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The Standard Model and 
its Legacy 



1. The origin of neutrino mass - and its relation to the weak scale, 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 
(including neutrino) masses and mixing angles and CP violation, but with 
suppressed flavour changing neutral currents and strong CP violation.

Standard Model Puzzles

We shall discuss all three questions 
(apart from strong CP problem) 



Dirac mass

P.Minkowski, PLB67(1977)421

 Maybe neutrinos are so light  

∵ RH neutrinos are so heavy 

The minimal seesaw model is:                     
“Littlest seesaw” 1512.07531

See-saw mechanism

Heavy Majorana mass

Light Majorana matrix

P. Minkowski;  
T. Yanagida;                    
M. Gell- Mann, 
P. Ramond and 
R. Slansky;

m⌫ = mLR.
1

MRR
.mT

LR



Left-handed quarks and 
leptons (active neutrinos)

Right-handed quarks and leptons 
(sterile neutrinos)

SU(3)C ⇥ SU(2)L ⇥ U(1)Y
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The Standard Model with  
3 right-handed neutrinos 
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SUSY facilitates GUTs
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Grand Unified Theories (GUTs)
Basic idea is to embed the SM gauge group into a simple gauge group G with a 
single coupling constant, broken at a high energy scale

Motivations
1. Continuation of process of unification of physics starting with Maxwell

2. Remarkable fit of SM multiplets into  Pati-Salam, SU(5), SO(10), E6…

3. Unification of gauge couplings at high energy scale MGUT

4. Charge quantization: equality of electron and proton charges

5. High energy fermion mass relations e.g. mb=mτ



Figure 13: Some possible candidate unified gauge groups.

decompose into multiplets of the SM gauge group SU(3)C×SU(2)L×U(1)Y as F = (dc, L),

corresponding to,

5 = (3,1, 1/3) ⊕ (1,2,−1/2), (9.2)

and T = (uc, Q, ec), corresponding to,

10 = (3,1,−2/3) ⊕ (3,2, 1/6) ⊕ (1,1, 1). (9.3)

Thus a complete quark and lepton SM family (Q,uc, dc, L, ec) is accommodated in the

F = 5 and T = 10 representations, with right-handed neutrinos, whose CP conjugates are

denoted as νc, being singlets of SU(5), νc = 1. The Higgs doublets Hu and Hd which break

electroweak symmetry in a two Higgs doublet model are contained in the SU(5) multiplets

H5 and H
5
.

The Yukawa couplings for one family of quarks and leptons are given by,

yuH5iTjkTlmεijklm + yνH5iF
iνc + ydH

i
5
TijF

j , (9.4)

where εijklm is the totally antisymmetric tensor of SU(5) with i, j, j, k, l = 1, . . . , 5, which

decompose into the SM Yukawa couplings

yuHuQuc + yνHuLν
c + yd(HdQdc +Hde

cL). (9.5)
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GUTs
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Right-handed 
neutrino is a singlet



Each family fits nicely into the SU(5) multiplets 

N.B in minimal SU(5) neutrino masses are zero.

Right-handed neutrinos may be added to give neutrino masses but 
they are not predicted. 

Georgi and Glashow

Georgi, GlashowSU(5) GUT



The Yukawa superpotential for one family

good modify using Georgi-Jarlskog mechanism

SU(2)L indices. Hypercharge is represented by the matrix

Y = −2

√

5

3
Y5 and Y5 ≡

1√
60
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
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satisfying TrY 2
5 = 1/2. From this embedding of the SM into SU(5) we can check

that the states fit into the 10 and 5 as follows:

10 =

(

u Q
e

)

, 5 =

(

d
L

)

.

The two Higgs doublets fit into a 5(≡ H) and 5(≡ H). Similarly H and H can be
decomposed into weak doublets and color triplets under the SM symmetry. We have

H =

(

t
h

)

, H =

(

t
h

)

with t(h) denoting triplet(doublet) states.
Up and down quark Yukawa couplings at MGUT are given in terms of the operators

λuHi10jk10lmεijklm + λdH
i
10ij5

j
.

