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The Standard Model 



1. The origin of mass - the origin of the weak scale, its stability under     
radiative corrections, and the solution to the hierarchy problem 

2. The quest for unification - the question of whether the three known 
forces of the standard model may be related into a grand unified theory, 
and whether such a theory could also include a unification with gravity.

3. The problem of flavour - the problem of the undetermined fermion 
masses and mixing angles (including neutrino masses and mixing angles) 
together with the CP violating phases, in conjunction with the observed 
smallness of flavour changing neutral currents and very small strong CP 
violation.

Standard Model Puzzles



 Tree-level min cond

Including rad corr 

Fine-tuning is required if the cut-off 

 Higgs potential

Higgs Theory in SM
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Figure 15. Relative contributions to ∆M2
H

for Λ = 5 TeV

not have a proof that Nature is not fine tuned, but I think it highly likely that both a

Higgs boson and other new phenomena are to be found near the 1-TeV scale.

A new symmetry, not present in the standard model, could resolve the hierarchy

problem. Exploiting the fact that fermion loops contribute with an overall minus sign

relative to boson loops (because of Fermi statistics), supersymmetry [113; 149; 152]

balances the contributions of fermion and boson loops †. In unbroken supersymmetry,
the masses of bosons are degenerate with those of their fermion counterparts, so the

cancellation is exact. If supersymmetry is present in our world, it must be broken. The

contribution of the integrals may still be acceptably small if the fermion-boson mass

splittings ∆M are not too large. The condition that g2∆M2 be “small enough” leads to

the requirement that superpartner masses be less than about 1 TeV. It is provocative

to note that, with superpartners at O(1 TeV), the SU(3)c ⊗ SU(2)L ⊗ U(1)Y coupling
constants run to a common value at a unification scale of about 1016 GeV [154].

Theories of dynamical symmetry breaking (cf. section 10) offer a second solution

to the problem of the enormous range of integration in (49). In technicolor models, the

Higgs boson is composite, and its internal structure comes into play on the scale of its

binding, ΛTC " O(1 TeV). The integrand is damped, the effective range of integration

is cut off, and mass shifts are under control.
Dark matter offers one more independent indication that new phenomena should

be present on the Fermi scale. An appealing interpretation of the evidence that dark

matter makes up roughly one-quarter of the energy density of the Universe [155] is

that dark matter consists of thermal relics of the big bang: stable—or exceedingly

long-lived—neutral particles. If the particle has couplings of weak-interaction strength,

then generically the observed dark-matter density results if the mass of the dark-
matter particle lies between approximately 100 GeV and 1 TeV [156]. Whether based

† “Little Higgs” models [70] and “twin Higgs” models [153] employ different conspiracies of
contributions to defer the hierarchy problem to about 10 TeV.
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not have a proof that Nature is not fine tuned, but I think it highly likely that both a

Higgs boson and other new phenomena are to be found near the 1-TeV scale.

A new symmetry, not present in the standard model, could resolve the hierarchy

problem. Exploiting the fact that fermion loops contribute with an overall minus sign

relative to boson loops (because of Fermi statistics), supersymmetry [113; 149; 152]

balances the contributions of fermion and boson loops †. In unbroken supersymmetry,
the masses of bosons are degenerate with those of their fermion counterparts, so the

cancellation is exact. If supersymmetry is present in our world, it must be broken. The

contribution of the integrals may still be acceptably small if the fermion-boson mass

splittings ∆M are not too large. The condition that g2∆M2 be “small enough” leads to

the requirement that superpartner masses be less than about 1 TeV. It is provocative

to note that, with superpartners at O(1 TeV), the SU(3)c ⊗ SU(2)L ⊗ U(1)Y coupling
constants run to a common value at a unification scale of about 1016 GeV [154].

Theories of dynamical symmetry breaking (cf. section 10) offer a second solution

to the problem of the enormous range of integration in (49). In technicolor models, the

Higgs boson is composite, and its internal structure comes into play on the scale of its

binding, ΛTC " O(1 TeV). The integrand is damped, the effective range of integration

is cut off, and mass shifts are under control.
Dark matter offers one more independent indication that new phenomena should

be present on the Fermi scale. An appealing interpretation of the evidence that dark

matter makes up roughly one-quarter of the energy density of the Universe [155] is

that dark matter consists of thermal relics of the big bang: stable—or exceedingly

long-lived—neutral particles. If the particle has couplings of weak-interaction strength,

then generically the observed dark-matter density results if the mass of the dark-
matter particle lies between approximately 100 GeV and 1 TeV [156]. Whether based

