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Naturalness (in one slide)

• The Standard Model alone has no hierarchy problem

• Generic new particles at a scale M higher than the EW scale, coupled 
to the Higgs boson, generate large corrections to the Higgs mass

• Ignore gravity? Maybe, but...
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The CKM picture of flavour

Remarkable accuracy (~ 20%) of the CKM 
picture of flavour changing interactions

1. Explore the highest energies indirectly 
testable, assuming generic flavour 
effects: in several cases up to 104÷5 TeV

2. Physics at the TeV scale must have a 
very peculiar structure: symmetries

EFT approach: only a limited set of effective operators is present, 
size controlled by the CKM matrix V
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How to get a flavour scenario close to CKM, beyond the SM?



Direct searches

How do flavour measurements 
compare with direct searches 
at the LHC (e.g. in SUSY)?
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Only a selection of the available mass limits on new states or phenomena shown*

-1 = ( 1 - 20) fbLdt.
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ATLAS
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ATLAS Exotics Searches* - 95% CL Lower Limits (Status: May 2013)
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SUS-13-008 SUS-13-013 L=19.5 /fb
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SUS-13-011 SUS-13-004 L=19.5 19.3 /fb left-handed top
unpolarized top

right-handed top
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV
SUSY 2013

 = 7 TeVs

 = 8 TeVs

lspm'-(1-x)motherm' = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit
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MSUGRA/CMSSM 0 2-6 jets Yes 20.3 m(q̃)=m(g̃ ) ATLAS-CONF-2013-0471.7 TeVq̃, g̃

MSUGRA/CMSSM 1 e,µ 3-6 jets Yes 20.3 any m(q̃) ATLAS-CONF-2013-0621.2 TeVg̃

MSUGRA/CMSSM 0 7-10 jets Yes 20.3 any m(q̃) 1308.18411.1 TeVg̃

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-047740 GeVq̃

g̃ g̃ , g̃→qq̄χ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-0471.3 TeVg̃

g̃ g̃ , g̃→qqχ̃
±
1→qqW ±χ̃01 1 e,µ 3-6 jets Yes 20.3 m(χ̃

0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1 )+m(g̃ )) ATLAS-CONF-2013-0621.18 TeVg̃

g̃ g̃ , g̃→qq(ℓℓ/ℓν/νν)χ̃
0
1 2 e,µ 0-3 jets - 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-0891.12 TeVg̃

GMSB (ℓ̃ NLSP) 2 e,µ 2-4 jets Yes 4.7 tanβ<15 1208.46881.24 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ 0-2 jets Yes 20.7 tanβ >18 ATLAS-CONF-2013-0261.4 TeVg̃

GGM (bino NLSP) 2 γ - Yes 4.8 m(χ̃
0
1)>50 GeV 1209.07531.07 TeVg̃

GGM (wino NLSP) 1 e, µ + γ - Yes 4.8 m(χ̃
0
1)>50 GeV ATLAS-CONF-2012-144619 GeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 4.8 m(χ̃
0
1)>220 GeV 1211.1167900 GeVg̃

GGM (higgsino NLSP) 2 e, µ (Z ) 0-3 jets Yes 5.8 m(H̃)>200 GeV ATLAS-CONF-2012-152690 GeVg̃

Gravitino LSP 0 mono-jet Yes 10.5 m(g̃ )>10−4 eV ATLAS-CONF-2012-147645 GeVF1/2 scale

g̃→bb̄χ̃
0
1 0 3 b Yes 20.1 m(χ̃

0
1)<600 GeV ATLAS-CONF-2013-0611.2 TeVg̃

g̃→tt̄ χ̃
0
1 0 7-10 jets Yes 20.3 m(χ̃

0
1) <350 GeV 1308.18411.1 TeVg̃

g̃→tt̄ χ̃
0
1 0-1 e,µ 3 b Yes 20.1 m(χ̃

0
1)<400 GeV ATLAS-CONF-2013-0611.34 TeVg̃

g̃→bt̄ χ̃
+
1 0-1 e,µ 3 b Yes 20.1 m(χ̃

0
1)<300 GeV ATLAS-CONF-2013-0611.3 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 20.1 m(χ̃

0
1)<90 GeV 1308.2631100-620 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e,µ (SS) 0-3 b Yes 20.7 m(χ̃

±
1 )=2 m(χ̃

0
1) ATLAS-CONF-2013-007275-430 GeVb̃1

t̃1 t̃1(light), t̃1→bχ̃
±
1 1-2 e,µ 1-2 b Yes 4.7 m(χ̃

0
1)=55 GeV 1208.4305, 1209.2102110-167 GeVt̃1

t̃1 t̃1(light), t̃1→Wbχ̃
0
1 2 e,µ 0-2 jets Yes 20.3 m(χ̃

0
1) =m(t̃1)-m(W )-50 GeV, m(t̃1)<<m(χ̃

±
1 ) ATLAS-CONF-2013-048130-220 GeVt̃1

t̃1 t̃1(medium), t̃1→tχ̃
0
1 2 e,µ 2 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-065225-525 GeVt̃1

t̃1 t̃1(medium), t̃1→bχ̃
±
1 0 2 b Yes 20.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
1 )-m(χ̃

0
1 )=5 GeV 1308.2631150-580 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 1 e,µ 1 b Yes 20.7 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-037200-610 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 0 2 b Yes 20.5 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-024320-660 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet/c-tag Yes 20.3 m(t̃1)-m(χ̃

0
1)<85 GeV ATLAS-CONF-2013-06890-200 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z ) 1 b Yes 20.7 m(χ̃
0
1)>150 GeV ATLAS-CONF-2013-025500 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z ) 1 b Yes 20.7 m(t̃1)=m(χ̃
0
1)+180 GeV ATLAS-CONF-2013-025271-520 GeVt̃2

