLB459, hep-ph/9808385

http://arxiv.org/abs/hep-ph/0612167
http://arXiv.org/abs/hep-ph/9808385


NLO
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+ Tilde’d operators corresponding to mixing color indices.  

 Up to further 1/mB corrections:
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Status

• 15% due to matrix element of R2 (bag factor = 1.0 ± 0.5, for one definition of mb) 

• 14% due to matrix element of Q1 (FLAG, but see new FNAL/MILC) 

• 8% due to renormalization scale

Artuso, Borissov, Lenz, arXiv:1511.09466v1

Dominent SM uncertainties:

Heavy Flavour Averaging Group

∆Γ
SM,2015

s
= 0.088(20) ps−1

Plot and updated SM prediction from 

MJ Kirk, Lattice 2016 poster

This 

work

http://arxiv.org/abs/1511.09466
http://www.slac.stanford.edu/xorg/hfag/
https://conference.ippp.dur.ac.uk/event/470/session/18/contribution/24


HPQCD calculation

• Extends ongoing HPQCD 

calculation of matrix elements of 

dimension-6 ΔB=2 operators 

(Q1…Q5) 

• MILC highly improved staggered 

quark (HISQ) gauge field 

configurations (2+1+1 sea 

quarks) 

• Nonrelativistic bottom quark, 

HISQ strange quark
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Perturbative matching

hQiiMS
= hQ̂ii+ αsρijhQ̂ji+ hQ̂i1isub

hQ̂i1isub = hQ̂i1i � αsζijhQ̂ji

hR̂ii
sub

= hR̂ii � αsξijhQ̂ji

Match continuum and lattice at O(αs)

taking into account power-law “mixing down” at

Similarly we have now computed coefficients in

Monahan, Gámiz, Horgan, Shigemitsu, PRD90 (2014), arXiv:1407.4040

O
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αs
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⌘

for lattices in use here.|ρij |, |ζij |, |ξij | < 1In fact, 

http://arxiv.org/abs/1704.4040


Correlation functions
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Strange quark “source” at operator O. 
Derivative source (finite difference) for R operators



Using EOM

Dimension-7
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Correlation functions
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Correlation functions
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Remove unwanted factors using 2-point functions



Bayesian priors
• With wide priors, fit 2-point function using Nexp = 2+2, tmin ≈ 1.2 fm 

• Set ground state priors: δEprior =10*δEfit, δXi = 10*δXfit 

• Set excited state priors: ΔE = aΛQCD, δ(ΔE) = 50%, Xi = 0 ± 1 

• With V’s = 0 ± 1, fit 3-point function (2 values of large T)             

using Nexp = 3+3, tmin ≈ 1.0 fm 

• Set ground state V00 to be fit result ± 50-100% (100%-400% for 

oscillating state contributions) 

• (Ideally) simultaneous fit to all T, all smearings, t/a=2 or so.



Bs energies vs. Nexp
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[N.B. Coarse (C) lattice 

fits include local source/

sink, VC & F do not.]



Rough fits for R2
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Very preliminary fits, 2-3 T-values, 2 smearings, Nexp = 5

Work remains to assess fitting uncertainties



Rough fits for R3
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Rough numerics

∆Γs =
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Derived from Lenz & Nierste, JHEP 06 (2007), arXiv:hep-ph/0612167

FNAL/MILC arXiv:1602.03560v2: hQ1i @ 6% hQ3i @ 13%

Reducing uncertainty* on hR2i @ 50% ! 25%

* 50% estimate from VSA, to be replaced by 25% LQCD calculation

=⇒ ∆Γs @ 25% → 18%

[Figures here are rough, e.g. prefactors above may be out of date.]

http://arxiv.org/abs/hep-ph/0612167
http://arxiv.org/abs/1602.03560


Summary

• First LQCD calculation of dimension-7 operators  

• To-do: finalize fits; assess lattice spacing and sea 

quark mass effects 

• Perturbative matching uncertainty O(αs), but this is 

good enough!


