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|dea of Grinstein, Villadoro and Redi 1 e

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

Basic ideas
@ gauge the maximal (quark) flavour symmetry
SU3)g x SU(3)u x SU(3)p
@ 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

EYuk = >\u 6L E\ULIR +WU 5u \UuR + Mu Wu UR
N QLhVar + VS, Vg + My Wy Dg

Florian Hartmann (Universitat Siegen) PS Flavour Model Siegen 08.12.2014



Field content e

SU(3)a, SU(B)ue SUB)p,  SU(3)c SU(2). U(1)y
Q. 3 1 1 3 2 -1/6
Ur 1 3 1 3 1 2/3 SM quarks
Dg 1 1 3 3 1 -1/3
Vur 3 1 1 3 1 2/3
Vg 3 1 1 3 1 -1/3 .
v, 1 3 1 3 1 2/3 add. quarks
Yy 1 1 3 3 1 1/3
Su 3 3 1 1 1 0 .
s, 3 1 3 1 1 0 flavour higgs
h 1 1 1 1 2 1/2 SM-higgs

£Yuk = >\u aL Equ +WU Su \UuR + Mu Wu UR
N QLhVar + VS, Vag + My Wy Dg
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Flavour symmetry breaking "g,'gggﬂsm

e assigning vevs (S,) = V' 5, and (S4) = 5,
e integrating out all W-fields (assuming M, /4 < (S,/4))

Effective Yukawas

My AaM

Y, ~ V
S, Sq

Inverted hierarchy
My ~ (S) ~ Y~IM
= 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 "g,'gggﬂsm

@ assigning vevs (S,) = V'S, and (S4) = Sy
e integrating out all W-fields (assuming M, 4 < (S,/q))

Effective Yukawas

uMy M
Y, ~ VT)\A and Yy = )\dA d
Su Sd

3rd Generation
For y; ~ 1 we have M ~ (S)

= mixing of t and t/

o effects can be calculated
~ effects may set bounds on M
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GRV in GUTs 1

Idea has been discussed in various extensions:

@ including lepton flavour Mohapatra: 2012
@ in LR-symmetric models Guadagnoli, Mohapatra, Sung: 2011
e SU(5) GUTs Feldmann: 2011

Proposal for PS in Appendix

@ supersymmetric framework Krnjaic, Stolarski: 2013
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Pati-Salam models e

G = (Su4) x SU(2) x 5U(2)’) X (SU(3), ><5U(3),,) % Z»

Pati-Salam flavour
@ 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
e new scales at intermediate energies
e 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)
e W may be a PS-breaking higgs superpartner

Florian Hartmann (Universitat Siegen) PS Flavour Model Siegen 08.12.2014 6 /14



PS-Setup B g

SU(4) x SU(2) x SU2)  SU(3); x SUB)y

aL (17271) (371)
ar (4,1,2) (1,3)
H 1,2,2) 1,1)
T @,1,2) (1,3)
YR (4,1,2) (3,1)
=) (3,2,1) (1,3)
=R (4,2,1) (3,1)
T (1,3,1) (3, 3)
T (1,1, 3) (3,3)
S (1,1,1) 3,3)

Lyuk X )\ﬁLHZR—FfL (S—I- T/) ZR-FMELC]R + h.c.
+AS HGr+=L (S+T) SR+ MG, =g +hc..

Florian Hartmann (Universitat Siegen) PS Flavour Model Siegen 08.12.2014 7/ 14



PS-Setup B g

SU(4) x SU(2) x SU2)  SU(3); x SUB)y

aL (17271) (371)
ar (4,1,2) (1,3)
H 1,2,2) 1,1)
T, @,1,2) (1,3)
YR (4,1,2) (3,1)
=) (3,2,1) (1,3)
=R (4,2,1) (3,1)
T (1,3,1) (3, 3)
T (1,1, 3) (3,3)
S (1,1,1) 3,3)

Lyuk X )\ﬁLHZR—FfL (S—I- T/) ZR-FMELC]R + h.c.
+AS HGr+=L (S+T) SR+ MG, =g +hc..

