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Idea of Grinstein, Villadoro and Redi

Grinstein, Redi, Villadoro: JHEP 1011 (2010) 067

Basic ideas

gauge the maximal (quark) flavour symmetry
SU(3)Q × SU(3)U × SU(3)D

generate Yukawas from vevs of dynamical fields

allow only renormalizable terms

→ forbids direct mass-terms
→ introduce additional quark-partner
⇒ gauge anomalies cancel

→ generates inverted hierarchy for partners

LYuk = λu QL h̃ΨuR + Ψu Su ΨuR + Mu Ψu UR

λd QL hΨdR + Ψd Sd ΨdR + Md Ψd DR
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Field content

SU(3)QL
SU(3)UR

SU(3)DR
SU(3)C SU(2)L U(1)Y

QL 3 1 1 3 2 -1/6
SM quarksUR 1 3 1 3 1 2/3

DR 1 1 3 3 1 -1/3

ΨuR 3 1 1 3 1 2/3
add. quarks

ΨdR 3 1 1 3 1 -1/3
Ψu 1 3 1 3 1 -2/3
Ψd 1 1 3 3 1 1/3

Su 3 3 1 1 1 0
}

flavour higgs
Sd 3 1 3 1 1 0

h 1 1 1 1 2 1/2 SM-higgs

LYuk = λu QL h̃ΨuR + Ψu Su ΨuR + Mu Ψu UR

λd QL hΨdR + Ψd Sd ΨdR + Md Ψd DR
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Flavour symmetry breaking

assigning vevs 〈Su〉 = V Ŝu and 〈Sd〉 = Ŝd

integrating out all Ψ-fields (assuming Mu/d � 〈Su/d〉)

Effective Yukawas

Yu ≈ V †
λuMu

Ŝu
and Yd ≈

λdMd

Ŝd

Inverted hierarchy

MΨ ∼ 〈S〉 ∼ Y−1M

⇒ lightest new quark partners: t ′ and b′

avoid flavour bounds from first two generations
 allow low flavour scales (TeV)
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Flavour symmetry breaking

assigning vevs 〈Su〉 = V Ŝu and 〈Sd〉 = Ŝd

integrating out all Ψ-fields (assuming Mu/d � 〈Su/d〉)

Effective Yukawas

Yu ≈ V †
λuMu

Ŝu
and Yd ≈

λdMd

Ŝd

3rd Generation

For yt ∼ 1 we have M ∼ 〈S〉

⇒ mixing of t and t ′

effects can be calculated
 effects may set bounds on M
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GRV in GUTs

Idea has been discussed in various extensions:

including lepton flavour Mohapatra: 2012

in LR-symmetric models Guadagnoli, Mohapatra, Sung: 2011

SU(5) GUTs Feldmann: 2011

Proposal for PS in Appendix

supersymmetric framework Krnjaic, Stolarski: 2013
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Pati-Salam models

G =
(
SU(4)× SU(2)× SU(2)′

)
︸ ︷︷ ︸

Pati-Salam

×
(
SU(3)I × SU(3)II

)
︸ ︷︷ ︸

flavour

× Z2

unification of quarks and leptons
 relation between quark and lepton flavour

additional SU(2)’ for right handed quarks and leptons

Previous work

PS can be broken in multiple steps F.H., Kilian, Schnitter: 2014

new scales at intermediate energies

flavour can be implemented at various scales F.H., Kilian: 2014

⇒ flavour scale can vary over many orders of magnitude

additional fermions included in the spectrum (SUSY)

Ψ may be a PS-breaking higgs superpartner
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PS-Setup

SU(4)× SU(2)× SU(2)′ SU(3)I × SU(3)II

qL (4 , 2 , 1) (3 , 1)
qR (4 , 1 , 2) (1 , 3)
H (1 , 2 , 2) (1 , 1)

ΣL (4 , 1 , 2) (1 , 3)
ΣR (4 , 1 , 2) (3 , 1)

ΞL (4 , 2 , 1) (1 , 3)
ΞR (4 , 2 , 1) (3 , 1)

T (1 , 3 , 1) (3 , 3)

T ′ (1 , 1 , 3) (3 , 3)

S (1 , 1 , 1) (3 , 3)

LYuk ∝ λ qLH ΣR + ΣL

(
S + T ′

)
ΣR + M ΣL qR + h.c .

