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Standard Model cd.

• hierarchy of scales: 
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SUPERSYMMETRY BSM
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Gauge vs gravity mediation

• gauge mediation: natural suppression of flavour 
changing processes, works in the flat limit



FLAVOUR BBSM



Flavour group

Lq,e = Q̄LYDDRH + Q̄LYUURHc + L̄LYEERH + h.c.

Lν = L̄LYνNRHc + N̄RMNR + h.c.

mν eff = −Yν
v2

M
Y T

ν = U11mdU
T
11

YU ∼ (3, 3̄, 1)SU(3)3q
, YD ∼ (3, 1, 3̄)SU(3)3q

, YE ∼ (3, 3̄)SU(3)2l

G. D’Ambrosio, G. Giudice, G. Isidori, A. Strumia



L(+)
W =

g2√
2
ŪLγµVCKMDLW+

µ +
g2√
2
ν̄LγµVPMNSELW+

µ

VCKM = S†
uSd VPMNS = UT

11Se

data:

G.G. Ross
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Quark and neutrino mixing 

sin(θ12) = 0.22 θ12 = 12.9o

sin(θ23) = 0.04 θ23 = 2.4o

sin(θ13) = 0.004 θ13 = 0.2o

θ12 = 33.9o ± 1.6o

θ23 = 45o ± 3o

|θ13| < 9o



YU ∼ (3, 3̄, 1)SU(3)3q
, YD ∼ (3, 1, 3̄)SU(3)3q

, YE ∼ (3, 3̄)SU(3)2l

MFV

MFV:

• the only source of GF breaking are the Yukawa spurions

• higher dimension flavour violating terms arise as the most general SU(3)5
invariant higher dimension operators

The leading two-fermion operators from which one may determine the MFV
predictions for the operators in the table are

Q̄LYuY †
u QL, D̄RY †

d YuY †
u QL

Flavour violating ΛMFV (in TeV)
dimension six operator − +

O0 = 1
Λ2 (Q̄LλFCγµQL)2 6.4 5.0

OF1 = 1
Λ2 H

† �
D̄RλdλFCσµνQL

�
Fµν 9.3 12.4

EWDD: λFC = (YuY †
u )ij = λ2

t U
∗
3iU3j where U is the CKM matrix.

G. D’Ambrosio et al; F. Gabbiani, A. 
Massiero; W. Altmannshoffer, A. Buras 

et al; G. Isidor, Y. Nir, G. Perez 
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• Λ = M - where M is a mass of a heavy particle, but ...

• usually there exists a mechanizm easing the hierachy problem with its
scale Λh

• possible suppressions are
1/Λ2

h 1/(ΛhM), 1/M2

• in SUSY luckily (or not) the first option is realized, with Λh = MSUSY

Flavour vs hierarchy

in models of fermion masses based on SB family symmetries M is a mass of
heavy fermions and hierarchy of masses and mixings is built from powers of a
small parameter < θ > /M where θ is a familon field.

MSUSY , FSUSY , M, Fθ - are there any constraints?



Q̄LYUURHc = Q̄
i
L

�
a

j
i

�
θ

M

�|uj+qi|
�

URjHc

Two familon fields, X, X̄, with charges ±1, −w = q(H).

QL 1,2,3 : (−3 + w, 2 + w, w)
D

c 1, 2, 3 : (−5, 0, 0)
U

c 1, 2, 3 : (−5, 0, 0)

YU,D =




�
|−8+w|
u,d �

|−3+w|
u,d �

|−3+w|
u,d

�
|−3+w|
u,d �

|2+w|
u,d �

|2+w|
u,d

�
|−5+w|
u,d �

|w|
u,d �

|w|
u,d





where �u,d = <X>
MU,D

- we allow for different messenger masses in the up and the
down sectors.

For w = 0 Yt : Yc : Yu = 1 : �2 : �8, U12 = �, U13 = �3, U23 = �2

Froggatt-Nielsen U(1)
M. Leurer, Y. Nir, N. Seiberg;  L. 
Ibanez, G.G. Ross; E. Dudas, S. 

Pokorski, C. Savoy, Ch. Grojean; 
P. Binetruy, S. Lavignc, P. Ramond 



Flavour violating Λ/ΛMFV

dimension six operator Ex. 1 Ex. 2 Ex. 3 U(1)
2

N-A F

O0 =
1
2 (Q̄LX

Q

LL
QL)

2
�
−4

�
−4

1 1 �
−2

1

OF1 = H
†
�
D̄RX

D†
LR

σµνQL

�
Fµν x�

−2
x�
−3/2

x�
−2

x� x�
−2

x�
−2

OG1 = H
†
�
D̄RX

D†
LR

σµνT
a
QL

�
G

a

µν
x�
−2

x�
−3/2

x�
−2

x� x�
−2

x�
−2

O�1 = (Q̄LX
Q

LL
γµQL)(L̄LγµLL) �

−2
�
−2

1 1 �
−1

1

O�2 = (Q̄LX
Q

LL
γµτ

a
QL)(L̄Lγµτ

a
LL) �

−2
�
−2

1 1 �
−1

1

OH1 = (Q̄LX
Q

LL
γµQL)(H

†
iDµH) �

−2
�
−2

1 1 �
−1

1

Oq5 = (Q̄LX
Q

LL
γµQL)(D̄RγµDR) �

−2
�
−2

1 1 �
−1

1

Here x = (mt/mb)
1/2 ≈ 6.2.