When written in terms of quark and lepton states we obtain the Yukawa couplings
to the Higgs doublets

λuuhQ + λd(dhQ + ehL).

We see that SU(5) relates the Yukawa couplings of down quarks and charged leptons,
i.e. λd = λe at the GUT scale. Assuming this relation holds for all 3 families, we
have17 λb = λτ , λs = λµ, λd = λe at MGUT .

To compare with experiment we must use the renormalization group[RG] equa-
tions to run these relations (valid at MGUT ) to the weak scale. The first relation
gives a prediction for the b-τ ratio which is in good agreement with low energy data.
Note, for heavy top quarks we must now use the analysis which includes the third
generation Yukawa couplings18. We will discuss these results shortly. The next two
relations can be used to derive the relation: λs

λd
= λµ

λe
at MGUT . However at one loop

the two ratios are to a good approximation RG invariants. Thus the relation is valid
at any scale µ < MGUT . This leads to the bad prediction

ms

md
=

mµ

me

for running masses evaluated at 1 GeV. It is a bad prediction since experimentally
the left hand side is ∼ 20 while the rhs is ∼ 200.
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Right-handed 
neutrino is predicted

SU(4)C ⇥ SU(2)L ⇥ SU(2)R

SU(2)L

eL ⌫L

uLdL

dL

dL

uL

uL｝
︸
{ SU(3)CSU(4)C(4, 2, 1)L :

SU(2)R

⌫ReR
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dR

dR uR

uR｝
︸
{ SU(3)CSU(4)C(4, 1, 2)R :

Pati-Salam

“Lepton number as the 
fourth colour”

Talk by 
Patrick



Pati-Salam

-- Predicts RH neutrinos with lepton number as the “fourth colour” 

-- Allows the possibility of restoring parity if LR symmetry is imposed 

-- (Quark-lepton) unification of 16 family into two LR symmetric reps

-- B-L as a gauge symmetry

-- Quantization of electric charge à Qe= -Qp

-- Pati-Salam can be unified into SO(10)



Georgi; Fritzsch and Minkowski

The 16 of SO(10) contains a single quark and lepton family and also 
predicts a single right-handed neutrino per family.  

The SU(5) reps are unified into SO(10):

The two Higgs doublets are contained in a 10 of SO(10)

Fermion masses arise from the coupling 

.=.

SO(10) GUT



Dirac mass

Heavy Majorana mass

SO(10) contains all the ingredients for the see-saw mechanism

.. ..

..

..

Neutrino Masses in SO(10)



SFK, Moretti, Nevzorov

Exceptional SUSY SM (E6SSM)

M1

M2

M3

Mstring

TeV    U(1)N broken, Z’ and exotics get mass, µ term generated  

MW SU(2)L£ U(1)Y broken

RH neutrinos 
neutral under:

SU(3)×SU(2)×U(1)Y£U(1)N

remaining matter content of 3 families of 
27’s of E6 survives down to the TeV scale 

Energy

MGUT

E8



Matter Content of 27’s of E6 Matter Content

D. Miller 3SUSY 2011

All the SM matter fields are contained in one 27-plet of E6 per generation.

27

10, 1

5*, 2

5*, -3

5, -2

1, 0

+

+

+

+

U(1)N charge £ �40SU(5) reps.

1, 5
+

Qi; u
c
i; e

c
i

Li; d
c
i

Si

Nci

H1 i =

Ã
H01 i
H¡1 i

!

