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The SM Flavor Puzzle

A popular idea to address the SM Flavor 
Puzzle is in terms of flavor symmetries

Even very simple symmetries like U(1) 
can account for all hierarchies in 

fermion masses and mixings  

For large flavor scale testable only 
if new physics at TeV scale, as 

suggested by hierarchy problem



The SUSY Flavor Problem

Generic SUSY flavor-violating effects 
are already strongly constrained
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For SUSY around TeV scale need to explain 
strong suppression of sfermion flavor structure

Need strong suppression of sfermion flavor structure
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Relating Sflavor and Flavor 

Need strong suppression of sfermion flavor structure

ΛS ΛF

scale SUSY messengers scale flavor messengers

Realization depends on relation of messenger scales

Suggestive that sfermion masses controlled by 
same dynamics that render Yukawas small

Flavor Symmetry

(m̃2
U )ij yUij



High-scale SUSY breaking

Need strong suppression of sfermion flavor structure

e.g. Gravity MediationΛS ΛF�

Sfermion masses are directly sensitive 
to flavor sector: most general invariants 

Strongly constrained, simplest 
flavor models are in big trouble 

m̃ > 750TeVe.g. single U(1): 



Low-scale SUSY breaking

Need strong suppression of sfermion flavor structure

e.g. Gauge MediationΛS ΛF

Allows to decouple sfermion 
masses from flavor sector 

Solves SUSY Flavor Problem 
but no way to test flavor sector 

<

Sfermion masses sensitive 
only to SM Yukawas: MFV



Flavored Gauge Mediation

Need strong suppression of sfermion flavor structure

Shadmi, Szabo ’11

Simple modification of minimal gauge mediation 
that reintroduces sensitivity of low-energy 
physics to flavor sector in a controlled way  

• General framework: 
applicable to any flavor model

• Built-in suppression of FV: 
even U(1) perfectly viable 

• Highly predictive SUSY spectrum

Calibbi, Paradisi, RZ, ’13

• Natural solution of         µ−Bµ in NMSSM



Main Idea

Take minimal GM with messengers in     5,5

with positive R-parity 

Same quantum number as MSSM Higgs: 
motivates existence coupling matter-messengers

Assume that couplings are controlled by same 
underlying flavor symmetry as Yukawas

(in MGM forbidden by hand)

Have same parametric suppression if messenger 
and Higgs have same flavor quantum numbers



Example

∆W = (λU )ijQiUjΦHu

λU
ij ∼ yUij

New coupling has same parametric 
suppression of up-Yukawa:      

Controls new contributions to soft masses 
AU ∼ λUλ

†
UyU + yUλ

†
UλU AD ∼ λUλ

†
UyD

∆m̃2
Q ∼ λUλ

†
U ∆m̃2

U ∼ λ†
UλU ∆m̃2

D ∼ y†DλUλ
†
UyD

Calibbi, Paradisi, RZ, ’13

 additional 3-rd generation Yukawa suppression !
No flavor-blind phases at LO:



Sflavor Structure in U(1) Model

(λU )ij ∼ �qi+uj

In U(1) model can estimate couplings in 
terms of masses and mixing through charges

(δuLL)ij ∼ (λU )ik(λU )
∗
jk ∼ �qi+qj+2uk ∼ Vi3Vj3y

2
t

X X†

ΦHu

ΦHd

Q†
i Qj

ΦHu

Uk�qi+uk �qj+uk

Loop origin gives strong suppression

Gravity 
Mediation:
∼ Vi3/Vj3



Comparison
MFV PC U(1) FGMU,D +U(1) FGMU +U(1)
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Table 2: Parametric suppression for mass insertions in various scenarios. The entries in

the U(1) column with i > j are obtained from hermiticity. In the LR rows for FGM we

included the effective mass insertions δeffLR = δLLδLRδRR in the lower entry whenever they can

be dominant over δLR in the upper entry.

compared to FGMU,D which is maximized for a maximal strong couplings gρ ∼ 4π as

the top mass relation implies that gρ�
q
3�

u
3 = 1 with �q,u3 < 1.

LR mixing: PC has the same suppression as U(1) in both the up and down sectors. The

FGMU,D gives also the same suppression in the (effective) LR up-sector, while the LR

down-sector involves an additional y2b . In the case of FGMU there is an additional

suppression in the down sector that becomes as strong as in MFV.

We now analyze the phenomenological implications of the flavor structure of sfermion

masses in low-energy processes. In particular, we will distinguish among ∆F = 2, ∆F = 1,

and ∆F = 0 processes, where in the latter case we refer to flavor conserving transitions like

the EDMs that are still sensitive to flavor effects. Concerning ∆F = 2, 1 transitions, we will

focus only on processes with an underlying s → d or c → u transition as they put the most

stringent bounds to the model in question. The predictions for the most relevant combinations

of MIs are summarized in Table 3.