Bounds on suppression scale

M. Leurer, Y. Nir, N. Seiberg 
S.King, G.G. Ross 

I. de Medeiros-Varzielas, S. King, G.G. Ross 
S. King, G. Leontaris, G.G. Ross

P. Chankowski, K. Kowalska, S. Lavignac, S. Pokorski



In the EW basis

m2
dLL ij ∼ m2�|qLi−qLj | + ∆iδij

where ∆i = m2
ii −m2

after rotation on the superfields to the EWDD basis
�
S†

dm
2
dLLSd

�

ij
∼ m2�|qi−qj | + ∆iSdij + ∆jSdji

and Sij ≥ �|qi−qj |

SUSY breaking

→ the effect of initial diagonal splitting can be large



Non-degeneracy of squark masses

V = 1
2D2 + mφφ2 + mφ̄φ̄2 + |φφ̄−M2|2

with δW = ψ(φφ̄−M2)

D2 = g2
f

�
|φ|2 − |φ̄|2 + cd̃L|d̃L|2 + cd̃R|d̃R|2 + ...

�2

∆m2
f̃L,R

= cd̃L,Rgf < D >

δd
12LL ≈

< D >

m̃2

�
cd̃L

Sd11S
∗
d21 + cs̃LSd12S

∗
d22 + cb̃L

Sd13S
∗
d23

�

this is <D>
m2 � !

while δd12LL < �2 and δd12LR < �4



RG running

FN predictions hold at M ≤ MGUT

At 1 TeV mg ≈ 3m1/2 and mq̃ ≈ m2
0 + 6m2

1/2

x = m2
g/m2

q̃ = 1 gives x0 = m2
1/2/m2

0 = 1/3 and
mq̃ = 350 GeV implies m0 = 200 GeV and m1/2 = 120 GeV

However, rising x0 helps!

m1/2/m0 = 7 gives

mq̃ = 350 GeV implies m0 = 20 GeV and m1/2 = 140 GeV

which gives additional suppression of
D
m2

q̃
≈ 1/300 ∼ �3

Now, rising m1/2:
m1/2/m0 = 7 with m1/2 = 300 GeV gives

mq̃ = 800 GeV and mg = 900 GeV
consistent with low fine-tuning

For off-diagonal terms only a moderate suppression of 0.1 due to RG giving
x0 ∼ 1 needed



Summary I

• Family symmetry models generally violate 
MFV

• However,  they can be brought into 
agreement with data with certain, rather 
mild,  constraints on susy breaking 
parameters, like m1/2 ≥ 7 m0



Flavour sector

Wf = Xf Ψ̄Ψ + a
ijΨ̄iψjφ + HΨψ̄

where Xf = M + Θ2
Ff is a gauge singlet, Ψ̄, Ψ are heavy v-like quarks, ψ, ψ̄

are light fermions and φ is the flavon (formerly θ)

< φ >

Ψ

< H >

� =
< φ >

M



Flavon F-term 

W = HQiU
c
j a

ij

�
Φ
M

�|qi+qj |

leads to sfermion masses of the form

m
2
ij =

vFΦ

M
|qi + qj |�|qi+qj |−1

a
ij

This gives

δLRij =
vFφ

M�m2
q̃

�|qi+qj |a�ij

and requires

Fφ ≤ (350 GeV)2 0.2
�

M

v

�

SUGRA: Fφ = m3/2 < φ > cφ → vm3/2 ≤ m2
q̃

S. Antusch, S.F. King, M. 
Malinsky, G.G. Ross



Stabilization of Xf

Wf = λXΨ̄Ψ + a
ijΨ̄iψjφ + HΨψ̄+λ̃X̃QQ̄

K = X̄X +
�n

i=1

� ¯̃φiφ̃i + φ̄iφi

�

− 1
16π2 f4

(X̄X)2

Λ̃2 − 1
16π2 f6

(X̄X)3

Λ̃4 + ...

+c



X =
1

2
√

3
Λ̃2

f4MP

X3 =
16π2

9
√

3f6

Λ̃4

MP

if f4 > 0 and dominant

if f4 < 0 and f6 > 0

if f4 ≈ 0

in all cases solutions exist if �X� � 10−3 MP

above this value of X the gravitational term
gives to large negative slope

Solutions

X2 =
8|f4|
9f6

Λ̃2

Z.L., S. Pokorski, K. Turzynski



X

X

q

q

Cosmological vacuum selection
I. Dalianis, Z.L.

Ψ

Ψ



T >> Λ̃

✣

q

q

q
X

X
        X =

Ψ

Ψ
Ψ

Tcr TS

X ∼ µ4

λ2Λ̃2

< Ψ >= 0

Veff (T )



T q
cr =

�
λFX

8g2
s + 4λ2

�1/4

T 2
S =

8
5

FX

λ
√

3MP

�
FX

λ

�1/2

TS > Tcr → λ <

�
10−3

2.5

√
FX√

3MP

�2/5

√
FX = 2.4 109 GeV gives λ < 1.2 10−5
√

FX = 2.4 108 GeV gives λ < 4 10−6

mΨ > 4 TeV → ΛNP = �X� >
4 TeV

λ
> 4× 105 TeV

Coupling to the SM

A. Buras, Ch. Grojean, 
S.Pokorski, R. Ziegler

I. Dalianis, Z.L.



Can one make X dominate supersymmetry breaking?

m̃2 = −�2
F 2

X

M2

loops give m2
0 =

�
α
4π

FX
M

�2

α ∼ � ∼ 0.1→ one needs FX̃ ∼ 10× FX

M. Nardecchia, A. Romanino, R. Ziegler
L. Calibbi, Z.L., S. Pokorski, R. Ziegler



Summary

• Family symmetry models generally violate MFV

• However,  they can be brought into agreement with 
data with certain, rather mild,  constraints on susy 
breaking parameters

• They need a separate flavour messenger sector 
which may be intertwined with the supersymmetry 
breaking sector

• Cosmological stability implies 

ΛNP F > 4× 105 TeV
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