; ¹Di

singlets

right handed neutrino

3 generations of 
�������

exotic 
quarks

H2 i =

0

@ H+2 i
H02 i

1

A ;Di

Miller

Ingredients for 750 GeV 
Diphoton resonance            

- see later



Singlet-Higgs-Higgs 
couplings includes 
effective µ term 

Singlet-D-D couplings 
includes effective D 
mass terms

Yukawa couplings 
but extra Higgs 
give FCNCs

DQQ, DQL allows D 
decay but also proton 
decay. Need to:                           
– either forbid one of 
DQQ or DQL                              
- or allow both with  
Yukawas » 10-12

E6SSM Couplings



Fine-tuning in the cE6SSM 
Athron, Binjonaid, SFK

Figure 3: Squark and gluino mass contours (left panel) and Higgs mass contours (right panel) in the

(m0,M1/2) plane of the cE6SSM with tan� = 10, ⇤12 = 0.1, s = 10 TeV, corresponding to MZ� = 3.778

TeV. Scans are produced with a universal ⇥ coupling varied over {0, 3} and ⇤3 over {�3, 0} so that

µe� ⇥ 0.

In Fig. 4 we see that if we increase the singlet VEV further to s = 20 TeV then we are

no longer restricted by the lower limits on the Higgs mass, with only a few points having

a Higgs mass of 122 GeV, but now there is a substantial region ruled out by the upper

limit mh ⇤ 127.5 set by CMS.

Figs. 5 and 6 demonstrate that even with very heavy s values, such that the Z � is well

beyond reach of the LHC, not only is there still a small region of parameter space where

the gluino is observable, but additionally a Higgs mass measurement would yield useful

information about the parameter space well above what can actually be constrained from

direct searches. This illustrates the significance of the Higgs to providing constraints and

measurement of cE6SSM parameters.

Notice also that while in much of the parameter space new physics states are out of

reach, reducing the ⇥1,2 coupling such that the inert Higgsinos are observable would not

perturb the RG evolution much, so these plots remain a very good approximation. Thus

they reveal an interesting potential scenario where only the inert Higgsinos and the SM-

like Higgs are discovered, but an accurate Higgs mass measurement would give a great

deal of information on the parameter space.

Finally we comment on the tan � dependence of these results. The form of the squark

and gluino contours is not substantially modified by changing tan � so we do not reproduce

these plots here. However the allowed region of parameter space is dramatically changed,

as are the Higgs masses. This is illustrated in Fig. 7 where we plot the allowed region of

the parameters space for s = 10 TeV and tan � = 3 (left) and tan � = 30 (right). Here

20

accurate determination in the Higgs mass for selecting the most appropriate value of s.
Fine tuning starts from 200, although a very small region, and quickly increases to 500
such that a significant portion of the parameter has �max � 500. The benchmark point
has �BM = 330 for mh ⇥ 125 GeV. The dominance of the MZ� term in Eq. 16 for fine
tuning can be seen in the right panel of Fig. 10, as usual dependent on the particular
point in the m0 �m1/2 plane.

Figure 11: �max (left) and mh (right) in the m0 �m1/2 plane for tan� = 10 and s = 10 TeV
corresponding to MZ� = 3.8 TeV. The benchmark point corresponds to m0 = 2975,m1/2 = 1005
GeV.

Figure 12: The left panel highlights the parameter responsible for the largest amount of fine
tuning, �max, in the m0 �m1/2 plane for tan� = 10 and s = 10 TeV corresponding to MZ� =
3.8 TeV. On the right a coarse scan shows which terms Eq. 16 give the largest contribution,
with regions where the largest contribution comes from term 2, which is proportional to m2

d �
m2

u tan
2 �, are shown in yellow and while regions where the dominant contribution is from term

3, proportional to M2
Z� are shown in blue.