∆F = 2 processes: the relevant processes here are K0 − K̄0 and D0 − D̄0 mixings. As

it is well known, these processes are mostly sensitive to the combinations of MIs

(δdLL)12(δ
d
RR)12 and (δuLL)12(δ

u
RR)12, respectively. In the U(1) case, it turns out that

(δdLL)12(δ
d
RR)12 ∼ md/ms ≈ 0.05, which requires a very heavy SUSY spectrum given the

24

Sizable flavor violation only in LR up-sector



LFV Models
Calibbi, Paradisi, RZ, in progress

• Yukawa-like

∆W = (λe)ijLiEjΦHd
(λe)ij ∼ (ye)ij

Reconcile U(1) models for lepton masses 
with muon g-2 vs. LFV and eEDM

• Type-I Seesaw

∆W = (yν)ijLiNjHu + (λν)ijLiNjΦHu

(λν)ij ∼ (yν)ij (λν)ij = tan θ (yν)ijor mixing



Neutrino U(1) Models

Large lepton mixing angles suggest 
anarchical structure of neutrino mass matrix

In U(1) models achieved by small 
charge differences of LH leptons

e.g. Altarelli & al ’12

Ei = (3, 2, 0)Li = (0, 0, 0) + L3 �A ≈ 0.2÷ 0.3

Li = (2, 1, 0) + L3 Ei = (5, 3, 0) �H ≈ 0.4÷ 0.5

“Anarchy”

“Hierarchy”
...



Predictions in FGM

U(1) PC Yukawa-like FGM Type-I FGM

m̃
me

Im(δLR)11 1 1 y4τ (D) 0

m̃
mµ

(δLR)12 �L13−L23 �L13−L23 y2τ �
L13+L23 (S) y2τ �

L13+L23+2N3

(δLL)12 �L13−L23 y2τ �
L13+L23 y2τ �

L13+L23 y2τ �
L13+L23+2N3

(δRR)12 �E1−E2 �E1+E2 y2τ �
E1+E2 y4τ �

E1+E2�2(L13+L23+N3)

Table 3. Dominant mass insertions in U(1) models with SU(5) comptabile charges. For LR and Yukawa-like

and SU(5) FGM models we indicate the order of mass insertions with S (single), D (double) and T (triple).

As a result, it is evident that the suppression in all models is at least as strong as in Partial

Compositeness. In particular LR flavor transitions are suppressed relative to PC by additional powers

of yτ ≈ 0.01 tanβ, which is very effective unless tanβ is very large. The results can be be simplified

if one assumes charge assignments compatible with SU(5) for all models, in which case one can set

�L3 = yτ . Moreover, in the LR sectors we can identify the dominant contributions using the fact that

the loop functions of higher-order mass insertions are slightly smaller and the additional assumption

that tanβ is not very large, y2τ tanβ � 1. Note that we are anyway neglecting O(1) coefficients in our

analysis.

Our simplified results are shown in Table 3. We now discuss their phenomenological impact,

anticipating a more detailed analysis in the next section. The branching ratio of µ → eγ roughly

depends on the mass insertions as

BR(µ → eγ) ∼ |AL|
2
+ |AR|

2, (3.39)

AL ∼ 10−4

m̃2

�
tanβ (δLL)12 +

m̃

mµ
(δLR)12

�
, AR ∼ 10−4

m̃2

�
tanβ

10
(δRR)12 +

m̃

mµ
(δLR)21

�
, (3.40)

where for simplicity we took the limit M1 = M2 = µ = m̃ and just took the single LR contribution.

As can be seen from Table 3, in U(1) models with Gravity Mediation the dominant contribution

comes from the tanβ-enhanced δLL mass insertion given by AL ∼ tanβ�L13−L23 . The δRR contribution

is subdominant, first because of the smaller numerical factor, but mainly because the charge differences
in the left-handed sector are smaller than in the right-handed one in order to account for large lepton

mixing. In PC this LL contribution is typically subleading to the LR which has in fact the same form

as in the gravity mediated U(1) case. Therefore the dominant contribution to the amplitude is given by

AL ∼ �L13−L23 , so with respect to the U(1) case only the tanβ dependence is removed. Turning to the

U(1) FGM models, again in all three models the dominant contribution comes from AL due to smaller

hierarchies in the left-handed lepton sector. In the Yukawa-like model we have δLL ∼ δLR, so as in

U(1) the dominant contribution comes from the tanβ-enhanced δLL given by AL ∼ tanβ�L13−L23 ,

which has the same form as in PC, but this time it is also the dominant contribution. Relative to

the PC case, the amplitude is now at least suppressed by tanβy2τ ∼ 10−4 tan3 β, so that bounds on

slepton masses are weaker by at least factor ∼ 10−2 tan3/2 β. On the other hand, in the SU(5) model

the dominant contribution comes from δLR and is given by AL ∼ tanβy2τ �
L13−L23 , so precisely a factor

tanβy2τ stronger than in PC. Finally in the Type-I seesaw case again δLL dominates and is given by