† “Little Higgs” models [70] and “twin Higgs” models [153] employ different conspiracies of
contributions to defer the hierarchy problem to about 10 TeV.
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Complementarity of direct  and 
indirect searches for new physics 

Indirect Direct



ELW. SYMM. BREAKING STABILIZATION VS. 
FLAVOR PROTECTION: THE SCALE TENSION  

UV SM COMPLETION TO STABILIZE THE ELW. 
SYMM. BREAKING: !UV ~ O(1 TeV) 

Isidori 

Here’s the problem Masiero
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Take SUSY as an example



jets+0leptons+missing



The down squark mass matrix





m2
d̃L

md(Ad − µ tanβ) (∆d
12)LL (∆d

12)LR (∆d
13)LL (∆d

13)LR

m2
d̃R

(∆d
12)RL (∆d

12)RR (∆d
13)RL (∆d

13)RR

m2
s̃L ms(As − µ tanβ) (∆d

23)LL (∆d
23)LR

m2
s̃R (∆d

23)RL (∆d
23)RR

m2
b̃L

mb(Ab − µ tanβ)

m2
b̃R




LHC direct measurement/limits  

In the diagonal down quark basis (Super CKM basis)

A diagonal matrix corresponds to “minimal flavour violation” 
we say that SUSY is “flavour blind” (FBMSSM)

Constrain off-diagonal elements from rare/FC processes

(δdij)LL =
(∆d

ij)LL

md̃iL
md̃jL

(δdij)RR =
(∆d

ij)RR

md̃iR
md̃jR

(δdij)LR =
(∆d

ij)LR

md̃iL
md̃jR
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Why are the off-diagonal squark 
masses so small?

Maybe not small - just very heavy squarks 
(especially first and second family)

Some alignment mechanism as in GMSB or 
AMSB

mSUGRA ? But not well motivated...

In general SUGRA need a theory of flavour to 
understand this - involving a family symmetry



The Flavour 
Problem
Why are there 
three families 
of quarks and 
leptons?
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All these angles are pretty small – why?

While the CP phase is quite large 

δCP¼70o ± 5o

Cabibbo
Kobayashi 
Maskawa

The Flavour Problem
Why is quark mixing so small?



Particle Data Group (PDG) [5], will be discussed later.

The idea of neutrino oscillations was first confirmed in 1998 by the Japanese experiment

Super-Kamiokande [7] which showed that there was a deficit of muon neutrinos reaching

Earth when cosmic rays strike the upper atmosphere, the so called “atmospheric neutrinos”.

Since most neutrinos pass through the Earth unhindered, Super-Kamiokande was able to

detect muon neutrinos coming from above and below, and found that while the correct

number of muon neutrinos came from above, only about a half of the expected number

came from below. The results were interpreted as half the muon neutrinos from below

oscillating into tau neutrinos over an oscillation length L of the diameter of the Earth,

with the muon neutrinos from above having a negligible oscillation length, and so not

having time to oscillate, yielding the expected number of muon neutrinos from above.

In 2002, the Sudbury Neutrino Observatory (SNO) in Canada spectacularly confirmed

the “solar neutrino oscillations” [6]. The experiment measured both the flux of the elec-

tron neutrinos and the total flux of all three types of neutrinos. The SNO data revealed

that physicists’ theories of the Sun were correct after all, and the solar neutrinos νe were

produced at the standard rate but were oscillating into νµ and ντ , with only about a third

of the original νe flux arriving at the Earth.

Since then, neutrino oscillations consistent with solar neutrino observations have been

seen using man made neutrinos from nuclear reactors at KamLAND in Japan [8], and

neutrino oscillations consistent with atmospheric neutrino observations have been seen

using neutrino beams fired over hundreds of kilometers as in the K2K experiment in Japan

[9], the Fermilab-MINOS experiment in the US [10] or the CERN-OPERA experiment in

Europe. Further long-baseline neutrino beam experiments are in the pipeline, and neutrino

oscillation physics is poised to enter the precision era, with Superbeams and a Neutrino

Factory on the horizon.