Finally, for s = 10 TeV, corresponding to MZ� = 3.4 TeV, in the left panel of Fig. 11
the fine tuning starts from 300, and the parameter space is severely restricted in terms

16

Lower fine-tuning than cMSSM 
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stop spectrum
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1 Introduction

The LHC detectors has accumulated about 5.8 fb�1 of data at 8 TeV with

no sign of supersymmetry (SUSY). The absence of SUSY at the LHC has

raised some concern over the naturalness of some SUSY models since it is

well-known that as the experimental limits on the masses of sparticles rise,

which is the case [1, 2], the separation between the SUSY scale and the Weak

scale becomes larger, thereby resulting in more tree-level fine tuning due to

the correlation between the Higgs mass parameters and both the stop masses

and the mass of the Z boson. This fact, together with the newly observed

Standard-Model-like H boson at mh = 125 � 126 GeV [3, 4] seems to place

the constrained versions of SUSY models in tension with naturalness for they

will require a rather large amount of fine tuning; O(> 500). The CMSSM,

for instance, was shown to possess fine tuning in the range of 500 � 1000 if

it is to contain a 125 GeV Higgs mass [5, 6]. 4

On the other hand, the non-minimal supersymmetric extension of the

Standard Model (SM) based on the E6 group, the E6SSM [7, 8] can accom-

modate a larger tree-level Higgs mass than that of both the MSSM and the

NMSSM due to the presence of additional terms,

m2
h ⇥ M2

Z cos2 2�⇤ ⇥� ⌅
MSSM

+
⇥2

2
v2 sin2 2�

⇤ ⇥� ⌅
NMSSM

+
M2

Z

4
(1 +

1

4
cos 2�)2

⇤ ⇥� ⌅
E6SSM

+�m2
h, (1)

where, tan � is the ratio between the two Higgs doublets’ vacuum expectation

4However, according to the references, this can be lowered if one increases mt and
decreases �3

1



LHC phenomenology of E6SSM
SUSY - typical spectrum has heavier squarks 
and lighter gluinos, with gluinos having longer 
decay chains than MSSM, due to extra 
neutralinos and charginos, giving less missing 
energy and more soft leptons and jets

Higgs - Richer Higgs spectrum than MSSM or 
NMSSM, incl. inert + singlet Higgs(Diphoton)

Exotics - Z’, D-leptoquarks/diquarks           
(maybe long lived)



M-theory 
GUTs (gravity)

M-theory→ 11d SUGRA →4d N=1 SUGRA

Compactified 7d → G2 manifold 

Gauge fields on dominant volume 3d submanifold

SU(5) GUT 

SO(10) GUT 

main prediction: extra 16+16bar at TeV scale

Figure 1: The web of dualities

through an intricate web of dualities (Figure 1). In this sense, there is evidence that despite the apparent multitude
of di↵erent theories, these are in fact di↵erent faces of a single unified theory.

In light of the success that led to the discovery of M-Theory, Vafa [2] applied a similar non-perturbative limit
to type II-B theory, in which he found that the theory could e↵ectively be described as a 12-dimensional theory,
despite the fact there are no sensible 12-dimensional supergravity theories. This limit was called F-Theory, and while
very recent it is being heavily studied and developed. More interestingly, F-Theory it has been proven to be a rich
framework for model build of SUSY GUTs.

SO(10) SUSY GUTS from M Theory on G2 Manifolds

While the full formulation of M-Theory is still unknown and home to a lot of speculation, its low energy limit as a
11-dimensional supergravity can be used to probe physics in an M-Theoretical context. When we refer to M-Theory
as a framework to do phenomenology we are then referring to the 11-dimensional supergravity theory as the starting
point and not the unknown full membrane theory,

The viability of M-Theory as a starting point for phenomenology started as it was shown – by Bobby Acharya and
collaborators [3] – when the extra seven dimensions are compactified on singular G2 holonomy manifolds, M-Theory
would be endowed with gauge interactions and chiral superfields in gauge irreps. This happens as the compactified
space admits a 3-fold with an orbifold singularity supporting the gauge fields, while localised conical singularities on
this 3-fold support chiral superfields in irreps of the associated gauge interaction. The conical singularities are of
ADE-type, and this construction is engineered in analogy with Heterotic compactification setups.

