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● Introduction
● Unitarity triangle analysis and CP violation
● CP violation in K decays
● Rare B decays
● Lepton Flavour Universality violation
● Outlook

Many thanks to M. Bona!
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INTRODUCTION

● What is the scale Λ of NP?
– consider the SM as an effective theory valid up 

to the NP scale Λ: 

ℒ=ℒSM + Λ2 |ϕ|2 + ℒ5/Λ + ℒ6/Λ2 + ...  

● NP effects best probed in transitions 
forbidden or highly suppressed in the SM: 
GIM suppression of FCNC, smallness of J

determines the EW scale break SM accidental symmetries
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Unitarity Triangle Analysis

● All flavour mixing in the SM described by 
four CKM parameters, e.g. λ, A, ρ, η

● CKM unitarity implies triangular relations: 
(V†V)db=0 ⇔ triangle with apex (ρ, η)
– Test the consistency of the SM both “visually” 

and quantitatively
– Compare CP-conserving and CP-violating obs.
– Get constraints on deviations from the SM
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Also: FF calculations
only on MILC configurations
⇒need confirmation with
different methods
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COMPATIBILITY PLOT FOR εK

● Currently no tension in 
εK

● Theoretical 
improvements needed 
to fully exploit NP 
sensitivity: long-
distance contributions, 
B-parameter, D=8 
operators...
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CP VIOLATION IN K DECAYS
● RBC-UKQCD accomplished for the first time a 

consistent lattice calculation of K→ππ matrix 
elements. Formidable task:
– Renormalization
– Chirality
– Final state interactions
– Disconnected diagrams

● Independent check needed!
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RBC-UKQCD RESULTS

● ΔI=1/2 rule from cancellations in the 3/2 
amplitude rather than penguin enhancement
– 3/2 cancellation consistent with ΔS=2 and D, B 

decays: deviations from VIA small in B, sizable in 
D (1/N~0), large in K (negative 1/N)

– also consistent with large N models 

RBC-UKQCD, PRD 91, 074502 (2015)

Carrasco, Lubicz & LS '13

Buras, Gerard & Bardeen '86, '14
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RBC-UKQCD RESULTS II
● evaluation of ε'/ε even more challenging:

● cancellation between 3/2 and ½ makes it very sensitive 
to even small relative uncertainties in the two 
contributions

● resulting ε’/ε small wrt exp (16.6±2.3)10-4

(see also Buras et al ‘15, Kitahara, Nierste & Temper ‘16)

RBC-UKQCD, PRL 115, 212001 (2015)
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NP IN K DECAYS?

● Need improved lattice numbers & 
independent confirmation (not soon…)

● Cancellation between A2 and A0 makes ε’/ε 
even more sensitive to NP: modified Z 
couplings, Z’ models, SUSY, trojan EWP, 
etc... ⇒ effects in other observables 
(dedicated session tomorrow morning)  
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RARE B DECAYS I: P5
'

● b→sl+l- FCNC transitions generated by          
Z-penguins, boxes and photon penguins

● Exclusive transitions require infinite mass 
limit + form factors + estimate of power 
corrections (charm loop + ...)

arise at the EW scale arise at all scales – 
low-energy contributions
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● “clean” observables have been introduced to 
minimize FF dependence in the limit mb ∞→

● they are not clean wrt power corrections!

B→K*l+l- AT LOW q2

angular
analysis

Kruger & Matias '05; ...

Jäger & Camalich '13, '14
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THE CHARM LOOP
● Need some nonperturbative method to evaluate the 

correction to factorization (notice that Λ/mb ≿ αs/4π)
● Currently only one LCSR estimate available, valid for 

q2~0 (LC), q2<<4mc2 (single gluon)
● Common approach is to extrapolate smoothly to J/ψ
● Expect charm loop to grow for q2 close to the charm 

threshold
● Quark-hadron duality breakdown at J/ψ

Khodjamirian et al '10

BBNS '09

Lyon & Zwicky '14
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IMPACT OF CHARM LOOP

“Optimistic” evaluation 
of nonfactorizable
contributions

Conservative evaluation 
of nonfactorizable
contributions
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RARE B DECAYS II: RK(*)

● Hadronic uncertainties drop in μ/e ratios
Hiller & Kruger '03

M-H Schune, CERN Instant Workshop
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NP IN b→sl+l-?