Following these results several research groups showed that the electron neutrino has

a mixing matrix element of |Ue2| ≈ 1/
√
3 which is the quantum amplitude for νe to contain

an admixture of the mass eigenstate ν2 corresponding to a massive neutrino of mass m2 ≈
0.007 electronvolts (eV) or greater (where

√

m2
2 −m2

1 ≈ 0.007 eV). By comparison the

electron has a mass of about half a megaelectronvolt (MeV). Put another way, the mass

state ν2 contains roughly equal probabilities of νe, νµ and ντ sometimes called tri-maximal

mixing, corresponding to the three equal red, green and blue colours associated with m2
2

in Fig.1. The muon and tau neutrinos were observed to contain approximately equal

amplitudes of the third neutrino ν3 of mass m3, |Uµ3| ≈ |Uτ3| ≈ 1/
√
2, where a normalized

amplitude of 1/
√
2 corresponds to a 1/2 fraction of ν3 in each of νµ and ντ , leading to a

maximal mixing and oscillation of νµ ↔ ντ . Put another way, the mass state ν3 contains

roughly equal probabilities of νµ and ντ called maximal mixing, corresponding to the two

equal green and blue colours associated with m2
3 in Fig.1. Interestingly, the value of m3

is not determined and it could be anywhere between zero and 0.3 eV, depending on the

mass scale and ordering. Although at least one neutrino mass must be 0.05 eV or greater

(where
√

|m2
3 −m2

2| ≈ 0.05 eV), this could be either m3 or m2, as shown in Fig.1.

According to the early results from the CHOOZ nuclear reactor experiment [11], the

electron neutrino νe could only contain a very small amount of the third neutrino mass

– 4 –

|Ue2| ≈ |Uµ2| ≈ |Uτ2| ≈ 1/
√
3

The Flavour Problem                 
Why is lepton mixing so large?



Family Symmetry
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2nd family 
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3rd family 
(red)

E.g. SU(3) gauged 
family symmetry            

c.f. QCD quark colours
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SU(3) Family Symmetry and Soft Masses 

Yukawas

Soft masses 
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The SUSY CP Problem
! SUSY neutron EDM

! Postulate CP conservation  (e.g.              real)     
with CP is spontaneously broken by flavon vevs

! Trilinear soft

210! "# $

3 3 23 23
0 3 232 2 ...

i j i j

ijA A a a
M M
! ! ! !% &

' ( () *
+ ,

!

A0 , a3 , a23 , real gives real soft masses times complex 
Yukawa elements ! no soft phases at leading order

u dH H-

Abel, Khalil,Lebedev;
Ross,Vives;

Why are SUSY 
phases so 

small?

Antusch, SFK, Malinsky, Ross 



Antusch, SK, Malinsky (AKM) Predictions

parameter value parameter value

B̂K 0.724± 0.008± 0.028 [89] mt(mt) (163.5± 1.7) GeV [98, 99]

FBs (245± 25)MeV [100] mc(mc) (1.279± 0.013) GeV [101]

FB (200± 20)MeV [100] ηcc 1.44± 0.35 [85, 102]

FK (156.1± 0.8)MeV [103] ηtt 0.57± 0.01 [84]

B̂Bd
1.22± 0.12 [100] ηct 0.47± 0.05 [86, 87, 102]

B̂Bs 1.22± 0.12 [100] ηB 0.55± 0.01 [84, 104]

FBs

�
B̂Bs (270± 30)MeV [100] λ 0.2258± 0.0014 [8]

FB

�
B̂Bd (225± 25)MeV [100] A 0.808± 0.014 [8]

ξ 1.21± 0.04 [100] �̄ 0.177± 0.044 [8]

Vcb (41.2± 1.1)× 10−3 [81] η̄ 0.360± 0.031 [8]

Table 3: Input parameters used in the numerical analysis.

given above. This specific pattern of the tension in the first plot in fig. 2 points towards

certain NP scenarios and rules out specific regions of their parameter space.

2.4 The Bs System

Since the Bs system is central for our investigations, let us recall some known formulae. First

the time-dependent mixing induced CP asymmetry

A
s
CP(ψφ, t) ≡

Γ(B̄s(t) → ψφ)− Γ(Bs(t) → ψφ)

Γ(B̄s(t) → ψφ) + Γ(Bs(t) → ψφ)
� Sψφ sin(∆Mst) , (2.15)

where the CP violation in the decay amplitude is set to zero. Next, the semileptonic asym-

metry is given by

A
s
SL ≡ Γ(B̄s → l

+
X)− Γ(Bs → l

−
X)

Γ(B̄s → l+X) + Γ(Bs → l−X)
= Im

�
Γs
12

M
s
12

�
, (2.16)

where Γs
12 represents the absorptive part of the Bs mixing amplitude. The theoretical pre-

diction in the SM for the semileptonic asymmetry A
s
SL improved thanks to improvements in

lattice studies of ∆B = 2 four-fermion operators [105] and to the NLO perturbative calcula-

tions of the corresponding Wilson coefficients [106, 107].