A crucial point of the framework is that if the compactification is fluxless the moduli fields cannot have a perturba-
tive superpotential due to an exact Peccei-Quinn symmetry. This symmetry enforces the axions – which are the real
moduli complex partners in the chiral superfield – to have a shift-symmetry that in conjugation with holomorphicity
prevents non-perturbative contributions to the superpotential [4]. As a consequence, moduli only couple to matter chi-
ral superfields through Kahler interactions and have an exponentially suppressed superpotential contribution through
non-perturbative membrane instantons actions. As the superpotential is the order parameter of SUSY breaking, this
then means there will be a natural suppression between non-SUSY mechanics and the Planck scale [5].

Early semi-realistic constructions involved an SU(5) gauge group, for each the derived model was named G2MSSM
as it also had the same particle content as of the MSSM. The model relied in an idea by Witten [6], where the
combination of geometric discrete symmetries and the topological nature of the compactified space, provide a natural
discrete symmetry that does not commute with the gauge group. This in turn allows one to allow for a GUT scale
mass to the triplet coloured partners of the MSSM Higgses, and therefore solve the doublet-triplet problem of SU(5)
SUSY GUTs.

The original model/approach, su↵ered some shortcomings, for example neutrinos only have Majorana mass term,
and R-parity violation constraints are not naturally/generically met. Furthermore, there is a natural expectation that
the resulting 4-dimensional theory could be realised with a larger GUT group as such constructions are normal in
order corners of string/M-Theory.

One has then the motivation to search for larger gauge group realisations of M-Theory compactified onG2 manifolds.
With this in mind we (me, Steve, and our collaborators in King’s College London Acharya, Bozek, Pongkitivanichkul)
started out by looking for E6 realisations in an attempt to make a connection to some results from E6MSSM [7].

Early work on E6

There are some crucial quantities in this framework called Wilson lines. Since the compactified space needs not to be
simply connected (meaning that the fundamental group ⇡1 is not trivial, hence allowing the space to have holes and

2

Witten, 
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Acharya, Bozek, M.C.Romao, 
S.F.K. and Pongkitivanichkul 
1502.01727

Talk by Miguel Romao



78

F-theory 
GUTs

local F-theory

. .
!

"

"

"

3

2

2

2

Type IIB string theory

Elliptic fibres

G.K. Leontaris,
``Aspects of F-Theory GUTs,''
  PoS CORFU {\bf 2011} (2011) 095
  [arXiv:1203.6277 [hep-th]].

Talk by Andrew Meadowcroft



E6SSM from F-theory Callaghan, SFK

E6 SO(10) SU(5) Weight vector QN NY MU(1) SM particle content Low energy spectrum
27t ⇤1 16 53 t1 + t5 1⌅