ℓ̃L,Rℓ̃L,R, ℓ̃→ℓχ̃01 2 e,µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV ATLAS-CONF-2013-04985-315 GeVℓ̃

χ̃+1 χ̃
−
1 , χ̃

+
1→ℓ̃ν(ℓν̃) 2 e,µ 0 Yes 20.3 m(χ̃

0
1)=0 GeV, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2013-049125-450 GeVχ̃±

1
χ̃+1 χ̃

−
1 , χ̃

+
1→τ̃ν(τν̃) 2 τ - Yes 20.7 m(χ̃

0
1)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2013-028180-330 GeVχ̃±

1
χ̃±1 χ̃

0
2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e,µ 0 Yes 20.7 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2013-035600 GeVχ̃±

1 , χ̃
0
2

χ̃±1 χ̃
0
2→W χ̃

0
1Z χ̃

0
1 3 e,µ 0 Yes 20.7 m(χ̃

±
1 )=m(χ̃

0
2 ), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-035315 GeVχ̃±

1 , χ̃
0
2

χ̃±1 χ̃
0
2→W χ̃

0
1h χ̃

0
1 1 e,µ 2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2 ), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-093285 GeVχ̃±

1 , χ̃
0
2

Direct χ̃
+
1 χ̃
−
1 prod., long-lived χ̃

±
1 Disapp. trk 1 jet Yes 20.3 m(χ̃

±
1 )-m(χ̃

0
1 )=160 MeV, τ(χ̃

±
1 )=0.2 ns ATLAS-CONF-2013-069270 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 22.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s ATLAS-CONF-2013-057832 GeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 15.9 10<tanβ<50 ATLAS-CONF-2013-058475 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃ , long-lived χ̃

0
1 2 γ - Yes 4.7 0.4<τ(χ̃

0
1)<2 ns 1304.6310230 GeVχ̃0

1

q̃q̃, χ̃
0
1→qqµ (RPV) 1 µ, displ. vtx - - 20.3 1.5 <cτ<156 mm, BR(µ)=1, m(χ̃

0
1)=108 GeV ATLAS-CONF-2013-0921.0 TeVq̃

LFV pp→ν̃τ + X , ν̃τ→e + µ 2 e,µ - - 4.6 λ′311=0.10, λ132=0.05 1212.12721.61 TeVν̃τ
LFV pp→ν̃τ + X , ν̃τ→e(µ) + τ 1 e,µ + τ - - 4.6 λ′311=0.10, λ1(2)33=0.05 1212.12721.1 TeVν̃τ

Bilinear RPV CMSSM 1 e,µ 7 jets Yes 4.7 m(q̃)=m(g̃ ), cτLSP<1 mm ATLAS-CONF-2012-1401.2 TeVq̃, g̃
χ̃+1 χ̃

−
1 , χ̃

+
1→W χ̃

0
1, χ̃

0
1→ee ν̃µ, eµν̃e 4 e,µ - Yes 20.7 m(χ̃

0
1)>300 GeV, λ121>0 ATLAS-CONF-2013-036760 GeVχ̃±

1

χ̃+1 χ̃
−
1 , χ̃

+
1→W χ̃

0
1, χ̃

0
1→ττν̃e , eτν̃τ 3 e,µ + τ - Yes 20.7 m(χ̃

0
1)>80 GeV, λ133>0 ATLAS-CONF-2013-036350 GeVχ̃±

1

g̃→qqq 0 6-7 jets - 20.3 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091916 GeVg̃

g̃→t̃1t, t̃1→bs 2 e,µ (SS) 0-3 b Yes 20.7 ATLAS-CONF-2013-007880 GeVg̃

Scalar gluon pair, sgluon→qq̄ 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826100-287 GeVsgluon

Scalar gluon pair, sgluon→tt̄ 2 e,µ (SS) 1 b Yes 14.3 ATLAS-CONF-2013-051800 GeVsgluon

WIMP interaction (D5, Dirac χ) 0 mono-jet Yes 10.5 m(χ)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147704 GeVM* scale

Mass scale [TeV]10−1 1
√
s = 7 TeV
full data

√
s = 8 TeV

partial data

√
s = 8 TeV
full data

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: SUSY 2013

ATLAS Preliminary∫
L dt = (4.6 - 22.9) fb−1

√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1σ theoretical signal cross section uncertainty.



1. The way of flavour symmetries



Minimal Flavour Violation

•  

• At leading order in the breaking parameters ≠ yt:

➡ Quark bilinears:

➡ Effective operators:

∆F = 2:

∆F = 1:

U(3)3 ⌘ U(3)q ⇥ U(3)u ⇥ U(3)d broken by the SM Yukawa’s

YuY
†
u ⇠ I3 = diag(0, 0, 1)

Yu ⇠ (3, 3̄,1), Yd ⇠ (3,1, 3̄)

c↵cc⇠ij(d̄
i
L�µd

j
L)O↵

µ c�cbe
i��

⇠ijmj(d̄
i
L�µ⌫d

j
R)O�

µ⌫

cLL⇠
2
ij(d̄

i
L�µd

j
L)

2

q̄L I3�µ qL q̄L I3Yd�µ⌫ dR

(⇠ij ⌘ V ⇤
tiVtj)

Chivukula, Georgi
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Minimal U(2)3

•  

• At leading order in the breaking parameters:

➡ Quark bilinears:

➡ Effective operators:

broken by the spurionsU(2)3 ⌘ U(2)q ⇥ U(2)u ⇥ U(2)d

qL = (qL, q
3
L), dR = (dR, bR), uR = (uR, tR)

�u ⇠ (2, 2̄,1), �d ⇠ (2,1, 2̄)V ⇠ (2,1,1),
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Minimal U(2)3

• Weakly broken: a good symmetry of the SM Yukawa sector

• Potentially more observable effects w.r.t. MFV

• Naturally arises from a minimum principle in the dynamical 
breaking of U(3)3

• The only continuous symmetry – along with U(3)3 – which gives a 
near-CKM structure of flavour violation, if no further assumptions 
on the underlying model

VCKM ⇠

0

@

1

A
mu ⇠

� �

md ⇠
� �

Alonso et al. ’13

Barbieri, B, Sala, Straub ’14



Are there other pictures naturally close to CKM?