Both asymmetries are very small in the SM where they turn out to be proportional to

sin 2|βs| with βs � −1◦. The latter phase enters the CKM matrix element Vts

Vts = −|Vts|e−iβs . (2.17)

As a consequence, both A
s
SL and Sψφ represent very promising grounds where to look for NP

effects.
In order to study NP effects in A

s
SL and Sψφ, let us recall possible parameterizations of

the NP contributions entering the ∆F = 2 mixing amplitudes [83, 108]

M
s
12 = �Bs|Hs

eff |B̄s� = (M
s
12)

SM
+ (M

s
12)

NP
= |(M s

12)
SM|e2iβs + |(M s

12)
NP|eiθs

≡ CBse
2iφBs (M

s
12)

SM
. (2.18)

10

Figure 13: Predictions of the AKM model both in the hadronic and leptonic sectors. In the first two
rows we show the predictions for various observables vs. Sψφ. The blue points correspond to positive
NP effects in �K such that 1.2 < �K/(�K)SM < 1.3 and ∆Md/∆Ms is SM-like. The green points in
the plots of BR(Bs → µ+µ−) vs. BR(Bd → µ+µ−) and ∆Ms/∆MSM

s vs. BR(Bs → µ+µ−) show the
correlation of these observables in the MFV MSSM. The last row refers to the predictions for leptonic
observables. The green points explain the (g − 2)µ anomaly at the 95% C.L., i.e. ∆aµ > 1× 10−9.
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Belle Collaboration and S. Khalil’s SUSY interpretation 
at this meeting) 
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Fig. 1. – Correlation between the branching ratios of Bs → µ+µ− and Bd → µ+µ− in MFV, the
SM4 and four SUSY flavour models. The gray area is ruled out experimentally. The SM point
is marked by a star. Taken from [16].

several non-MFV models: four SUSY flavour models studied in [5] and the SM with 4

generations [12]. This highlights the power of the correlation between Bs → µ+µ− and

Bd → µ+µ− to discriminate between different NP models.

3. – CP violation in Bs mixing

In the SM, CP violation in Bs mixing is a small effect since the relevant combination

of CKM elements has an accidentally small phase,

(2) φs ≡ arg(M12) = 2βs ≡ 2 arg

�
− V ∗

tsVtb

V ∗
csVcb

�
≈ −0.04 .

Recently however, two experimental hints for a possibly large non-SM contribution to φs

have emerged. One concerns the mixing-induced CP asymmetry Sψφ extracted from the

time-dependent CP asymmetry in Bs → J/ψφ decays,

(3) A
s
CP(ψφ, t) ≡

Γ(B̄s(t) → ψφ)− Γ(Bs(t) → ψφ)

Γ(B̄s(t) → ψφ) + Γ(Bs(t) → ψφ)
≈ Sψφ sin(∆Mst) ,

where Sψφ = − sinφs. The other concerns the charge asymmetry ASL in dimuon events

at D0, which can be related to the semileptonic CP asymmetries in flavour-specific Bd

and Bs decays, a
d,s
SL , as [17]

(4) ASL ≈
�
a
d
SL + a

s
SL

�
/2 ,

with O(10%) uncertainties on the coefficients on the right-hand side of (4).

While 2009 results on Sψφ showed a discrepancy with the SM somewhere in the

ballpark of 3 standard deviations [18], 2010 updates seem to be in agreement with the

Data

Data greatly constrains these models
Straub 1107.0266
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Fig. 2. – Correlation between the branching ratio of Bs → µ+µ−
and the mixing-induced CP

asymmetry Sψφ in the SM4, the two-Higgs doublet model with flavour blind phases and three

SUSY flavour models. The SM point is marked by a star.

SM at the 1σ level [19, 20], although no combination has been performed yet. The D0

result on ASL deviates by 3.2σ from the SM [21], interestingly pointing in the same

direction as the possible effect in Sψφ(
2
).

If these hints turn out to be genuine signals of NP in Bs mixing, it would have far-

fetching consequences, in particular for theories with MFV. If a theory satisfying MFV

does not have any source of CP violation beyond the CKM phase, a sizable Bs mixing

phase cannot be generated. Even if the MFV theory has flavour-blind phases, this is

nontrivial. While a two-Higgs doublet model with MFV and flavour-blind phases can

generate a sizable φs [23, 24], this possibility is precluded in the MSSM by the impact

of constraints like B → Xsγ and Bs → µ+µ−
[5]. A confirmation of φs deviating

significantly from the value in (2) would thus immediately rule out many well-motivated

theories, including the MFV MSSM.