13

Yukawa-like: (λe)ij ∼ �Li+Ej Type-I: (λν)ij ∼ �Li+Nj

m̃2
L ∼ 1+ λeλ

†
e m̃2

E ∼ 1+ λ†
eλe

Ae ∼ λeλ
†
ey

diag
e + ydiage λ†

eλe

m̃2
L ∼ 1+ λνλ

†
ν m̃2

E ∼ 1+ ydiage λνλ
†
νy

diag
e

Ae ∼ λνλ
†
νy

diag
e



LFV Constraints

O(1)

dominated by LL, same in FGM models

{
Anarchy: 1,  Hierarchy: 1/4

µ → eγ

Estimate for common “weak” SUSY scale

For very low tanβ well compatible 
with ~100 GeV sleptons

m̃

100GeV
� 1.0

√
k
√
�L13+L23 tan3/2 β

(δLL)12 ∼ k y2τ �
L13+L23



eEDM Constraints

|de| < 8.7× 10−29e cm

Bound recently increased by factor 12 
(ACME coll.)

 SUSY Partial Compositeness 

m̃

100GeV
� 27

�
m̃

me
Im(δLR)11

Much weaker than LFV constraints

}
Yukawa-like FGM

Type-I Seesaw FGM

∼ 1

∼ y2τ
0



Towards a complete model
Issues to address: 

• Split sleptons from squarks & gluinos

• Higgs mass

•  µ−Bµ } NMSSM

RG

helps to get negative 

gives large At  and drives LH sleptons light

∆W = λSHuHd + kS
3 + (yu)ijQiUjHu

+ λ
�
SΦHuHd + (λu)ijQiUjΦHu

m2
S

E.g. Type-I Seesaw Model in NMSSM:



Low-energy Spectrum FGMU

light LH smuon 
from induced FI  
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Summary

• FGM models are simple modifications of MGM 
that allow to test flavor models due to non-trivial 
sfermion flavor structure 

• They have a built-in suppression of FV and flavor-
blind phases that allows the implementation of U(1) 
flavor models compatible with ~100 GeV sleptons

• Explicit realization in NMSSM leads to complete 
model with very predictive SUSY spectrum



Anomalous muon magnetic moment

δaµ ≈ 1.7× 10−9 tanβ

�
100GeV

m̃

�2

m̃

100GeV
�

�
tanβ

�
0.9 1σ

1.2 2σ

Easy to reconcile with LFV constraint:

{

Anarchy: 1,  Hierarchy: 1/4

√
k
√
�L13+L23 tanβ �

�
0.9 1σ

1.2 2σ



ΦHu ΦT ΦHd ΦT Hu Hd X Q,U,D,E, L

U(1) 1 0 −1 0 1 1 0 −1/2

Table 1: U(1) charge assignment.

be ultra-heavy. Here we want to require that messenger doublets and triplets have the same

mass (coming from the spurion coupling), but they have different couplings to the matter

fields as a result of a different U(1) charge assignment. Still, an SU(5) compatible charge

assignment does not cause principal problems (note that there is no new source of proton

decay since only one Higgs triplet couples to light fields), and will be discussed elsewhere.

In summary our setup consists of the superpotential

W = (yU )ijQiUjHu + (yD)ijQiDjHd + (yE)ijLiEjHd

+X
�
ΦTΦT + ΦHdΦHu

�
+ (λU )ijQiUjΦHu , (9)

together with the assumption that the new parameters λU are of the same order as the Yukawa

couplings

(λU )ij ∼ (yU )ij . (10)

The superpotential is the most general one consistent with the charge assignment in Table

1 upon redefiniton of ΦHu and Hu. Apart from the new parameters λU we have the usual

parameters of minimal Gauge Mediation, that is Λ ≡ F/M , the messenger scale M and tanβ.

Throughout this paper we will consider only the case of one pair of messengers, although it

is straightforward to generalize this setup to more pairs.

3 High-energy Spectrum

We now calculate the SUSY spectrum at the messenger scale. Apart from the usual contri-

butions in Eqs. (2), (3) the presence of the messenger-matter couplings in Eq. (9) generates

new contributions to A-terms and sfermion masses that can be obtained from the general

formulae in Ref. [14] that are based on the method described in Ref. [36].

In contrast to the minimal setup A-terms arise at 1-loop and are given at the messenger

scale by

AU = − Λ

16π2

�
λUλ

†
U
yU + 2 yUλ

†
U
λU

�
(11)

AD = − Λ

16π2
λUλ

†
U
yD (12)

AE = 0, (13)

where all couplings are evaluated at the messenger scale.

Sfermion masses receive new contributions at 1-loop and 2-loop. The 1-loop contributions

are suppressed by higher powers of x ≡ Λ/M , and thus are relevant only for very low messenger

5

SU(5) invariant charge assignment

−11

∆W = (λQQ)ijQiQjΦT + (λUE)ijUiEjΦT

Keff ∼ (λQQ)11(λUE)11
M2

Q†
1Q

†
1U1E1

λQQ ∼ λUE ∼ λU ∼ yUwith

no dim 5 proton decay operators

{

1/M2
eff

Meff � 1015GeV

M � 1010GeV



SU(5) invariant charge assignment
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