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Experimental status (~2017)
●       Mixing

–            is extremely well measured (0.1% uncertainty)
–           known with sub 10% uncertainty

● B lifetime ratios
–                           known with < 0.25% uncertainty

● D Mixing
– First > 5 sigma measurement from LHCb in 2012
–                   accuracy

● D lifetime ratios
–                           known with <1% uncertainty
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Lattice status (~2017)

● Lattice can determine non-perturbative 
parameters – essentially they do the path 
integral numerically

● We are interested in overlap between 
meson/anti-meson states

                                  or 
⟨meson|four quark operator|anti-meson ⟩∼B

⟨meson|four quark operator|meson ⟩∼B / ϵ



  

Vacuum saturation approximation

⟨Bs|(qΓb)(qΓb)|Bs⟩= ∑
all states

⟨Bs|(qΓ b)|X ⟩ ⟨X|(qΓ b)|B s⟩

                                  ≈⟨Bs|(qΓb)|0⟩ ⟨0|(qΓb)|Bs⟩

These then look like decay 
constants for meson to vacuum – 
extracted from experimental decay 
width

⟨Bs|(qΓb)(qΓb)|Bs⟩=BΓ ⟨B s|(qΓb)|0⟩ ⟨0|(qΓ b)|Bs⟩

Bag parameter



  

Lattice status (~2017)

●      Mixing
– Selection of lattice 

results, all in 
agreement

●● B Lifetimes
– only old ('98 / '01) 

lattice results

Bs



  

Lattice status (~2017)

● D mixing
– a handful of lattice 

results

● D lifetimes



  

Theory status (~2015)

● B Mixing – 

● B Lifetimes –

                      –  
● D mixing  –  
● D lifetimes – 

Δ M s  =  18.3±2.7 ps−1

ΔΓs  = 0.088±0.020 ps−1

τ(Bs)/ τ(Bd)  = 1.0005±0.0011

τ(D+)/ τ(D0)  = 2.2±1.7

τ(B+)/ τ(Bd)  = 1.04−0.02
+0.05



  

What has happened since?
● New lattice result from Fermilab-MILC included in FLAG average

–

● HQET sum rule calculation
– Independent determination of non-perturbative matrix elements for all 

dimension-6 operators

●         discrepancy between inclusive / exclusive is perhaps starting 
to be resolved?
– (1703.08170, 1707.09509, 1708.07134, talk by Stefan Schacht at 

LHCb Implications)

f B s
√B  :  270±16 MeV→274±8 MeV

V cb
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Intro to Effective Field Theories



  



  



  

Intro to Heavy Quark Effective 
Theory

● In mesons containing b quarks, we have two 
scales:
– the b quark mass (~ 4 GeV)
– the light quark masses / the QCD scale (~ 100 meV)

● So we can take an effective theory approach



  

Intro to Heavy Quark Effective 
Theory

● Intuitive picture – think of b quark as being at 
rest, and the light quarks / gluons moving 
around in the QCD potential it creates

● Analogous to way of studying hydrogen atom – 
proton at rest and electron moving around in 
the QED (i.e. electromagnetic) potential it 
creates
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Introduction to sum rules

● Consider two point function:

● It is analytic in q, with poles at bound states and 
branch cut for continuum of excited states

● At large |q|, everything off-shell, high energy  →
perturbation theory works

● Relate the two regions by Cauchy's theorem



  

Introduction to sum rules



  

Introduction to sum rules

Determine in 
perturbation theory

Proportional to the cross-
section for quark pair 
production – get from 
experiment

Remove by taking 
derivatives, Borel 
transformation, ...



  

HQET sum rules

● Made possible by 3-loop calculations done in 
2008 by Grozin, Lee (0812.4522)
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HQET sum rules

● Made possible by 3-loop calculations done in 
2008 by Grozin, Lee (0812.4522)

● First steps made by Grozin, Klein, Mannel, 
Pivovarov in mid 2016 (1606.06054)

● Late last year, full set of dim-6 operators done 
by MK, Lenz, Rauh (1711.02100)



  

HQET sum rules

● Do all dim 6 operators for mixing AND lifetimes
● How? 

– 3 loop diagrams (with 2 external momenta), reduced 
using FIRE to those known by Grozin, Lee

– HQET running to scale  
– HQET-QCD matching (1-loop) at scale    

mb

mb
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HQET sum rules – results



  

HQET sum rules – results
B mixing



  

Effect on observables

●

●

●

Δ M s=18.1±1.9 ps−1

ΔΓs=0.079±0.023 ps−1

asl
s =2.0±0.3×10−5

● Gives errors that are comparable (             ) with 
lattice data  lattice not the only game in town→

±15 %



  

Note on make-up of errors

● Our calculation 
gives a total 
uncertainty of 
~5-10%

● Dominant 
uncertainty is 
the matching



  

Note on make-up of errors

● Nice trick is that we 
can calculate the 
deviation of bag 
parameters from 1

● Allows our errors to 
be much smaller than 
you might expect

● Define 

●

●

ΔB≡B−1

ΔB~Q=−0.09±0.03

B~Q=0.91±0.03



  

HQET sum rules – results
B lifetimes



  

HQET sum rules – results
D lifetimes



  

Effect on observables

●

●

●

● For lifetimes, lattice hasn't yet arrived  sum →
rules the only game in town

τ(Bs)/ τ(Bd)=0.9994±0.0025

τ(D+)/ τ(D0)=2.7−0.8
+0.7

τ(B+)/ τ(Bd)=1.082−0.026
+0.022



  

Effects on NP models

● Non-perturbative parameters very important
● Constraints from B mixing depend sensitively on 

values



  

Effects on NP models

● Using the latest FLAG average  much less →
space for e.g. Z' model

● See 1712.06572 (Di Luzio, MK, Lenz)
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Effects on NP models

● Good example of why independent 
determinations necessary

● From different lattice groups AND other 
methods



  

What next?

● Determination of dimension-7 operators

from lattice / sum rules – reduce error in 
● Lattice confirmation of dimension-6

ΔΓs
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● Determination of dimension-7 operators

from lattice / sum rules – reduce error in 
● Lattice confirmation of dimension-6

● HPQCD working on both
● MK, Rauh, Lenz working on dim-7 now

ΔΓs



  

What next?

● Determination of dimension-7 operators

from lattice / sum rules – reduce error in 
● Lattice confirmation of dimension-6

● Know                          better from experiment – while 
already doing very well, theory is currently ahead

ΔΓs

τ(Bs)/ τ(Bd)



  

Thanks!



  

Backup



  



  



  



  



  



  



  

Mixing operators



  

Lifetime operators



  

HQET sum rules – results
D mixing
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