Another interesting tool to discriminate between NP models is the correlation between

Sψφ and the branching ratio of Bs → µ+µ−
. In many models, sizable deviations from

the SM prediction for φs are tied to the presence of scalar currents, which can also affect
Bs → µ+µ−

. This is the case e.g. for the two-Higgs doublet model with MFV and flavour-

blind phases (2HDMMFV) or for the SUSY flavour model of Agashe and Carone (AC,

[25]). As shown in fig. 2, sizable Sψφ implies a sizable enhancement of BR(Bs → µ+µ−
)

in these models, while the converse is obviously not true. In the SM4, on the other hand,

even the converse statement is true: If Bs → µ+µ−
is found with a rate significantly

enhanced with respect to the SM, this model unambiguously predicts a sizable deviation

also in Sψφ. In yet other models, like in the SU(5) model of [26], both observables can

be enhanced independently of each other, but a simultaneous enhancement is unlikely.

(
2
) After this talk was given, preliminary data on Bs → J/ψφ from the LHCb experiment were

presented [22] also showing a preference for an effect in the same direction, although still with

a small significance.

Data

Minimal Flavour Violation and Beyond: Towards a Flavour Code . . . 25

last decade the mechanism for the suppression of FCNC processes with the
help of MFV has been developed and it is natural to ask how NFC (and
GIM) are related to MFV, and vice versa. Motivated by a series of recent
studies about the strength of FCNCs in multi-Higgs doublet models [76,84–
87], we have presented recently a detailed analysis of the relation between
the NFC and MFV hypotheses [51]. As we have shown, while the two
hypotheses are somehow equivalent at the tree-level, important differences
arise when quantum corrections are included. Beyond the tree level, or
beyond the implementation of these two hypotheses in their simplest version,
some FCNCs are naturally generated in both cases. In this more general
framework, the MFV hypothesis in its general formulation [17] turns out to
be more stable in suppressing FCNCs than the hypothesis of NFC alone.

I will not repeat here these arguments as for some readers they could
appear academic. In short it is probably not surprising that flavour-blind
symmetries that are used to protect FCNCs in the context of NFC are not as
powerful as flavour symmetries used in the context of the MFV hypothesis.
A nice summary of our work by one of my collaborators making this point
very clear appeared recently [88]. Instead, I would like to summarize the
phenomenological implications of this framework that were not expected
by us when we started our analysis. In particular, in our second analysis
the issue of EDMs in this framework has also been considered [52]. Other
recent interesting analyzes of FCNC processes within 2HDMs can be found
in [76,79,84,87,89–92].

Let me first list the few important points of the 2HDMMFV framework.

• The presence of FBPs in this MFV framework modifies through their
interplay with the standard CKM flavour violation the usual char-
acteristic relations of the MFV framework. In particular the mixing
induced CP asymmetries in B0

d → ψKS and B0
s → ψφ take the form

known from non-MFV frameworks like LHT, RSc and SM4:

SψKS
= sin(2β + 2ϕBd

) , Sψφ = sin(2|βs|− 2ϕBs) , (42)

where ϕBq are NP phases in B0
q − B̄0

q mixings. Thus in the presence of
non-vanishing ϕBd

and ϕBs , originating here in non-vanishing FBPs,
these two asymmetries donot measure β and βs but (β + ϕBd

) and
(|βs|− ϕBs), respectively.

• The FBPs in the 2HDMMFV can appear both in Yukawa interactions
and in the Higgs potential. While in [51] only the case of FBPs in
Yukawa interactions has been considered, in [52] these considerations
have been extended to include also the FBPs in the Higgs potential.
The two flavour-blind CPV mechanisms can be distinguished through

Straub 1107.0266
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TABLE I: Links between various transitions between up-type, down-type quarks and charged leptons for

SU(5). The suffix ‘0’ implies GUT scale parameters.

and 5 = (l, dc), one obtains the following relations

m2
Q = m2

ẽc = m2
ũc = m2

10 (2)

m2
d̃c = m2

L = m2
5̄

(3)

Ae
ij = Ad

ji . (4)

Eqs. (2)–(4) are matrices in flavor space. These equations lead to relations between the slepton

and squark flavor violating off-diagonal entries ∆ij. These are:

(∆u
ij)LL = (∆u

ij)RR = (∆d
ij)LL = (∆l

ij)RR (5)

(∆d
ij)RR = (∆l

ij)LL (6)

(∆d
ij)LR = (∆l

ji)LR = (∆l
ij)

!
RL (7)

