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Flavour and CP: the CKM picture
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I Excellent agreement
between experiments and
SM predictions.

The SM flavour puzzle

(yu, yc, yt) ∼ (10−6, 10−2, 1) (yd, ys, yb) ∼ (10−5, 10−3, 10−2)

VCKM ∼

 1 0.2 4× 10−3

0.2 1 4× 10−2

9× 10−3 4× 10−2 1





The flavour and hierarchy problems

Flavour: excellent agreement between experiments and CKM
picture constrains new physics.

If ∆LNP =
∑
i

1

Λ2
i

Oi, in some cases Λi & 103 ÷ 104 TeV.

Hierarchy: the scalar masses mh ≈ Λ, where Λ is the highest
scale coupled to h. For a natural Higgs Λ . 4πv ≈ 3 TeV.

A SM extension at the weak scale cannot have a generic flavour
structure!

Ideally one would have

∆L =
1

Λ2

∑
i

ciξiOi,

with Λ ≈ 3 TeV, ξi controlled by some symmetry, and ci ∼ 1.



Minimal Flavour Violation
Full flavour group of the SM: U(3)3 = U(3)q × U(3)u × U(3)d.

LY = Yuq̄LH
†uR + Ydq̄LHdR is not invariant.

Assume:

I Yu,d have fictitious transformation properties under U(3)3

Yu ∼ (3, 3̄, 1), Yd ∼ (3, 1, 3̄)

I No other sources of breaking: Lagrangian is formally invariant.

Example

L ⊃ 1

Λ2

(
d̄iLγµY

ik
u (Y kj

u )†djL
)2

mass basis
physical
−→

(VtiV
∗
tj)

2

Λ2
(d̄iLγµd

j
L)2 + · · ·

I Explains smallness of flavour-changing effects

I Does not explain the CKM hierarchies

I yt is large (not a good expansion parameter)



An approximate U(2)3 flavour symmetry

L ≈
∑

i=1,2,3

(
q̄iL /Dq

i
L + ūiR /Du

i
R + d̄iR /Dd

i
R

)
+ ytHut̄LtR + ybHdb̄LbR

Only 3rd generation masses, and no quark mixing:

U(2)3 = U(2)q × U(2)u × U(2)d

qL =

(
qL
q3L

)
, uR =

(
uR

tR

)
, dR =

(
dR

bR

)

I Explains (at least partially) the Yukawa hierarchies

I Explains smallness of flavour-changing effects (as MFV)

I Symmetry weakly broken, at most by O(Vcb,m2/m3)



Breaking of U(2)3

Exact U(2)3: mu = md = mc = ms = 0, VCKM = I.

Minimal breaking

Yu = yt

(
0 0

0 1

)
, Yd = yb

(
0 0

0 1

)
.

I ∆Yu ∼ (2, 2, 1), ∆Yd ∼ (2, 1, 2) to explain light quark masses

I One doublet V ∼ (2, 1, 1) to explain CKM (3rd gen. mixing)

I Most general breaking Vu ∼ (1, 2, 1),Vd ∼ (1, 1, 2)

Assume: all flavour violation controlled by ∆Yu,d, V (and Vu,d)

i.e. ∆L built with bilinears like q̄LV γµq3L, q̄L∆YddR.

Example:

∆L ⊃∑i=1,2(d̄ iLV
iγµbL)2

mass basis
physical
−→ ∑

i=d,s(VtbVti)
2(d̄iLγµbL)2
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Breaking of U(2)3

Exact U(2)3: mu = md = mc = ms = 0, VCKM = I.

General breaking
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Physical parameters
The unphysical parameters are removed by U(2)3 transformations.

Minimal U(2)3

V =

(
0
εL

)
, ∆Yu = Lu12∆Y diag

u , ∆Yd = ΦLL
d
12∆Y diag

d ,

I Lu,d12 are left-handed rotations of θu,dL in the (1,2) sector,

I ΦL = diag(eiφ, 1).

Generic U(2)3

V =

(
0
εL

)
, Vu,d =

(
0

εu,dR

)
,

∆Yu = Lu12∆Y diag
u Φu

RR
u
12,

∆Yd = ΦLL
d
12∆Y diag

d Φd
RR

d
12,

I Lu,d12 , R
u,d
12 are left- and right-handed rotations of θu,dL,R,

I ΦL = diag(eiφ, 1), Φu,d
R = diag

(
eiφ

u,d
1 , eiφ

u,d
2
)
.

3 angles + 1 phase: εL, θu,dL , φ



Physical parameters
The unphysical parameters are removed by U(2)3 transformations.

Minimal U(2)3

V =

(
0
εL

)
, ∆Yu = Lu12∆Y diag

u , ∆Yd = ΦLL
d
12∆Y diag

d ,

I Lu,d12 are left-handed rotations of θu,dL in the (1,2) sector,

I ΦL = diag(eiφ, 1).
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V =
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∆Yu = Lu12∆Y diag
u Φu

RR
u
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d
12∆Y diag

d Φd
RR

d
12,

I Lu,d12 , R
u,d
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eiφ

u,d
1 , eiφ

u,d
2
)
.