● RK(*) (if not statistics/systematic driven) call 
for NP in b→sl+l-

● tempting to combine this with P5' and all 
other exp data

● result of the combination strongly depends 
on estimate of hadronic uncertainties (mainly 
charm loop)
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Trusting Khodjamirian et al over the full q2 range
clearly points to C9μ

NP ~ -1.6 @ 7σ, due to RK(*) & P5'
(C9(10) ⇔ (axial) vector lepton current)

Ciuchini et al. '17; Capdevila et al. '17;
Altmannshofer, Stangl & Straub '17
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In this approach, no
indication of NP
contributions to other
operators.

Ciuchini et al. '17
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IS C9μ
NP ROBUST?

~4σ evidence of C9-
NP ~ -1 is stable, ~2σ indication of C9+

NP fully 
depends on assumptions on charm loop (which contributes to C9) 

 C9±
NP=(C9μ±C9e)/2 
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OTHER NP SCENARIOS VIABLE

C10e
NP ≠ 0 C10e

NP = -C9e
NP ≠ 0
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Need more data
and/or theoretical
progress to 
unambiguously
identify pattern
of NP contributions

See also Alonso et al. '17,
...
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LUV IN B→D(*)lν
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INTERPRETING R(D(*))

● SM prediction seems clean, but:
– if NP is present in B→D(*)μνμ and/or in B→D(*)eνe, 

use of exp spectrum to extrapolate FF's to 
whole q2 region may be inconsistent

– need evaluation of FF's from more groups
– same caveats on use of CLN as in Vcb extractions 

apply
– more on this later (S. Schacht)
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INTERPRETING R(D(*))

● Main difference wrt RK(*): here NP 
contribution comparable to tree-level SM 
amplitude needed, as opposed to NP 
contribution comparable to one-loop SM one

● Required NP scale smaller:
– good for direct detection
– must keep other effects under control 
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Feruglio, Paradisi & Pattori
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EXPLAINING R(D(*)) & RK(*)

● Possible to get a consistent EFT picture 
based on U(2) flavour symmetry, but some 
tuning required by Bs mixing and LFU in τ→lvv

● Two broad classes of explicit models:
– vector triplet
– leptoquarks

● More in the next talks (Marco Nardecchia)

Bordone, Isidori, Trifinopoulos '17

Greljo, Isidori, Marzocca '15; Boucenna et al '16

...
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OUTLOOK

● In an overall SM-consistent picture of 
flavour and CP violation, we see some 
tensions:

● SM prediction for ε'/ε too low
– need independent confirmation of matrix 

elements from LQCD
– very sensitive to NP – effect can arise from very 

high scales
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OUTLOOK II

● Hints of Lepton Universality Violation in 
b→sl+l- decays RK(*)

– theoretically very clean
– sensitive to NP – effect can arise from scales up 

to tens of TeV
– possibility of NP effects also in angular 

observables very interesting, but too early to give 
up other NP scenarios with SM explanation of P5'
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OUTLOOK III

● Intriguing hints of LUV also in charged 
current B→D(*)lv decays
– theoretically clean, with some caveats
– not particularly sensitive to NP: need NP at the 

TeV scale
– requires some gymnastics to avoid current 

bounds
– something else should be seen soon
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OUTLOOK IV

● Very exciting times ahead, with Belle II and 
LHCb upgrade forthcoming

● If tensions confirmed, expect other 
indirect/direct signals of NP

● Experimental program so broad that other 
even more interesting tenstions may arise 
soon!
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