•                                        , broken by 

and                         , gives rise to MFV (i.e. has the same effective 

operators)

U(2)q ⇥ U(2)u ⇥ U(3)d

�̃d ⇠ (1,1, 3̄)

�u ⇠ (2, 2̄,1), �d ⇠ (2,1, 3̄),



Are there other pictures naturally close to CKM?

•                                         gives rise to MFV

• Reducing the U(2)3 group:

‣ Distinction between left- and right-handed fermions is essential
(e.g.                     has large non-CKM LR currents);

‣                           broken by
generates non-CKM chirality breaking op.s in ∆C = 1 and ∆S = 1:
distinction between u and d quarks is needed;

‣                                                           , broken by

                                                              is equivalent to U(2)3 at 

leading order in the breaking parameters

U(2)q ⇥ U(2)u ⇥ U(3)d

U(2)q+u+d

U(2)L ⇥ U(2)R

U(2)L ⇥ SU(2)R ⇥ U(1)u ⇥ U(1)d

�u ⇠ (2,2), �d ⇠ (2,2), V ⇠ (2,1),

�u ⇠ (2,2)(�1,0), �d ⇠ (2,2)(0,�1),

V ⇠ (2,1)(0,0),



Are there other pictures naturally close to CKM?

•                                         gives rise to MFV

• Reducing the U(2)3 group:

‣ Distinction between left- and right-handed fermions is essential

‣ Distinction between u and d quarks is needed;

‣                                                            is equivalent to U(2)3

• Alignment:  e.g. 

broken by

gives rise to the bilinear

Non CKM effects unless c2 ~ c1: this can work in specific contexts.

U(2)q ⇥ U(2)u ⇥ U(3)d

U(2)L ⇥ SU(2)R ⇥ U(1)u ⇥ U(1)d

U(3)d ⇥ U(1)(q+u)1 ⇥ U(1)(q+u)2 ⇥ U(1)(q+u)3

⇣
(c3 � c1)⇠ij + (c2 � c1)V

⇤
ciVcj

⌘
(d̄iL�µd

j
L)

Barbieri et al. ’10�1 ⇠ 3(1,0,0), �2 ⇠ 3(0,1,0), �3 ⇠ 3(0,0,1)



Fit of ∆F = 2 observables
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Flavour and supersymmetry

• Flavour operators are generated
by s-particle loops

• “Natural” spectrum with light stops and gluino, and heavy 
squarks of 1st & 2nd generation: compatible with U(2)3

• What is the impact on flavour physics of the direct bounds 
on s-particle masses from the LHC?

g̃ g̃

qi qj

q̄iq̄j

q̃k

q̃k

g̃

q̃i

q̃j

⇠ V ij
CKM

in a CKM-like framework



SUSY contributions to meson mixings

⇠L, ⇠R, � are O(1) parameters
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SUSY contributions to meson mixings
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SUSY contributions to meson mixings

observable deviations 
from the SM only for 

large values of ξL
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Numerical analysis of meson mixing

• Consider all the contributions. Many free parameters: scan
over the parameter space (analysis with SUSY_FLAVOR)

• ATLAS and CMS mass bounds:

• Scan ranges: m̃3 2 [0.1, 1.5] TeV, mg̃ 2 [0.1, 3] TeV,

m�̃ 2 [0.1, 0.8] TeV, tan� 2 [1, 5]

⇠↵ 2 [1/3, 3]

mg̃ & 1.4TeV mt̃ & 700GeV
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Numerical analysis of meson mixing

heavy spectrum
compressed spectrum
excluded by b ! s�

SM
U(2)3 fit
generic fit

MFV 
correlation
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Numerical analysis of meson mixing

heavy spectrum
compressed spectrum
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Rare B decays

• Main ∆B = 1 effects in U(2)3 arise from (chromo-)magnetic
dipole operators

• Higgsino and charged Higgs
contributions MFV-like,
constrained by

• Gluino (and Wino) contributions,
contribute to the CP asymmetries:
angular asymmetry A7 in
                                   at low µµ invariant mass

•                       not relevant for moderate tan ß (get tan ß 
enhanced contributions from scalar operators)

B ! Xs�

B ! K⇤µ+µ�

Bd,s ! µ+µ�



A different example: composite Higgs models

• In composite Higgs models large flavour effects are generated by
the strongly interacting dynamics.

• In general, the bounds from flavour are stronger than the direct
constraints on composite resonances.

