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In the Standard Model

✘ Gauge sector entirely fixed by symmetry 

✘ Flavor sector loose (a bunch of parameters) 
13 of 19 are fermion masses and q.mixing parameters



We know
✘ P and C broken by weak int. but CP is a symmetry (1 gen)
✘ Going from the gauge to mass basis
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✘ With 3 gen trickier - cannot simultaneously diagonalize u 
and d — mixing: CKM matrix 

✘ VCKM unitary ⇒ 3 real parameters + 1 phase (CPV!)



CKM-ology

✘ Fix CKM entries through tree level processes; over constrain 
by loop-induced ones

✘ VCKM unitary ⇒ 3 real parameters + 1 phase (CPV!)



Experiments
✘ K-factories      u,d,s   [NA62, KOTO]
✘ Tau-charm       𝜏,c     [BES III]

✘ B-factory         b,c,𝜏  [Belle II]
✘ LHC                t,b,c
✘ LC                   t,…  
✘ 𝜈F   



CKM

Impressively — TL UT and LP UT agree to less than 10% 
[Experiment will do better! Lattices will do better too!]
Only tensions in Vub and Vcb (inclusive Vs. exclusive) but all in all, CKM is very unitary! 

2008, Nobel Prize

Tree
Loop



Tree level decays 

Example : Kaon physics

K � ⇥⌅�

K � µ⇥

hadronic uncertainty!
⇥⇥|s̄�µu|K⇤ � f0,+(q2)

⇥0|s̄�µu|K⇤ � fK

fK/f⇥

Nonperturbative QCD - symmetries help (eg. Ademollo-Gatto) but 
ultimately needs LQCD



LQCD
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cf. FLAG review in 1607.00299
New to appear soon — towards the end of 2018



LQCD





C. Pena, Paris 2017



RD RD*



RD RD*



RD RD*



B →D(D*)𝓁𝜈 FF



B(s) →D(s)𝓁𝜈 eg. ETMC
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B(s) →D(s)𝓁𝜈 eg. MILC/FNAL

HPQCD (NRQCD heavy) confirmed the MILC results 



B →D*𝓁𝜈 FF (MILC/FNAL)



Intermezzo (little B-anomaly)
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In searching for NP…



Intermezzo (HQE)

HQS



Intermezzo (HQE + ‘model’)

Good for ratios of FFs. Needs checks from LQCD

Bernlochner et al. 2017
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B →D*𝓁𝜈 FF (MILC/FNAL)

A. Vaquero @ Lattice 2018
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R(J/𝝍)

LHCb 1711.05623 



Bc →J/𝝍 𝓁𝜈 FF



Bc →J/𝝍 𝓁𝜈 FF



with Leljak, Melic, Sumensari, in preparation 

Bc →J/𝝍 𝓁𝜈 FF
Standard QCDSR difficult 
- leading non-perturbative (power) correction ~ gluon condensate
- consistent with zero, ambiguous…

A way out
- fix QCDSR parameters in 2pt functions using the LQCD results
- plug them into 3pt functions and compute FFs
- check against lattice for A1(q2) and V(q2)

1st hadron state 
contribution QCD

QHD



Bc →J/𝝍 𝓁𝜈 FF
A way out
- fix QCDSR parameters in 2pt functions using the LQCD results

Borelize DR and match to lattice  values

with Leljak, Melic, Sumensari, in preparation 
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Bc →J/𝝍 𝓁𝜈 FF
A way out
- check against lattice for A1(q2) and V(q2)

Comparing @ low q2

0.50(5)

0.70(7)

QCDSR new

Add 10% of systematic 
error to LQCD values



Bc →J/𝝍 𝓁𝜈 FF
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Bc →J/𝝍 𝓁𝜈 FF



Bc →J/𝝍 𝓁𝜈 in the BSM scenario discussed by Kosnik



Summarizing…

✘ Decay constants computed on the lattices are accurate at 
the percent and even sub percent level
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Summarizing…

✘ Decay constants computed on the lattices are accurate at 
the percent and even sub percent level

✘ Need to compute EM corrections [checks with other 
lattice regularizations]

✘ RD in SM is under good theoretical control 
✘ RD* in SM is not as good: missing better info on the 

shapes of FFs and A0(q2) 
✘ For NP searches new FFs from HQE + model (but could 

be done on the lattice too)
✘ RJ/𝜓 in SM is not reasonably controlled yet (attempt to 

constrain by QCDSR aided by LQCD results)
✘ Before declaring B-physics anomalies to be 5𝝈 effects 

(and thus NP) all tiny hadronic errors should be tamed 