10
1 4 4dc +5L 3dc +3L

27t ⇤1 16 10M t1 1
2
⌅

10
�1 4 4Q+5uc +3ec 3Q+3uc +3ec

27t ⇤1 16 ⇥15 t1 � t5 0 0 n15 3�c -
27t ⇤1 10 51 �t1 � t3 � 1⌅

10
�1 3 3D+2Hu 3D+2Hu

27t ⇤1 10 52 t1 + t4 � 3
2
⌅

10
1 3 3D+4Hd 3D+3Hd

27t ⇤1 1 ⇥14 t1 � t4 5
2
⌅

10
0 n14 ⇥14 ⇥14

27t ⇤3 16 55 t3 + t5 1⌅
10

�1 �1 dc +2L -
27t ⇤3 16 102 t3 1

2
⌅

10
1 �1 Q+2ūc -

27t ⇤3 16 ⇥35 t3 � t5 0 0 n35 � -
27t ⇤3 10 5Hu �2t1 � 1

2
⌅

10
1 0 Hu Hu

27t ⇤3 10 54 t3 + t4 � 3
2
⌅

10
�1 0 Hd -

27t ⇤3 1 ⇥34 t3 � t4 5
2
⌅

10
0 n34 ⇥34 ⇥34

- 1 ⇥31 t3 � t1 0 0 n31 ⇥31 -
- 1 ⇥53 t5 � t3 0 0 n53 ⇥53 -
- 1 ⇥54 t5 � t4 5

2
⌅

10
0 n54 ⇥54 -

- 1 ⇥45 t4 � t5 � 5
2
⌅

10
0 n45 ⇥45 -

Table 1: Complete 27s of E6 and their SO(10) and SU(5) decompositions. The SU(5) matter states
decompose into SM states as 5 ⇥ dc,L and 10 ⇥ Q,uc,ec with right-handed neutrinos 1 ⇥ �c, while
SU(5) Higgs states decompose as 5 ⇥ D,Hu and 5 ⇥ D,Hd , where D,D are exotic colour triplets and
antitriplets. We identify RH neutrinos as �c = ⇥15. Arbitrary singlets are included for giving mass to
neutrinos and exotics and to ensure F- and D- flatness.
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We start with the decomposition of the E8-adjoint under the breaking E8 � E6 ⇥ SU(3)

248 ! (78, 1) + (1, 8) + (27, 3) + (27, 3̄)

and label with ti the SU(3) weights (subject to the tracelessness condition t1 + t2 + t3 = 0).

Along the SU(3) Cartan subalgebra, (1, 8) decomposes to singlets ✓ij , i, j = 1, 2, 3 whilst the

27’s are characterised by the three charges ti. We impose a Z2 monodromy t1 = t2 thus, we

have the correspondence

(1, 8) ! ✓13, ✓31, ✓0; (27, 3) ! 27t1 , 27t3 ; (27, 3̄) ! 27�t1 , 27�t3 (2.1)

Notice that because of the Z2 monodromy we get the identifications ✓12 = ✓21 ⌘ ✓0 and analo-

gously for the 27t1 = 27t2 . Additional bulk singlets ✓kl and vector-like pairs are obtained under

further breaking of the symmetry down to SU(5). The detailed derivation of the particular

F-theory model we are interested in can be found in reference [122]. In the present note, we

only present the E6 origin of the low energy spectrum and the corresponding SU(5) ⇥ U(1)N

multiplets which are summarised in Table 1. The last column shows the ‘charge’ QN of the

U(1)N abelian gauge factor contained in E6 under which the right-handed neutrinos are singlets

as in the E6SSM [118]. Without the bulk exotics the spectrum has the matter equivalent of three

families of E6 27-dimensional representations as in the minimal E6SSM [119], which form an

anomaly free set by themselves. Such a model was realised in F-theory context [121] while it was

shown that unification can be successfully achieved with the inclusion of the bulk exotics [122]

relevant to our present discussion. The total low energy spectrum, including bulk exotics, then

has the matter content of the MSSM plus four extra vector-like 5 + 5 families plus three extra

singlets. Three right-handed neutrinos are present at high energies. Renormalisation Group

analysis shows [122] that perturbative unification can be achieved as shown in Fig.1. With

this in mind, next we focus on the characteristic properties of the model which are required to

accommodate the recent experimental data.

3 Production and decay of the 750 GeV scalar/pseudoscalar

The terms in the superpotential which are responsible for generating the µ term and the exotic

masses are [122]

W ⇠ �✓14HdHu + �↵��✓
↵
34H

�
dH

�
u + ↵jk✓

↵
34DjDk (3.1)

These couplings originate from the 27t127t127t3 E6 coupling. Thus two of the singlets ✓↵34 couple

to all three of the colour triplet charge ⌥1/3 vector-like fermions Dk, Dj as well as two families

of inert Higgs doublets H�
d , H

�
u (which do not get VEVs) (↵,�, � = 1, 2). One or both (if they

are degenerate) singlet scalars may have a mass of 750 GeV and be produced by gluon fusion

at the LHC, decaying into two photons as shown in Figs. 2 and 3. A third singlet ✓14 couples

to the two Higgs doublets of the MSSM, and is responsible for the e↵ective µ term as in the