Direct bounds: m & 700,GeV

* ƒ > 500 GeV and  gψ ≈ 2.5
† excluding εK,  up to O(1) factors
‡ rb = 0.2Barbieri, B, Sala, Straub 2013

Minimal fermion resonance mass [TeV]

doublet triplet bidoublet

ª 4.9† 1.7† 1.2�†

U(3)3LC 6.5 6.5 5.3

U(3)3RC - - 3.3

U(2)3LC 4.9‡ 0.6‡ 0.6‡

U(2)3RC - - 1.1�

Table 8: Minimal fermion resonance mass m� in TeV compatible with all the bounds (except
for the QLR

S contribution to �K in the anarchic model), fixing O(1) parameters in
anarchy to 1 and assuming the parameter |rb| in U(2)3LC to be ⇥ 0.2. The bounds
with a � are obtained for a value of Y ⇤ 2.5, that minimizes the flavour and EWPT
constraints consistently with m� = Y f and f � 0.5 TeV.

1 TeV level. This is also formally possible in U(2)3RC, where rb = 1, but requires xt ⇥ 0.3, i.e.
Y � 3, not consistent with m� = Y f and f � 0.5 TeV.

7. Summary and Conclusions

After about two years of operation of the LHC and the remarkable discovery of a Higgs-like
particle of 125 GeV mass, the view of a natural Fermi scale is still under scrutiny, with three
di�erent lines of investigation: the more precise measurements of the properties of the same
Higgs-like boson, the direct searches of new particles that are expected to accompany the Higgs
boson and several measurements in flavour physics. One way to implement a natural Fermi
scale is to make the Higgs particle, one or more, a pseudo-Goldstone boson of a new strong
interaction in the few TeV range. A meaningful question is then if and how a Higgs boson of
125 GeV mass fits into this picture, which requires spin-12 resonances, partners of the top, with
a semi-perturbative coupling to the strong sector and a mass not exceeding about 1 TeV.

Not the least di⇥culty in addressing this question is the variety of possible specific implemen-
tations of the Higgs-as-pseudo-Goldstone-boson picture, especially with regard to the di�erent
representations of the spin-12 resonances and the various ways to describe flavour. A further
problem is represented by the limited calculability of key observables in potentially complete
models, due to their strongly interacting nature.

To circumvent these di⇥culties, we have adopted some simple partial-compositeness La-
grangians and assumed that they catch the basic phenomenological properties of the theories
under consideration. This allows us to consider a grid of various possibilities, represented,
although at the risk of being too simplistic, in table 8, which tries to summarize all in one go
the content of the more detailed tables 2 to 7 discussed throughout the paper, taking into ac-
count all constraints from flavour and EWPT. For any given case, this table estimates a lowest
possible value for the mass of the composite fermions that mix with the elementary ones and
which are heavier than the “custodians” by a factor of

�
1 + (⇥X)2. In the case of anarchy we

are neglecting the constraint coming from �K (first line of table 3, particularly problematic for
the bidoublet model, maybe accidentally suppressed) and the various O(1) factors that plague
most of the other flavour observables in table 3. In every case we also neglect the constraint
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• Only a few models can 
accommodate a 125 
GeV composite Higgs 
with light top partners.



Conclusions (part 1)

• Precision measurements in the flavour sector require a near-CKM 
picture of flavour-changing interactions.

• Two possible scenarios, based on symmetries only: U(3)3, U(2)3

• Updated fit of meson mixings in U(2)3 (improved measurement of 
CP asymmetries in B decays and new lattice results)

• SUSY: direct bounds on s-particle masses are becoming 
competitive with flavour constraints

• Still room for observable deviations from SM in meson mixings, if 
s-particles in the reach of LHC14



2. High-scale flavour physics



What are the highest scales testable through rare decays?

• Heavy vector resonance with flavour-changing quark couplings:
a toy model to mimic FCNC

•

• All the 4-fermion amplitudes depend only on the ratios

A simple Z’ model

qi

q̄j qi

q̄j
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Projections for the coming years
2 Strategy for reaching the Zeptouniverse 4

Observable 2014 2019 2024 2030

B(K+ ⇥ ⇥+��̄)
�
17.3+11.5

�10.5

⇥
� 10�11 [32] 10% [33] 5% [34]

B(KL ⇥ ⇥0��̄) < 2.6� 10�8 (90%CL)[35] 5% [34]

B(B+ ⇥ K+��̄) < 1.3� 10�5 (90%CL)[36] 30%[37]

B(B0
d ⇥ K⇥0��̄) < 5.5� 10�5 (90%CL)[38] 35%[37]

B(Bs ⇥ µ+µ�) (2.9± 0.7)� 10�9 [39–41] 15%[42,43] 12%[42] 10–12%[42,43]

B(Bd ⇥ µ+µ�)
�
3.6+1.6

�1.4

⇥
� 10�10 † [39–41] 66% [42] 45%[42] 18% [42]

B(Bd ⇥ µ+µ�)/B(Bs ⇥ µ+µ�) 71% [42] 47%[42] 21–35%[42,43]

Table 1. The current best experimental measurements (2014) together with the precision ex-
pected in 5, 10 and 15 years for the rare decay observables studied in this paper. The percentages
are relative to SM predictions. †The statistical significance of this measurement is less than 3⇥
i.e. there is still no evidence for this process.

In order to proceed we have to make assumptions about the size of the couplings
involved. There is in general a lot of freedom here, but as we are searching for the
maximal values ofMZ� which could still provide measurable NP e⇥ects in rare meson
decays, we will choose maximal couplings that are consistent with perturbativity.
Subsequently we will check whether such couplings are also consistent with �F = 2
constraints for a given MZ� . An estimate of the perturbativity upper bound on
�sd

L,R was made in [31], in the context of a study of the isospin amplitude A0 in
K ⇥ �� decays, by considering the loop expansion parameter
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where N = 3 is the number of colours. For �sd
L,R = 3.0 we find L = 0.17, a coupling

strength that is certainly allowed. The same estimate can be made for other LH and
RH couplings considered by us. However, as we will see below, the correlation of
�F = 1 and �F = 2 processes in the case of Z ⇤ exchange, derived in [16], will give
some additional insight on the allowed size of the quark couplings and will generally
not allow us to reach the perturbativity bounds on quark couplings. On the other
hand, large values of the leptonic couplings ���̄

L and �µµ̄
V,A at the perturbativity

upper bound will give an estimate of the maximal MZ� for which measurable e⇥ects
in rare K and Bs,d decays could be obtained.