+ λ ΞLH qR + ΞL (S + T ) ΞR + M qL ΞR + h.c . .
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Differences to “SM Version”

Differences

only one singlet S possible

additional vev T ′ that differentiates between up and down

Z2 leads to additional (quark-) partners

Yukawa couplings

Integrating out heavy partner (assuming 〈S〉 ∼ 〈T ′〉 � M)

Yu =M
[
(T ′ + S)−1 + S−1

]
Yd =M

[
(T ′ − S)−1 + S−1

]
Inverting for S and T ′ nontrivial
 only feasible numerically

Bad approximation for 3rd generation
 vary input to get better agreement
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Exact 9× 9 Mass Matrix

Mu,d =

 0 1λεu,d 1

1 tu,d 0
1λεu,d 0 ŝ

M

Easy to diagonalize numerically
 Masses and mixing can be extracted

Analytically diagonalizable for ε = 0

Calculated diagonalization up to O
(
ε3
)

Yu ≈
(
−ŝsU†u ĉtu − ĉsV

†
u ŝtu

)
λ

Yd ≈
(
−ŝsU†d ĉtd − ĉsV

†
d ŝtd

)
λ

εu,d =
vu,d
M

tu = (Ŝ + T ′)/M

td = (Ŝ − T ′)/M

ŝ = Ŝ/M

t̂u = Uu tu V
†
u

ŝtu =
1√

1 + t̂2
u

ĉs =
ŝ√

1 + ŝ2
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Gauge Kinetic Sector

Need for heavy NR for see-saw

 SU(2)′ broken at see-saw scale (∼ 1013GeV)

⇒ SU(2)′ gauge bosons massive at see-saw scale

Majorana mass matrix need to be flavoured non-diagonal

 SU(3)I × SU(3)II broken at see-saw scale

⇒ flavour gauge bosons massive at see-saw scale

⇒ Only Coupling to SM gauge bosons of interest

flavour basis:

Lkin ⊃ qL

(
g ~/W~τ

)
qL + ΞL

(
g ~/W~τ

)
ΞL + ΞR

(
g ~/W~τ

)
ΞR

mass basis:

Lkin ⊃ quLV
3×3
CKMqdL /W

+
+ quL(1 + ε2

u X )/ZquL +

εuεd quRV
′
CKMqdR /W

+
+ ε2

u quR X ′ /ZquR
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Phenomenology

Input

SM quark masses and CKM mixing angles (?)

mixing of right-handed quarks (UCKM 6= V ′CKM)

new physics suppression scale ε2 = ε2
u + ε2

d = v2

M2

tanβ = vu
vd

and coupling λ

Maximal effects (preliminary)

VCKM not unitary effect in Wolfenstein ρ of order of 1σ (?)

non-universal Z coupling ∆gZtt
gZqq

∼ 10−2 ; ∆gZbb
gZqq

∼ 10−2

non-diagonal Z coupling ∆gZct
gZqq

∼ 10−4 ; ∆gZsb
gZqq

∼ 10−4

V ′CKM couplings
V ′ub
Vub
∼ 10−1 ;

V ′tb
Vtb
∼ 10−2

light fermion partner M
(
t ′, b′, t ′′, b′′

)
∼ 2M ∼ O (TeV)
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Correction to Vub

V ′ub/Vub for different input values:

-6

-5

-4

-3

-2

-1

0
1 TeV 2 TeV

M

Lo
g
[V
' u
b
/V
u
b
]

tanβ=25;UCKM=1

tanβ=25;UCKM=VCKM

tanβ=1;UCKM=1

tanβ=1;UCKM=VCKM
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Correlation between V ′ub and ∆gZtt
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tt
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Outlook

Already Done

construct anomaly free and renormalizable lagrangian

calculate mass basis (up to O
(
ε3
)
)

calculate SM gauge sector in mass basis

generate S and T ′ for ∼300 benchmark points

To be Done

Do proper CKM fit

make global fit for VCKM and V ′CKM

allow for tree level deviations

Consider correlations between different effects

Proper lepton sector (?)
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Unitarity bound

Non-closing of the unitarity triangle: Re
(
VudV

∗
ub+VcdV

∗
cb+VtdV

∗
tb

VcdV
∗
cb

)
∼ ∆ρ
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Δ
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