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Q2: What models could explain 
Flavour anomalies?  

e.g.  Z’ models

Motivation 1
Q1: Are the “Flavour Anomalies” real?

Obviously control of theoretical and experimental uncertainties  
for semi-leptonic decays mandatory (lattice, LCSR,…)



FNAL-MILC kills almost the Z’ explanation 

One constraint to kill them all!   

 Many times the BSM contribution to           is positive 

Using the large 2016 FNAL-MILC = FLAG B-mixing input: 

Such a models also modify the 
mass difference of neutral mesons
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Motivation 2

Independent determination of  
non-perturbative Bs mixing inputs desirable

B-mixing plays a double role 
- by itself a BSM sensitive 

observable 
- Constrains BSM models 

that explains the anomalies



Reminder: 

Non-perturbative theory input:  
1) Lattice: ETM, FNAL-MILC, RBC-UKQCD, HPQCD 
2) HQET Sum rules: Siegen, Durham 

Theory CKM
Inami-Lim

2-loop 
Buras, Jamin, Weisz

In the SM one operator:

Motivation 3



Very active field: 
- Flag 19: mostly FNAL-MILC (2/16) 
- RBC-UK: 12-18 
- Sum rules: Durham 4/19 (based on  

Siegen 16-18, Durham 17) 
- HPQCD: 07/19

Averages of lattice and sum rules 
Di Luzio, Kirk, AL, Rauh 

1909.11087   JHEP

Motivation 4
B-mixing 2020 plays a triple role 
- by itself a BSM sensitive observable 
- Constrains BSM models that explain the anomalies 

does not kill anymore Z’ explanations  
- Determination of SM parameter (CKM) - see below

B-mixing seems to be smaller than expected by FNAL-MILC

Still higher precision desirable - HQET SR can be improved 
Individual lattice values from RBC/UKQCD 

Confirmation from FNAL-MILC



Motivation 5

Control of  
theoretical precision  

is crucial 
for indirect BSM searches



1.1. Inclusive Semileptonic Tree-level Decays

Vcb Still some problems between exclusive and inclusive determinations

Note: 
B mixing (as does e_K)  
prefers inclusive value

Higher orders in HQE needed 
Higher orders in perturbative QCD needed 

Non-perturbative derminations of ME 
Optimal quark mass concept for HQE 

Potential size of Quark Hadron duality violations



1.1. FCNC Decays
b → sll̄Besides exclusive there is also exclusive b → dll̄

b → sγ
b → sll̄inclusive

inclusive b → dll̄

Ideal playground for multi-loop 
aficionados



1.2. B mixing and lifetimes
ΔMs

The obvious BSM hero:  precise theoretical determination of non-perturbative matrix elements needed 
HQET sum rules (Durham, Siegen), Lattice (FNAL-MILC, RBC-UK, HPQCD)

The unspoken anomalies: B_s lifetime                               and decay rate difference of neutral B_s mesons

determination of non-perturbative matrix elements needed 
HQET sum rules (Durham), Lattice ( :-( ) 
Higher order perturbative terms needed 

Higher orders in the HQE needed

determination of non-perturbative matrix elements needed 
HQET sum rules (Durham, Siegen), Lattice (FNAL-MILC, HPQCD ) 

Higher order perturbative terms needed 
Higher orders in the HQE needed

Bs → J/ψϕ



1.2. B mixing and lifetimes
The unspoken anomalies: B_s lifetime and decay rate difference of neutral B_s mesons

Bs → J/ψϕ
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ATLAS

LHCb

CMS
SM 1912.07621 

17.11.02100

2001.07115

1906.08356

2007.02434



1.3. Exclusive Hadronic B decays
QCD factorisation at 2-loop Can there be BSM effects in hadronic tree-level decays

More than 4 sigma discrepancy!!!!

Could lead to shift in CKM angle gamma of several degrees! 
Could lead to enhanced Delta Gamma B_d -> D0 dimuon asymmetry



1.4. HQE in the charm sector?
Experiment:

Theory:

Naive quark level calculation: SM = 10^-5 Exp

Solutions: 1. HQE is by 5 orders off ->  gigantic Quark Hadron Duality violations,                                         
One has to try Hadron level calculations - but HQE works well in the B-sector! 

2. ORIGIN LIES in crazy GIM Cancellations 
     - actually 20% QHD violations sufficient  
     - Higher orders in the HQE might be less severe affected by the GIM cancellations 
     - Artefact of choosing the renormalisation scale identical for sd and ss 
     - Test with charm lifetimes (no GIM cancellations) 
3. Lattice in the far future…. 
4. Maybe Exp. has already found BSM :-)

Calculate higher orders in the HQE 
Calculate higher orders in the pert. expansion 
Calculate non-perturbative matrix elements



Conclusion

•Higher theory precision mandatory to make full use of the improved experimental 
situation (LHCb, Belle-2, ATLAS, CMS, BESIII) 

•Many important theory improvements are doable in the next years  

•Improvements both on the perturbative side and on the non-perturbative side 
necessary (pert. QCD, lattice, Sum rules,…) 

•Close collaboration between different theory schools advantageous! 



Siegen

Since 1.10.2020  
lattice in Siegen!