In the case of a U(1) gauge symmetry with large gauge couplings at a given scale
it is di⇤cult to avoid a Landau pole at still higher scales. However, for the coupling
values used in our paper, this happens at much higher scales than MZ� . Moreover,
if Z ⇤ is associated with a non-abelian gauge symmetry that is asymptotically free
this problem does not exist.

2.2 Projections for coming years

Clearly, the outcome of our strategy depends sensitively on the precision of future
measurements and the reduction of hadronic and CKM uncertainties. In Table 1
we give the precision expected in the next 5, 10 and 15 years for the rare decay

3 Left-handed and right-handed Z ⇤ scenarios 5
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FBs (227.7± 4.5) MeV [44] < 1% [45]

FBd
(190.5± 4.2) MeV [44] < 1% [45]

FBs

�
B̂Bs (266± 18) MeV [44] 2.5% [45] < 1% [46]

FBd
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(216± 15) MeV [44] 2.5% [45] < 1% [46]

B̂K 0.766± 0.010 [44] < 1% [45]

|Vub|incl (4.40± 0.25)⇥ 10�3[44] 5% [37] 3% [37]

|Vub|excl (3.42± 0.31)⇥ 10�3[44] 12% †† [37] 5% †† [37]

|Vcb|incl (42.4± 0.9)⇥ 10�3 [47] 1% [48] < 1% [48]

|Vcb|excl (39.4± 0.6)⇥ 10�3 [44] 1% [48] < 1% [48]

⇥ (70.1± 7.1)⇥ † [49] 6% [37] 1.5% [37] 1.3%[43]

⇤SM
d = 2� (43.0+1.6
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⇤SM
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Table 2. Current best determinations and future forecasts for lattice and CKM matrix parame-
ters that contribute with sizeable errors in our numerical analysis. †Combined fit from charmed
B decay modes. ††These predictions assume dominant lattice errors. ‡At this precision the the-
oretical uncertainty due to penguin pollution in the dominant decay modes used to extract these
phases starts to dominate.

observables that we study in this paper. In Table 2 we do the same for the lattice
and CKM matrix parameters that contribute with sizeable errors in our numerical
analysis. We also list the current experimental precision for these quantities. The
chosen years of 2019, 2024 and 2030 correspond approximately to the integrated
luminosity milestones of the relevant experiments. For Belle-II the years 2019 and
2024 correspond to 5 ab�1 and 50 ab�1, respectively. For LHCb the years 2019,
2024 and 2030 correspond to 6 fb�1, 15 fb�1 and 50 fb�1, respectively. For CMS
the years 2018, 2024 and 2030 correspond to 100 fb�1, 300 fb�1 and 3000 fb�1,
respectively. Needless to say all these projections can change in the future, yet the
collected numbers show that the coming years indeed deserve the label of the flavour
precision era. In view of these prospects we will keep in mind throughout this paper
that NP e⇥ects that are at least as large as 10 – 30% of the SM branching ratios
could one day be resolved in rare meson decays. We will be more explicit about this
in the next section.

3 Left-handed and right-handed Z ⌅ scenarios

3.1 Left-handed scenario

It will be useful to begin our analysis with the case of Z ⇤ having only LH flavour
violating couplings to quarks �ij

L . In this scenario NP e⇥ects from Z ⇤ can be com-
pactly summarised through the flavour non-universal shifts in the basic functions
X, Y and S which are flavour universal in the SM:
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How far can we go with ∆F = 1 measurements?

• Assume for now only LH (or only RH) couplings to quarks

• ∆F = 2 alone would constrain only the ratio ∆ij/MZ’...

• ∆F = 1 has a different mass/coupling dependence: we can 
constrain mass and couplings separately

• If nothing is seen in ∆F = 2, rare decays are more effective at low 
mass and small couplings...
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How far can we go with rare B decays?
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How far can we go with rare K decays?
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Removing the ∆F = 2 constraint by tuning

• Of course, you can complicate the model at will, and get rid of 
the ∆F = 2 bounds by tuning the parameters...

• If e.g. both LH and RH flavour-changing couplings are present:
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3. 	 	 	 	 	    and	 	 	 	 	 	 in the SMK+ ! ⇡+⌫⌫̄ KL ! ⇡0⌫⌫̄



	 	 	 	 	   and		 	 	 	 	  in the SM

• Two golden modes that will be precisely measured in this decade

• Theoretically very clean prediction of the BR’s in the SM

• Present bounds:

• Precision of ~ 5% by 2025 (10% by 2020)
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2 Basic formulae 6

where we have added the errors in quadratures. We will use this value in our
numerical analysis. In obtaining the error in (12) we kept ⇥ fixed at its central
value, as its error is very small and the strong dependence on ⇥ in P SD

c (X) is
canceled by other factors in the formula for the branching ratio as discussed above.