These GUT correlations among hadronic and leptonic scalar soft terms are summarized in the

second column of Table I. Assuming that no new sources of flavor structure are present from

the SU(5) scale down to the electroweak scale, apart from the usual SM CKM one, one infers

the relations in the first column of Table I at the low-energy scale. A comment is in order when

looking at Table I. Mass insertions for down-type quarks and leptons in Table I always exhibit

opposite “chiralities”, i.e. LL insertions are related to RR ones and vice-versa. This stems from

the arrangement of the different fermion chiralities in SU(5) multiplets (as it clearly appears from

the last column in Table I). This restriction can easily be overcome if we move from SU(5) to

left-right symmetric unified models like SO(10) or the Pati-Salam (PS) case, with gauge group

SU(4)c × SU(2)L × SU(2)R.
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Non-Abelian family symmetries

· unify three families in multiplets of family symmetry

· group should have two- or three-dimensional representations
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Merle, Zwicky



S4xSU(5)xU(1) Hagedorn, SK, Luhn
+ work in progress with Dimou

Rep. Prog. Phys. 76 (2013) 056201 S F King and C Luhn

Table 4. The charge assignments of the matter, Higgs and flavon superfields in the S4 × SU(5) model of [139]. The U(1) shaping symmetry
constrains the set of operators allowed in the superpotential.

Matter fields Higgs fields Flavon fields

T3 T F νc H5 H5 H45 φu
2 φ̃u

2 φd
3 φ̃d

3 φd
2 φν

3′ φν
2 φν

1 η

SU(5) 10 10 5 1 5 5 45 1 1 1 1 1 1 1 1 1
S4 1 2 3 3 1 1 1 2 2 3 3 2 3′ 2 1 1
U(1) 0 5 4 −4 0 0 1 −10 0 −4 −11 1 8 8 8 7

provides the source of the higher order correction to the right-
handed neutrino mass matrix which is essential in generating
a large reactor angle. In principle, all independent invariant
products of the S4 representations have to be considered for
each of these terms; in practice, there is often only one possible
choice. In our example, the second and the third term of
equation (10.12) would give rise to several independent terms.
However, the contractions specified by the subscripts 1 and 3
single out a unique choice. Within a given UV completion, the
existence and non-existence of certain messenger fields can
justify such a construction.

The Yukawa matrices are generated when the flavon fields
acquire their VEVs. The explicit form of these matrices
depends on the S4 basis which we choose as given in
appendix C. Adopting the F -term alignment mechanism
which requires to introduce a U(1)R symmetry as well as new
driving fields, see section 7.2, is has been shown in [139, 144]
that the following alignments can be obtained,

〈φu
2 〉 = ϕu

2

(
0
1

)
, 〈φ̃u

2 〉 = ϕ̃u
2

(
0
1

)
, (10.14)

〈φd
3 〉 = ϕd

3




0
1
0



 , 〈φ̃d
3 〉 = ϕ̃d

3




0
−1
1



 , 〈φd
2 〉 = ϕd

2

(
1
0

)
,

(10.15)

〈φν
3′ 〉 = ϕν

3′




1
1
1



 , 〈φν
2 〉 = ϕν

2

(
1
1

)
, 〈φν

1 〉 = ϕν
1 . (10.16)

Inserting these vacuum alignments and the Higgs VEVs vu

and vd yields a diagonal up-type quark mass matrix Mu ≈
diag (ϕu

2 ϕ̃u
2 /M2, ϕu

2 /M , 1) vu as well as down-type quark and
charged lepton mass matrices

Md ≈





0 (ϕd
2 )2ϕ̃d

3 /M3 −(ϕd
2 )2ϕ̃d

3 /M3

−(ϕd
2 )2ϕ̃d

3 /M3 ϕd
2 ϕ̃d

3 /M2 −ϕd
2 ϕ̃d

3 /M2

+(ϕd
2 )2ϕ̃d

3 /M3

0 0 ϕd
3 /M




vd,

(10.17)

Me ≈





0 −(ϕd
2 )2ϕ̃d

3 /M3 0

(ϕd
2 )2ϕ̃d

3 /M3 −3 ϕd
2 ϕ̃d

3 /M2 0

−(ϕd
2 )2ϕ̃d

3 /M3 3 ϕd
2 ϕ̃d

3 /M2 ϕd
3 /M

+(ϕd
2 )2ϕ̃d

3 /M3




vd.