εL, θu,dL , φ + additional parameters εu,dR , θu,dR , φu,d1 , φu,d2



The CKM matrix

If εL < εu,dR (required by data),

VCKM =

 cucd λ suse
−iδ

−λ cucd cus

−sddei(δ−φ) −cds 1

 ,

where s = εL, su,d = sin θu,dL , λeiδ = sucd − sdcueiφ.

Fit of tree-level observables

su = 0.086± 0.003 sd = −0.22± 0.01

s = 0.0411± 0.0005 φ = (−97± 9)◦

I All the parameters determined in Minimal U(2)3,

I “Right-handed” angles undetermined in Generic U(2)3.



Relevant ∆F = 2 effects

Observables: εK , B0
d − B̄0

d , B0
s − B̄0

s .

H∆F=2
eff =

cKLL
2Λ2

(V ∗tdVts)
2(d̄LγµsL)2+

∑
i=d,s

cBLLe
iφB

2Λ2
(V ∗tiVtb)

2(d̄iLγµbL)2+h.c.

Consistent with Λ ' 4πv and |ci| ' 0.2÷ 1.



Relevant ∆F = 1 effects

Observables: K → πνν̄, ε′K , b→ s(d)γ, b→ s(d)`¯̀, νν̄.
D → ππ,KK only in Generic U(2)3.

∆Leff = ∆L4f
L + ∆Lmag︸ ︷︷ ︸

Minimal U(2)3

+ ∆L4f
R + ∆L4f

LR︸ ︷︷ ︸
Generic U(2)3

Consistent with Λ ' 4πv and |ci| ' 0.2÷ 1.



Bounds in Generic U(2)3

Flavour effects in Generic U(2)3 constrain the right-handed
parameters, if one wants Wilson coefficients ci ≈ O(1).

Consistent with εu,dR less than one order of magnitude smaller than εL.



Embedding in composite Higgs models

Lc has some approx. global symmetry (H pseudo-Goldstone?)

L ⊃ Lel +MF F̄F + YF F̄HF︸ ︷︷ ︸
Lc

+λLF̄ fL + λRF̄ fR︸ ︷︷ ︸
Lmix

Flavour is communicated to the elementary sector through the
bilinear mixings: Yf = λ†L · YF · λR.

f

f

f

f

F

F
F

F

I Flavour effects suppressed by λ: RS GIM
(tensions with some observable)

I Flavour symmetry in the strong sector

I Left-compositeness: λL = diag(λ1, λ1, λ3), λR = λR(V ,∆Y ).

I Right-compositeness: λL=λL(V ,∆Y ), λR = diag(λ1, λ1, λ3).

λ1 � λ3 allowed by U(2)3 solves many tensions (light gen. elem.).



Summary of effects: EFT vs. composite Higgs
Effects in ΔF = 1 and ΔF = 2 observables

Summary of the relevant FC effects in minimal U(2)3 and U(3)3 
composite models. Generic EFT results are given for comparison.1

bL ↔ qL sL ↔ dL bR ↔ qL cR ↔ uL

U(3)3, R-compositeness ∅ ∅
U(3)3, L-compositeness ∅ ∅ ∅ ∅
Minimal U(2)3, R-comp. ∅ ∅
Minimal U(2)3, L-comp. ∅
U(3)3 moderate tβ ∅
Minimal U(2)3, U(3)3 large tβ ∅
Generic U(2)3

Relevant processes
B0
q-B̄

0
q K0-K̄0

b → sl+l−, sνν̄ K → ππ, πνν̄ b → sγ, sl+l− D0 → K+K−, π+π−

= possible effects with new CP phase, = correlated effects,

= possible effects, aligned in phase with the SM,

∅ = no or negligible effect.

1



Flavour vs. compositeness bounds

The size of the parameters λ, YF , MF , etc. is constrained not only
by flavour observables, but also by Higgs physics, EWPT and
collider constraints.

Examples

mh ∼ YF δT̂ ∼ Y 2
F /M

2
F , δgZbb ∼ 1/M2

FYF , εK ∼ λL/λR

× some model dependent factor...

Different representations of SU(2)L × SU(2)R for fermions:

I doublets: Q ∼ (2, 1), (U,D) ∼ (1, 2) (MHCM4)

I bidoublets: Qu, Qd ∼ (2, 2), U,D ∼ (1, 1) (MHCM5)

I triplets: Q ∼ (2, 2), T ∼ (3, 1)⊕ (1, 3) (MHCM10)



Bounds on fermion resonance masses

Minimal fermion resonance mass MF in TeV compatible with all
the bounds, assuming O(1) parameters.

doublet triplet bidoublet

U(2)LC 4.9 0.5 0.4

U(2)RC - - 1.2∗
U(3)LC 3.8 5.3 4.3

U(3)RC - - 3.1

ª 4.9 1.7 1.2∗
∗ = also f & 0.5 TeV taken into account, with MF = YF f ⇒ YF ≈ 2.5

ª = anarchic generation of flavour via RS-GIM, bound from εK excluded



Summary of observable effects: composite Higgs

ª U(3)LC U(3)RC U(2)LC U(2)RC

εK , ∆Md,s F ◦ F F F

∆Ms/∆Md F ◦ ◦ ◦ ◦
φd,s F ◦ ◦ F ◦

φs − φd F ◦ ◦ ◦ ◦
C10 F ◦ ◦ F ◦
C ′10 F ◦ ◦ ◦ ◦

pp→ jj ◦ F F ◦ ◦
pp→ q′q′ F ◦ ◦ F F

Observables where NP effects could show up with realistic experimental

and/or lattice improvements in the most favourable cases.