2.2 KL � ⇥0��̄

The branching ratio for KL ⇥ ⌅0⇤⇤̄ in the SM is fully dominated by the diagrams
with internal top exchanges, with the charm contribution well below 1%. It can be
written then as follows [39,40]

B(KL ⇥ ⌅0⇤⇤̄) = �L ·
�
Im⇥t

⇥5
X(xt)

⇥2

, (13)

where [11]

�L = (2.231± 0.013) · 10�10

⇤
⇥

0.225

⌅8
. (14)

We have summed over three neutrino flavours. An explicit derivation of (13) can
be found in [33]. Due to the absence of Pc(X) in (13), the theoretical uncertainties
in B(KL ⇥ ⌅0⇤⇤̄) are due only to X(xt) and amount to about 1% at the level of
the branching ratio. The main uncertainty then comes from Im⇥t, which is by far
dominant with respect to the other parametric uncertainties due to �L and mt, with
the latter present in X(xt).

2.3 Experimental prospects

Experimentally we have [42]

B(K+ ⇥ ⌅+⇤⇤̄)exp = (17.3+11.5
�10.5) · 10

�11 , (15)

and the 90% C.L. upper bound [43]

B(KL ⇥ ⌅0⇤⇤̄)exp � 2.6 · 10�8 . (16)

The prospects for improved measurements of B(K+ ⇥ ⌅+⇤⇤̄) are very good.
One should stress that already a measurement of this branching ratio with an accu-
racy of 10% will give us a very important insight into the physics at short distance
scales. Indeed the NA62 experiment at CERN [20, 21] is aiming to each this pre-
cision, and it is expected to accumulate 100 SM events with a good signal over
background figure by 2018. In order to achieve a 5% measurement of the branching
ratio, which will be the next goal of NA62, more time is needed. The planned new
experiment at Fermilab (ORKA) could in principle reach the accuracy of 5% [44].4

Concerning KL ⇥ ⌅0⇤⇤̄, the KOTO experiment at J-PARC aims in the first
step in measuring B(KL ⇥ ⌅0⇤⇤̄) at SM sensitivity and should provide interesting
results around 2020 on this branching ratio [15,22]. There are also plans to measure
this decay at CERN and one should hope that Fermilab will contribute to these

4Unfortunately the US P5 committee did not recommend moving ahead with ORKA and it appears
that the precision on B(K+ ⇥ ⌅+⇤⇤̄) will depend in the coming ten years entirely on the progress made
by NA62.
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this decay at CERN and one should hope that Fermilab will contribute to these

4Unfortunately the US P5 committee did not recommend moving ahead with ORKA and it appears
that the precision on B(K+ ⇥ ⌅+⇤⇤̄) will depend in the coming ten years entirely on the progress made
by NA62.



CKM matrix elements from tree-level decays

• Tree-level measurements can safely be assumed to be free of 
BSM physics effects. They determine the CKM matrix elements 
Vub, Vcb, Vus, and γ:

• Discrepancy between inclusive and exclusive determinations

• The full CKM matrix is fixed once these parameters are known
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Table 1: Values of theoretical and experimental quantities used as input parameters.

e�orts in the next decade. The combination of K+ ⇥ ⇤+⇥⇥̄ and KL ⇥ ⇤0⇥⇥̄ is
particularly powerful in testing NP. Assuming that NA62 and KOTO will reach the
expected precision and the branching ratios on these decays will be at least as high
as the ones predicted in the SM, these two decays are expected to be the superstars
of flavour physics after 2018.

3 CKM inputs from tree-level observables

3.1 Determination of the branching ratios

As discussed in the introduction, the CKM matrix can be determined by the tree-
level measurements |Vub|, |Vcb|, |Vus|, and the angle � of the UT. Although this is in
principle the optimal strategy, it is currently marred by disagreements between the
exclusive and inclusive determinations of both |Vub| and |Vcb| – for a recent review
see [55,56]. We proceed to present the latest results of both determinations, as well
as our weighted average, with which we will give the SM predictions in what we call
strategy A.

The most recent exclusive determinations from lattice QCD form factors are [32,
46,57]

|Vub|excl = (3.72± 0.14)� 10�3, |Vcb|excl = (39.36± 0.75)� 10�3. (17)

The inclusive values are given by [46,58]

|Vub|incl = (4.40± 0.25)� 10�3, |Vcb|incl = (42.21± 0.78)� 10�3. (18)

We take a weighted average and scale the errors based on the resulting ⌅2 (specifi-
cally, we follow the method advocated in Ref. [38]), which gives

|Vub|avg = (3.88± 0.29)� 10�3, |Vcb|avg = (40.7± 1.4)� 10�3. (19)
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For the CKM angle � we take the current world average of direct measurements [49]

� = (73.2+6.3
�7.0)

⇥. (20)

Using this, together with |Vus| = ⇥ already given in (10), we can determine the full
CKM matrix.

In particular, we can determine the quantities ⇥t and ⇥c, which enter the expres-
sions for the branching ratios in (3) and (13), as functions of these input parameters.
These expressions are:

Re⇥t ⇧ |Vub||Vcb| cos �(1� 2⇥2) + (|Vub|2 � |Vcb|2)⇥
�
1� ⇥2

2

⇥
, (21)

Im⇥t ⇧ |Vub||Vcb| sin �, (22)

Re⇥c ⇧ �⇥

�
1� ⇥2

2

⇥
, (23)

which, with respect to their leading order in ⇥, are accurate up to O(⇥4) corrections.
The (exact) numerical values for Re⇥t and Im⇥t obtained from our three di�erent
choices of Vub and Vcb in (17)-(19) are given in Table 2.