Florian Hartmann (Universitat Siegen) PS Flavour Model Siegen 08.12.2014 7/ 14



Differences to “SM Version” l'é’.'éé—."sii‘s'ﬁ”

Differences
@ only one singlet S possible
@ additional vev T’ that differentiates between up and down

e Z leads to additional (quark-) partners

Yukawa couplings
@ Integrating out heavy partner (assuming (S) ~ (T') > M)
Yo =M [(T'+S)"' +571]
Yg=M [(T' - S) 1+ 57
@ Inverting for S and T’ nontrivial

~> only feasible numerically

o Bad approximation for 3rd generation
~> vary input to get better agreement
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Exact 9 x 9 Mass Matrix e

Vu,d
0 TAeyg 1 €ud = 1
ud __ n
M = 1 tu7d 0 M tu:(S—FT/)/M
1 Aeyq 0 s A ,
’ ty=(S—-T)/M
5=5/M
@ Easy to diagonalize numerically /
~> Masses and mixing can be extracted
o Analytically diagonalizable for ¢ = 0
. . . 3
o Calculated diagonalization up to O (€3) b = Uty Vi
n 1
Vo~ (~8Ufe, — & Vs, ) A = e
o (—eute _ayte .3
Yy = ( 55U ¢, csvdstd) A & = N
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Gauge Kinetic Sector 1 e

@ Need for heavy Ng for see-saw
~ SU(2)" broken at see-saw scale (~ 10'3GeV)
= SU(2)’ gauge bosons massive at see-saw scale

@ Majorana mass matrix need to be flavoured non-diagonal
~» SU(3); x SU(3)y, broken at see-saw scale
= flavour gauge bosons massive at see-saw scale

= Only Coupling to SM gauge bosons of interest
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Gauge Kinetic Sector 1 e

@ Need for heavy Ng for see-saw
~~ SU(2)" broken at see-saw scale (~ 1013GeV)
= SU(2)" gauge bosons massive at see-saw scale

@ Majorana mass matrix is flavoured non-diagonal (Upmns # Vickm)
~» SU(3); x SU(3)s broken at see-saw scale
= flavour gauge bosons massive at see-saw scale

= Only Coupling to SM gauge bosons of interest

flavour basis:

— — —

£ o 7q, (gW?) a + = (gW?) =+ =k (g WF) =R
mass basis:
i S givEial W+ g+ X) 2 +
qrVikmag W+ qGr X' Zag
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Phenomenology e

Input
@ SM quark masses and CKM mixing angles (7)
e mixing of right-handed quarks (Uckm # Viéxkm)
V

@ new physics suppression scale €2 = 6 + ed w2

e tan( = “;—Z and coupling A

Maximal effects (preliminary)

Vckm not unitary effect in Wolfenstein p of order of 1o (?)

—uni i Dz ., 10~2 - B&zp ., 102
non-universal Z coupling = 107 ; e 10

_di 3 Bgzee ., 10—4 - L8z ., 104
non-diagonal Z coupling - 107 ; Pt 10

: % _ ! _

Vikm couplings vz ~10 L. V2~ 10 2
light fermion partner M(t', b, t", b") ~2M ~ O (TeV)
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Correction to Vs e

V!, / Vup for different input values:

1 TeV 2 TeV

2
— tanﬁ=25;UCKM=1
-3r — tanB=25;Uckm=Vckm
—— tanB=1;Uckm=1
4
5

— tanB=1;Uckm=Yckm

Log[V'up/Vup]
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Outlook l.' UNIVERSITAT

Already Done
@ construct anomaly free and renormalizable lagrangian
calculate mass basis (up to O (€°))

calculate SM gauge sector in mass basis

generate S and T’ for ~300 benchmark points

To be Done
@ Do proper CKM fit

o make global fit for Vckm and Vigy
o allow for tree level deviations

@ Consider correlations between different effects

@ Proper lepton sector (?)

Florian Hartmann (Universitat Siegen) PS Flavour Model Siegen 08.12.2014 14 / 14



Unitarity bound e

. o Vaa Vit Vea Vit Ve Vi
Non-closing of the unitarity triangle: Re ( g “"+ch\/§:+ “ “’) ~ Ap
1 TeVv 2 TeV
0.00r

-0.05¢ — tanB=25;Uckm=1
o — tanB=25;Uckm=Vckm
S — tanB=1;Uckm=1

-0.10¢ — tanB=1;Uckm=Vckm

-0.15¢

M
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