(10.18)

The factors of −3 in Me originate from the second term of
equation (10.12) involving the Georgi-Jarlskog Higgs field
H45 [120]. Note that the 1-2 and 2-1 entries, which originate
from the same superpotential term, have identical absolute

values; together with the zero texture in the 1-1 entry, this
allows for a simple realization of the GST relation in the
S4 × SU(5) model. In the neutrino sector we find the Dirac
neutrino mass matrix and the right-handed neutrino mass
matrix

mLR ≈




1 0 0
0 0 1
0 1 0



 vu,

MRR ≈




ϕν

1 + 2ϕν
3′ ϕν

2 − ϕν
3′+

ϕd
2 〈η〉
M

ϕν
2 − ϕν

3′

ϕν
2 − ϕν

3′+
ϕd

2 〈η〉
M

ϕν
2 + 2ϕν

3′ ϕν
1 − ϕν

3′

ϕν
2 − ϕν

3′ ϕν
1 − ϕν

3′ ϕν
2 + 2ϕν

3′+
ϕd

2 〈η〉
M



 .

(10.19)

It is clear from equations (10.17)–(10.19) that the fermion
masses and mixings are solely determined by the scales of the
flavon VEVs. In order to achieve viable GUT scale hierarchies
of the quark masses and mixing angles [121], we have to
assume

ϕu
2 ∼ ϕ̃u

2 ∼ λ4M,

ϕd
3 ∼ λ2M, ϕ̃d

3 ∼ λ3M, ϕd
2 ∼ λM, (10.20)

where λ denotes the Wolfenstein parameter. With these
magnitudes, the charged fermion mass matrices are fixed
completely,

Mu ∼




λ8 0 0
0 λ4 0
0 0 1



 vu, Md ∼




0 λ5 λ5

λ5 λ4 λ4

0 0 λ2



 vd,

Me ∼




0 λ5 0
λ5 3λ4 0
λ5 3λ4 λ2



 vd. (10.21)

Due to the GJ factor of −3 and the texture zero in the 1-1 entry,
we obtain viable charged lepton masses. With the vanishing
off-diagonals in the third column of Me, there is only a non-
trivial 12 mixing in the left-handed charged lepton mixing VeL

,
see section 3.4. This mixing, θ e

12 ≈ λ/3, will contribute to the
total PMNS mixing as a charged lepton correction.

Turning to the neutrino sector, we first observe that the
Dirac neutrino Yukawa term does not involve any flavon field.
As the family symmetry S4 remains unbroken by mLR , the
mixing pattern of the effective light neutrino mass matrix mν

LL

(obtained from the type I see-saw mechanism) is exclusively
determined by the structure of MRR . Dropping the higher
order terms which are written in red, we note that the leading
order structure of MRR , and with it mν

LL, is of tri-bimaximal
form22. This can be easily seen by verifying that the flavon
22 Similar to the A4 × SU(5) model of section 10.1, the masses of the light
neutrinos are not related by any mass sum rule as the right-handed neutrino
mass matrix MRR is generated from the VEVs of three independent flavon
fields.
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1.1 A-terms

The Standard Model (SM) fermion masses and mixings have already been described in
our model [?,?]. The (non-canonical) Yukawa matrices have been found to be:

Y
u =




y

u
1λ8 0 0
0 y

u
2λ4 0

0 0 y
u
3



 , (12)

Y
d =




0 y

d
3λ

5 −y
d
3λ

5

−y
d
3λ

5
y

d
1λ

4 (yd
3 − yd1)λ4

0 0 y
d
2λ

2



 , (13)

and

Y
e =




0 −y

e
3λ

5 0
y

e
3λ

5 −3ye
1λ

4 0
−y

e
3λ

5 (3ye
1 + y

e
3)λ

4
y

e
2λ

2



 , (14)

In this section we aim to explain the superpartner masses and mixings as well. In
addition, for the model to be succesful, it should be able to control Flavour Changing
Neutral Current (FCNC) processes which are induced by loop diagrams involving sfermion
mass matrices that are off-diagonal in the basis where the fermion Yukawa matrices are
diagonal (SCKM basis).