These expressions can then be directly inserted into (3) and (13) in order to
determine the two branching ratios. Using our averages from (19) together with
(20) gives

B(K+ ⌅ ⌅+⇤⇤̄) = (8.4± 1.0)⇥ 10�11, (24)

B(KL ⌅ ⌅0⇤⇤̄) = (3.4± 0.6)⇥ 10�11. (25)

In Figure 1 we show the error budgets for these two observables, and see that
the CKM uncertainties dominate. In particular in the case of K+ ⌅ ⌅+⇤⇤̄ we
observe large uncertainties due to |Vcb| and �, while in the case of KL ⌅ ⌅0⇤⇤̄ the
uncertainty due to |Vub| dominates but the ones from |Vcb| and � are also large. The
remaining parameters, which each contribute an error of less than 1%, are grouped
into the “other” category.

For convenience we give the following parametric expressions for the branching
ratios in terms of the CKM inputs:

B(K+ ⌅ ⌅+⇤⇤̄) = (8.39± 0.30)⇥ 10�11 ·
⇤

|Vcb|
40.7⇥ 10�3
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⌅0.708
, (26)

B(KL ⌅ ⌅0⇤⇤̄) = (3.36± 0.05)⇥ 10�11·
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|Vub|
3.88⇥ 10�3

⌅2⇤ |Vcb|
40.7⇥ 10�3

⌅2⇤ sin(�)

sin(73.2⇥)

⌅2
.

(27)

The parametric relation for B(KL ⌅ ⌅0⇤⇤̄) is exact, while for B(K+ ⌅ ⌅+⇤⇤̄)
it gives an excellent approximation: for the large ranges 37 ⇤ |Vcb| ⇥ 103 ⇤ 45
and 60⇥ ⇤ � ⇤ 80⇥ it is accurate to 1% and 0.5%, respectively. In the case of
B(K+ ⌅ ⌅+⇤⇤̄) we have absorbed |Vub| into the non-parametric error due to the
weak dependence on it. The exact dependence of both branching ratios on |Vub|,
|Vcb| and � is shown in Figure 2.

Vus = 0.2252(9)

Im�t = |Vub||Vcb| sin � + · · · Re�c = ��
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• Using an average of the previous values
one gets:

• The main uncertainy at present comes
from the CKM matrix

CKM matrix elements from tree-level decays
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CKM matrix from loop processes

• Performing a fit to the loop-level observables
a more precise determination of the CKM matrix is obtained
(assuming that all those observables are SM-like)

"K ,�Ms,�Md, S KS

0.0030 0.0032 0.0034 0.0036 0.0038 0.0040 0.0042 0.0044 0.0046 0.0048

|Vub|

0.036

0.038

0.040

0.042

0.044

|V
cb
|

exclusive measurements

inclusive measurements

our average

Strategy B: assuming SM in loops

{|�K |,�Md/�Ms, S�KS}SM @ 68% CL

{�Md,�Ms, S�KS}SM @ 68% CL

{|�K |,�Md,�Ms, S�KS}SM @ 68% CL

B(K+ ! ⇡+⌫⌫̄) = (9.11± 0.72)⇥ 10�11, B(KL ! ⇡0⌫⌫̄) = (3.00± 0.31)⇥ 10�11

|Vub| = (3.61± 0.14)⇥ 10�3,

|Vcb| = (42.4± 1.2)⇥ 10�3,

� = (69.5± 5.0)�.

|Vcb| = (42.0± 0.9)⇥ 10�3,

� = (70.8± 2.3)�.

using the projected lattice
errors from 1412.5097:

Buras, B, Girrbach, Knegjens
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• In all models that do not change the phase of Xt (e.g. in MFV)
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• In all models that do not change the phase of Xt (e.g. in MFV)
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Conclusions (part 2)

• Precision measurements of rare meson decays can be used to 
probe high energy scales, otherwise directly unaccessible.

• In a simple Z’ toy model, K decays can probe scales as high as 
100 TeV, while B decays can reach only 15 – 20 TeV.
(scales of 2000 and 200 TeV are reached tuning the parameters)

• Lattice calculations of hadronic parameters are improving quickly. 
Many errors are already dominated by CKM uncertainties.

•                  decays will be measured very precisely: stay tuned!

• Precise SM predictions and several correlations among 
observables can be used to constrain BSM physics.

K ! ⇡⌫⌫̄
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Figure 9: Maximum value of the argument of the µ term, ⇥µ, allowed by two-loop contribu-
tions to the electron EDM, in the plane of the common chargino mass m⇤̃± and the
pseudoscalar Higgs mass MA.

role than for �B = 2 processes. First, this is because the dipole operators change chirality
and hence in general they can receive tan� enhanced contributions. Second, there are the
Bs,d ⇥ µ+µ� decays which receive strongly tan� enhanced contributions from scalar operators.
Here, we focus on the regime tan� . 5, where the branching ratios of Bs,d ⇥ µ+µ� are
modified by at most 30% with respect to the SM.

5.5. Electron electric dipole moment

Suppressing SUSY contributions to Electric Dipole Moments (EDM) is an additional moti-
vation for a split squark spectrum, as it allows to have sizable CP-violating phases without
excessive one-loop contributions to EDMs of first generation fermions. Recently, a new ex-
perimental bound on the electron EDM has been obtained [56], |de| < 8.7 � 10�29 e cm, that
improves the previous bound [57] by a factor of 12. Here, we study the impact of this new
bound on models with a split sfermion spectrum.
First, there is the direct one-loop contribution to the electron EDM involving charginos and

sneutrinos, that decouples with the scale of the first generation sfermion masses. Updating the
bound in [58], we find a lower bound on the sneutrino mass, depending on tan� and the phase
of the µ term (µ = |µ|ei⇥µ),

m�̃1 > 17 TeV� (sin⇥µ tan�)
1
2 . (37)