Summary and conclusions

I A weakly broken U(2)3 flavour symmetry is consistent with
current data and

∆L =
∑
i

ci
(4πv)2

ξiOi, with |ci| ∼ 0.2÷ 1.

I Several observables to watch:

Sψφ, b→ s(d)γ, b→ s(d)`¯̀, νν̄, K → πνν̄.

I If new signals are observed, best signature of U(2)3 is s–d
universality as in SM in b decays (as in MFV, but without
K-B correlation).

I Concrete realization in composite Higgs models possible.
Many competing bounds - not only from flavour physics.

I A U(2)3 flavour symmetry of the composite can accomodate
a 125 GeV Higgs with fermionic resonances below ∼ 1 TeV in
agreement with all bounds.



Thank you!





Backup slides



Lepton sector within U(2)3 (×U(2)2)

U(2)` × U(2)e flavour symmetry in the charged-lepton sector:
ignore effects due to neutrino masses.Lepton flavour violation: summary of effects

1

Chirality conserving Chirality breaking

τ ↔ µ τ ↔ e µ↔ e τ ↔ µ τ ↔ e µ↔ e

R-compositeness mµ

L-compositeness mµ

Relevant processes τ → 3µ, 3e; µ→ 3e, e(Ti) τ → µγ, eγ; µ→ eγ

= new effect,

= no effect,

mµ = effect subleading in spurion expansion.

1

Correction to magnetic dipole moments:

∆(g − 2)i =
8m2

i

Λ2

consistent with Δ(g - 2)μ ~ 6 x 10-9 
for Λ ~ 4 TeV.



∆S = 1: a digression on ε′

H∆S=1
eff =

1

Λ2
ξds
(
d̄αLγµs

β
L

)[
cdK
(
d̄βRγµd

α
R

)
+ cuK

(
ūβRγµu

α
R

)]

I 〈(ππ)I=2|QdLR|K〉 = −〈(ππ)I=2|QuLR|K〉 ∝
(mK

ms

)2

I

∣∣∣∣ε′ε
∣∣∣∣ ' |ImA2|√

2|ε|ReA0

ω =
ReA2

ReA0
≈ 20

=⇒
∣∣∣∣ε′ε
∣∣∣∣ ' 1.3× 10−2

(3 TeV

Λ

)2
cu,dK

i.e. cu,dK . 0.1÷ 0.2
(3 TeV

Λ

)2



Chirality breaking bilinears: RH compositeness

I Flavour violating dipole operators are generated through the
mixings, from the flavour conserving composite-quark dipoles.
The dipole moments of the composite 3rd generation are
different.

q3L Qd
3 B bR

〈H〉

qL Qd
3 B bR

〈H〉

V

qL Qd D dR

〈H〉

∆Yd

I There is an alignment between the dipole moments and the
Yukawa couplings ⇒ in the physical quark basis there is no
FV effect.

q3L Qd
3 B bR

〈H〉

qL Qd
3 B bR

〈H〉

V

qL Qd D dR

〈H〉

∆Yd



Chirality breaking bilinears: LH compositeness

I As before, FV dipole operators are generated through the
mixings.

q3L Qd
3 B bR

〈H〉

qL Qd D bR

〈H〉

V

qL Qd D dR

〈H〉

∆Yd

I No alignment: the ratio of the two dipole moments differs
from the one of the Yukawa couplings ⇒ the mismatch
between dipole and Yukawa operators gives a neat
flavour-changing effect when rotating to the physical quark
basis.

q3L Qd
3 B bR

〈H〉

qL Qd D bR

〈H〉

V

qL Qd D dR

〈H〉

∆Yd



Chirality conserving bilinears

I Left-handed compositeness: no flavour-changing LL
currents can be constructed with the minimale spurions.
Rotating to the mass basis, flavour effects are generated,
although aligned in phase with the SM.

q3L Qu,d
3 Qu,d

3
q3L

ρµ

qL Qu,d Qu,d qL

ρµ

I Right-handed compositeness: the mismatch between the
coefficients of the two composite quark currents give rise to
flavour and CP violation when rotating to the physical quark
basis.



U(2) vs U(3) fits

ΔF = 2
A summary of Minimal effects

ΔF = 1

∆L = Σi
ci

(4πv)2
ξiOiConsistent with and |ci| = 0.2 ÷ 1
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