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A bit of motivation

Experiment

The b→ s`+`−

anomalies

(RK , B → K∗µ+µ−,

Bs → φµ+µ−. . . )
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A bit of motivation See talk by Quim Matias

Experiment

The b→ s`+`−

anomalies

(RK , B → K∗µ+µ−,

Bs → φµ+µ−. . . ) Descotes-Genon et al., JHEP 1606 (2016) 092

Allow for New Physics in muons

Oµ9 = (s̄γαPLb)(µ̄γ
αµ)

Oµ10 = (s̄γαPLb)(µ̄γ
αγ5µ)

above 4σ pull w.r.t the SM hypothesis
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A bit of motivation

Mu,d,e ∼

VCKM ∼

Mν ∼ 0

UPMNS ∼

(not very
hierarchical)

Theory

The SM
flavor puzzle

Why these values? Why so different?

Maybe because neutrinos are Majorana?
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A bit of motivation

Experiment

The b→ s`+`−

anomalies

Dynamical
Yukawas

Theory

The SM
flavor puzzle

See talks by Andreas, Giuliano, and Olcyr for other NP explanations of the anomalies
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Dynamical Yukawa couplings See also talk by Pablo Quilez

Anselm, Berezhiani, 96’; Berezhiani, Rossi, 01’; Alonso, Gavela, Isidori, Maiani, 13’, ...

In the limit Yu,d,e,ν → 0 (and 3 right-handed Majorana neutrinos):

G = SU(3)Q × SU(3)D × SU(3)U × SU(3)` × SU(3)E ×O(3)νR

• Promote this symmetry to a local symmetry of nature

• Yukawas arise from dynamical fields:

H

fL,α fR,β

(Yf )αβ φ ∼ (3, 3̄)

V (φ) invariant under G

Yf ∼ 〈φ〉Λ or Λ
〈φ〉 or ...

• The vevs of the Yukawa flavons yield a sequential breaking of G
and can potentially explain the SM Yukawa structure
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SM Yukawas from a minimum principle

Natural minima: Less dependent on specific tunning of the coefficients in
the potential, as compared to generic minima

Alonso et al., JHEP 1311 (2013) 187

Quarks

Ŷ
(0)
u(d) = diag(0, 0 , yt(b))

V
(0)

CKM = 1

Leptons

Ŷ (0)
e = diag(0, 0 , yτ )

m(0)
ν =

v2

M
1

U
(0)
PMNS: θ23 = π/4, θ13 = 0,

θ12 potentially large

3 Perturbations to this minima give the correct quantitative picture
Alonso et al., JHEP 1311 (2013) 187

Fong, Nardi, Phys. Rev. D89 (2014) 036008
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The big picture
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U(1)q ×U(1)µ−τ couplings

qi

qj

ℓ

ℓ
Zq Zℓ

∝ gq
[
VtiV

∗
tj − δij 1

3

]
(MFV-like FCNCs)

∝ g` diag(0, 1,−1)

Maximal LFNU (and no cLFV)

To explain the b→ s`+`− anomalies both Z′ should mix (mass mixing)

Cµ9 |NP = −
(
gqΛv
MZ2

)(
g`Λv
MZ1

)
ε+O

(
ε2
) ε mixing parameter

Λv ' 7 TeV
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U(1)q ×U(1)µ−τ couplings

b

s

µ

µ
Zq Zℓ

ǫ

∝ gq VtbV ∗ts ∝ g`

To explain the b→ s`+`− anomalies both Z′ should mix (mass mixing)

Cµ9 |NP = −
(
gqΛv
MZ2

)(
g`Λv
MZ1

)
ε+O

(
ε2
) ε mixing parameter

Λv ' 7 TeV
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Low-energy constraints: Estimates

Bs − B̄s mixing

Zq

b

s

b

s

Assuming up to 10% corrections

∣∣∣∣gqΛvMZq

∣∣∣∣ . 0.7

Neutrino trident production

Zℓ

N

µ+

µ−

ννµ

γ

Allowing for 2σ deviations
Altmannshofer et al., Phys.Rev. D89 (2014) 095033∣∣∣∣g`ΛvMZ`

∣∣∣∣ . 12

Cµ9 |NP ' −
(
gqΛv
MZ2

)(
g`Λv
MZ1

)
ε
Cµ9 |NP

'−1
=⇒ ε ∼ O(0.1)
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Direct searches at LHC: pp→ Z′ → µ+µ−

Z1 Z2

ATLAS 8 TeV, 20.5 fb-1
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ATLAS Collab., Phys. Rev. D90 (2014) 052005

Z1 Z2

ATLAS 13 TeV, 13.3 fb-1

Future sensitivity, 300 fb-1
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ATLAS-CONF-2016-045

We found the impact of present (and future) Z ′ → tt̄ and Z ′ → jj
searches to be less relevant
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So... summing up

Thanks!
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Backup
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SM Yukawas from a minimum principle

∂V (Yf )

∂Yf
= 0 V (Yf) Invariant under the flavor group

Natural extrema: Those that are less or not at all dependent from
specific tuning of the coefficients in the potential, compared to the generic
extrema

V (Yf ) = V (Ii[Yf ]) e.g. I1[Yf ] = Tr
(
Y †f Yf

)
The space of Yf has no boundaries but the one of Ii[Yf ] does!

∂V (Yj)

∂Yj
=
∑
i

∂V (Ii[Yf ])

∂Ii
Jij = 0 Rank(J) = R < N
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SM Yukawas from a minimum principle
Alonso et al., JHEP 1311 (2013) 187

Simplified flavor group: SU(3)

ΨMΨ =⇒M → U M U † M : 3× 3 (hermitic) matrix

Invariants: I1 = Tr(M2), I2 = det(M)
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Natural minima perturbations

First order perturbations: High-scale

Quarks

Ŷ
(1)
u(d) =

ε11
u(d) ε12

u(d) 0

ε21
u(d) ε22

u(d) 0

0 0 0


Leptons

Ŷ (1)
e = diag(ye, yµ , 0)

Ŷ (1)
ν = 0

Second order perturbations: ∼TeV scale

Quarks

Ŷ
(2)
u(d) =

0 0 δ1
u(d)

0 0 δ2
u(d)

0 0 0


We assume no RH FCNCs

Leptons

Measured UPMNS

Quasi-degenerate neutrinos

Absolute neutrino mass m0 ' 0.1eV

Alonso et al., JHEP 1311 (2013) 187
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An explicit model example
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Low-energy constraints: Global fit

ϵ= 0.1

1σ
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