Second, there is a contribution from two-loop Barr-Zee type diagrams involving a chargino
loop attached to the electron line by a Higgs and a gauge boson. This contribution is tan�
dependent and decouples with the chargino masses. We refer to [59–63] for explicit expressions
for these contributions. In fig. 9, we show the constraints on the phase of µ obtained from these

15

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

m⇤⌅⇧ �TeV⇥
M

A
�TeV⇥

tan ⇥ � 1

0.005

0.0075

0.01

0.0125

0.015

0.0175

0.02

0.0225

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

m⇤⌅⇧ �TeV⇥

M
A
�TeV⇥

tan ⇥ � 5

Figure 9: Maximum value of the argument of the µ term, ⇥µ, allowed by two-loop contribu-
tions to the electron EDM, in the plane of the common chargino mass m⇤̃± and the
pseudoscalar Higgs mass MA.

role than for �B = 2 processes. First, this is because the dipole operators change chirality
and hence in general they can receive tan� enhanced contributions. Second, there are the
Bs,d ⇥ µ+µ� decays which receive strongly tan� enhanced contributions from scalar operators.
Here, we focus on the regime tan� . 5, where the branching ratios of Bs,d ⇥ µ+µ� are
modified by at most 30% with respect to the SM.

5.5. Electron electric dipole moment

Suppressing SUSY contributions to Electric Dipole Moments (EDM) is an additional moti-
vation for a split squark spectrum, as it allows to have sizable CP-violating phases without
excessive one-loop contributions to EDMs of first generation fermions. Recently, a new ex-
perimental bound on the electron EDM has been obtained [56], |de| < 8.7 � 10�29 e cm, that
improves the previous bound [57] by a factor of 12. Here, we study the impact of this new
bound on models with a split sfermion spectrum.
First, there is the direct one-loop contribution to the electron EDM involving charginos and

sneutrinos, that decouples with the scale of the first generation sfermion masses. Updating the
bound in [58], we find a lower bound on the sneutrino mass, depending on tan� and the phase
of the µ term (µ = |µ|ei⇥µ),

m�̃1 > 17 TeV� (sin⇥µ tan�)
1
2 . (37)

Second, there is a contribution from two-loop Barr-Zee type diagrams involving a chargino
loop attached to the electron line by a Higgs and a gauge boson. This contribution is tan�
dependent and decouples with the chargino masses. We refer to [59–63] for explicit expressions
for these contributions. In fig. 9, we show the constraints on the phase of µ obtained from these

15



Flavour effects in composite Higgs models

ª U(3)3LC U(3)3RC U(2)3LC U(2)3RC

�K , �Md,s ⇥ ⇤ ⇥ ⇥ ⇥

�Ms/�Md ⇥ ⇤ ⇤ ⇤ ⇤
⇥d,s ⇥ ⇤ ⇤ ⇥ ⇤

⇥s � ⇥d ⇥ ⇤ ⇤ ⇤ ⇤
C10 ⇥ ⇤ ⇤ ⇥ ⇤
C �
10 ⇥ ⇤ ⇤ ⇤ ⇤

pp ⇧ jj ⇤ ⇥ ⇥ ⇤ ⇤
pp ⇧ q�q� ⇥ ⇤ ⇤ ⇥ ⇥

Table 9: Observables where NP e⇥ects could show up with realistic experimental and/or lattice
improvements in the most favourable cases.

K and in the D systems, as well as to the quark electric dipole moments. This is a subject
that deserves further detailed study.

We also note that measurements of Higgs boson properties, which have not been considered
here, amount to lower bounds on the decay constant f in the case of PNGB Higgs models,
and are currently probing values of 500–700 GeV. Once these bounds improve, tables 2 to 7
allow a straightforward qualitative understanding of their impact on flavour and electroweak
observables. Since our predictions are based on a simple partial compositeness Lagrangian,
they are in fact independent of the details of the Higgs sector and can even be applied to other
theories, like 4D duals of Randall-Sundrum models.

The general message that emerges from table 8, taken at face value, is pretty clear. To
accommodate top partners at or below 1 TeV is often not possible and requires a judicious
choice of the underlying model: an approximate U(2)3 flavour symmetry appears favorite,
if not necessary. Note that the bounds with a ⇥ (bidoublet model with anarchic or U(2)3RC
flavour structure) are obtained for a value of Y ⌅ 2.5, that minimizes the flavour and EWPT
constraints consistently with m� = Y f and f � 0.5 TeV. There are two simple reasons for the
emergence of U(2)3: i) in common with U(3)3, the suppression of flavour changing e⇥ects in
four-fermion operators with both left- and right-handed currents, present in the anarchic case;
ii) contrary to U(3)3 but as in anarchy, the disentanglement of the properties (their degree of
compositeness) of the first and third generation of quarks.

The source of the constraint that plays the dominant role in the various cases is diverse.
Sometimes more than one observable gives comparable constraints. This is reflected in table 9,
which summarizes where possible new physics e⇥ects could show up5(for some observables with
more experimental data, for others if lattice parameters and/or other theoretical inputs are
improved). We keep in this table every possible case even though some of them, according to
table 8, would have to live with a fine tuned Higgs boson squared mass and, as such, appear
less motivated.

5The observables are, from top to to bottom: the direct CP violating parameter in K-K̄ mixing and the Bd

and Bs mass di�erences (as well as their ratio), the mixing phases �d,�s in the Bd and Bs systems (as well
as their di�erence), the Wilson coe⇥cient of the axial vector semi-leptonic operator relevant for b � s⇥+⇥�

transitions C10 and its chirality-flipped counterpart C0
10, the angular distribution of dijet events at LHC as

discussed above and the direct production of fermion resonances at LHC.
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Correlation with B -> µµ
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CKM fit: more plots
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