The soft-SUSY breaking part of the Minimal Supersymmetric Standard Model (MSSM)
Lagrangian that contains the trilinear scalar couplings (A-terms) and the scalar masses
is:

Lsoft = �αβ

�
−H

α
u Q̃

βi
A

u
ijũ

cj −H
α
d Q̃

βi
A

d
ij d̃

cj −H
α
u L̃

βi
A

ν
ij ν̃

cj −H
α
d L̃

βj
A

e
ij ẽ

cj + h.c

�
+

+ Q̃
∗
iα(m2

Q)i
jQ̃

αj + ũ
c∗
i (m2

uc)i
jũ

cj + d̃
c∗

i (m2
dc)i

j d̃
cj + L̃

∗
iα(m2

L)i
jL̃

αj + (15)

+ ẽ
c∗
i (m2

ec)i
j ẽ

cj + ν̃c∗(m2
νc)i

j ν̃
cj

, (16)

The origin of the A−terms in our model is similar to the one that lead to the Yukawa
terms, see (??), (??) and (??). Schematically, an operator expansion in terms of flavon

4

fields:
X

MX
f

�

Φ,Φ�

Φ⊗ Φ�

M2
f

c
H (17)

corresponds to Yukawa couplings through the scalar vev of X:

x

MX
f

i
�

Φ,Φ�

y
X
Φ,Φ�

�Φ�i�Φ��j
M2

f
cjυ (18)

and to trilinear couplings through the F -component vev of X:

FX

MX
f

i
�

Φ,Φ�

a
X
Φ,Φ�

�Φ�i�Φ��j
M2

f
cjυ, (19)

where FX/M
X = A0. In order to be as general as possible, we keep the coefficients of

the expansions different in the two sectors. Since the flavour structure of the A-terms
is the same as the one of the Yukawa terms, up to O(1) coefficients, we can look at
(??),(??),(??) and write down the matrices:

A
u

A0
=




a

u
1λ

8 0 0
0 a

u
2λ

4 0
0 0 a

u
3



 , (20)

A
d

A0
=




0 a

d
3λ

5 −a
d
3λ

5

−a
d
3λ

5
a

d
1λ

4 (ad
3 − a

d
1)λ

4

0 0 a
d
2λ

2



 (21)

and

A
e

A0
=




0 −a

e
3λ

5 0
a
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1.2 Soft scalar masses

We consider SU(5) to be the relevant symmetry at the scale where the soft terms are
generated. Since the matter is organised into the SU(5) representations T = 10 =
(q,uc

, ec) and F = 5̄ = (l, dc), we obtain the following relations for the soft scalar

5

YUkawa 
couplings

Soft SUSY 
breaking 
trilinears



M2
F ∼ m2

0




1 0 0
0 1 0
0 0 1



+m2
0




λ4 λ4 λ4

λ4 λ4 λ4

λ4 λ4 λ4





M2
T ∼ m2

0




a 0 0
0 a 0
0 0 b



+m2
0




λ2 λ4 λ7

λ4 λ2 λ5

λ7 λ5 0





Squark and slepton mass matrices             
(at  MGUT in non-diagonal Yukawa basis)                     

Model predicts very small off-diagonal masses 
with non-universal stop squark masses



Mass insertion parameters                            
(at MGUT in the diagonal Yukawa basis)                     

Model predicts very small mass insertion 
parameters close to the MFV limit

2 Mass Insertion Parameters at MGUT

In summary, the mass insertion parameters in LO have the following forms at the GUT

scale:

(δu
)LL =




1 λ4 λ7

· 1 λ5

· · 1



 , (δu
)RR =




1 λ4 λ7

· 1 λ5

· · 1



 , (δu
)LR =




λ8 0 0

0 λ4 0

0 0 1



 (8)

(δd
)LL =




1 λ3 λ4

· 1 λ2

· · 1



 , (δd
)RR =




1 λ4 λ4

· 1 λ6

· · 1



 , (δd
)LR =




λ6 λ5 λ5

λ5 λ4 λ4

λ7 λ6 λ2



 (9)

(δe
)LL =




1 λ4 λ4

· 1 λ6

· · 1



 , (δe
)RR =




1 λ3 λ4

· 1 λ2

· · 1



 , (δe
)LR =




λ6 λ5 λ7

λ5 λ4 λ6

λ5 λ4 λ2



 , (10)

where the dots indicate complex conjugation of the associated upper-triangle etries.
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Summary
No evidence for NP, but SM puzzles remain: origin of mass, quest for 
unification, problem of flavour

Higgs mass stabilization requires NP at ~ 1 TeV (current LHC limit)

How do we reconcile this with general flavour analyses limits of ~100 TeV?

We have focussed on SUSY where strong constraints may be derived on the 
off-diagonal squark masses in the diagonal quark basis

Since SUSY particles appear in loops (R-parity) the constraints are not 
quite so strong but still require small mass insertion parameters 

SUSY models with family symmetry which describe fermion masses and 
mixings naturally have small off-diagonal squark masses 

In SU(5) GUTs off-diagonal squark and slepton masses may be related 

In S4 discrete family symmetry with SU(5) GUTs we find small mass 
insertion parameters close to the MFV case, allowing TeV scale NP