NMSSM. However this singlet does not couple to coloured fermions and so cannot be strongly

produced at the LHC. It should also be mentioned in passing that the E6 singlets can generate

3

Singlets couple to the extra vector-like fermions (see later)



Bulk exotics

2.2 E6 Bulk Exotics and their SU(5) picture

It has been shown in [4] that bulk exotics coming from the adjoint of the GUT group on S cannot be
avoided in the case where the gauge group is SO(10) or higher, and the breaking of the GUT group down
to the Standard Model is achieved by flux breaking. If we take the GUT group to be E6, the spectrum
can be found by decomposing under the E8 enhancement

E8 ⌅ E6 ⇥SU(3)⌃
248 ⇧ (78,1)+(27,3)+(27,3)+(1,8)

(14)

The SM can be achieved by turning on fluxes in the U(1)s contained in the following sequence of rank
preserving breakings:

E6 ⇧ SO(10)⇥U(1)⇥

⇧ SU(5)⇥U(1)� ⇥U(1)⇥

⇧ SU(3)⇥SU(2)⇥U(1)Y ⇥U(1)� ⇥U(1)⇥

(15)

In order to discuss the bulk exotics, we must decompose the adjoint of E6 appearing in Eq. (14) under
the breaking pattern of Eq. (15) as follows

78 ⇧ (1,1)0,0,0 +
�
(1,1)0,0,0 +(1,1)0,0,0 +(8,1)0,0,0 +(1,3)0,0,0 +(3,2)�5,0,0 +(3,2)5,0,0

+(3,2)1,4,0 +(3,2)�1,�4,0 +(3,1)�4,4,0 +(3,1)4,�4,0 +(1,1)6,4,0 +(1,1)�6,�4,0
⇥

+
�
(1,1)0,�5,�3 +(3,1)2,3,�3 +(1,2)�3,3,�3 +(1,1)6,�1,�3 +(3,2)1,�1,�3 +(3,1)�4,�1,�3

⇥

+
�
(1,1)0,5,3 +(3,1)�2,�3,3 +(1,2)3,�3,3 +(1,1)�6,1,3 +(3,2)�1,1,3 +(3,1)4,1,3

⇥
(16)

All representations are charged under three U(1)s, and all triplets of U(1) charges can be expressed as a
linear combination of the following line bundles

L1 = (5,0,0), L2 = (1,4,0), L3 = (1,�1,�3) (17)

In Table 1 we write down the multiplicities of the exotic states coming from the adjoint of E6 (where the
correct normalisation for the U(1)Y is given by dividing by 6)

Exotic Xi Multiplicity ni Exotic Xi Multiplicity ni
X1 = (3,2) 5

6
n1 =��(L1,S) X6 = (3,1) 1

3
n6 =��(L2 ⇤L3,S)

X2 = (3,2) 1
6

n2 =��(L2,S) X7 = (1,2)� 1
2

n7 =��(L �1
1 ⇤L2 ⇤L3,S)

X3 = (3,1) 2
3

n3 =��(L �1
1 ⇤L2,S) X8 = (1,1)1 n8 =��(L1 ⇤L3,S)

X4 = (1,1)1 n4 =��(L1 ⇤L2,S) X9 = (3,2) 1
6

n9 =��(L3,S)
X5 = (1,1)0 n5 =��(L �1

2 ⇤L3,S) X10 = (3,1)� 2
3

n10 =��(L �1
1 ⇤L3,S)

Table 1: E6 bulk exotics and their multiplicities

We can see where the exotics fit into the SU(5) picture as follows (where the un-normalised U(1)Y ⇥
U(1)� ⇥U(1)⇥ charges of the SU(5) states are indicated as subscripts),
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Theorem: flux breaking of E6 always 
accompanied by bulk exotics

matter curves, and this gives rise to a suppression of the integral. This way, we can in principle
avoid rapid proton decay, even with a seemingly low unification scale. Even though this is the
case, when all the bulk exotics are at the TeV scale the splitting of the gauge couplings is large,
and x > 1. As such, this possibility must be ruled out and we must look at the next case.

• Bulk exotics from 10s heavy, but those from 5s light: As the singlets S and S⇧ which give the 5 state
mass through Eq. (22) can also give the 10s mass through Eq. (29), we reject the possibility of
heavy 5s and light 10s. However, since the 10s can get mass from a different singlet in Eq. (30),
it would seem that there is a possibility of giving this singlet a much bigger VEV, and keeping
the 10s heavy whilst the 5s could be TeV exotics. If this was the case, we would once again have
MGUT ⌅ 2⇥1016GeV due to the fact that the 5s don’t contribute to ⇥� of Eq. (53). If the splitting
parameter x is calculated for this case with the spectrum of model 1, it turns out to be negative so
again we must rule this case out. This means that for model 1, high energy bulk exotics are the only
possibility, but on the contrary we will see that for model 2 these low energy bulk exotics are the
only possibility. As pointed out previously, model 2 which has TeV scale exotics in it’s spectrum
cannot be compatible with bulk exotics with masses close to the GUT scale, as x > 1 which is
forbidden. However, if we have the bulk exotics which belong to 5s of SU(5) at the TeV scale as
described above, it turns out that the multiplicities of exotic states forced upon us by topological
constraints make the couplings unify. If we take the mass of the exotics from 10s to be MGUT ,
we find x ⌅ 0.01, corresponding to a splitting of approximately 0.2%. This effect is illustrated in
Figure 4, which shows how the low energy bulk exotics are precisely what is needed to make the
couplings unify. In addition to the 3(D+D), 2(Hu,Hd) exotics which are also at the TeV scale,
this leads to a characteristic spectrum involving TeV vector-like pairs of dc and Hd exotics, with
the distinguishing feature that there will always be one more vector pair of Hd states than dcs. (In
the ⇤ = 4 case, we have one pair of dc states and two pairs of Hd states). The low energy spectrum
of this model is summarised in Table 4

E6 origin SU(5) origin TeV scale spectrum U(1)N
27t ⇧1

5 3dc +3L 1⌃
10

27t ⇧1
10 3Q+3uc +3ec 1

2
⌃

10
27t ⇧1

5 3D+2Hu � 1⌃
10

27t ⇧1
5 3D+3Hd � 3

2
⌃

10
27t ⇧1

1 ⌅14
5

2
⌃

10
27t ⇧3

5 Hu � 1
2
⌃

10
27t ⇧3

1 2⌅34
5

2
⌃

10
78 5 2XHd +Xdc � 3

2
⌃

10
78 5 2XHd

+Xdc
3

2
⌃

10

Table 4: The complete low energy spectrum for the E6SSM-like model with TeV scale bulk exotics. The fields
Q, uc, dc, L, ec represent quark and lepton SM superfields in the usual notation. In this spectrum there are three
families of Hu and Hd Higgs superfields, as compared to a single one in the MSSM. There are also three families
of exotic D and D colour triplet superfields, where D has the same SM quantum numbers as dc, and D has opposite
quantum numbers. We have written the bulk exotics as X with a subscript that indicates the SM quantum numbers
of that state. The superfields ⌅ are SM singlets.
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Figure 4: Gauge coupling unification in model 2 (E6SSM) with TeV scale bulk exotics.

In the presence of large VEVs for X5 and X5, the F and D flatness equations of [26] must be modified
accordingly. It is shown in Appendix B that there is a solution to the flatness relations for this model
where X5 and X5 get large VEVs without giving rise to dangerous operators. In this section we have
taken ⇤X⌅= MGUT for simplicity and to illustrate it’s effects.

5 Conclusions

We have considered gauge coupling unification in E6 F-Theory Grand Unified Theories (GUTs) where
E6 is broken to the Standard Model (SM) gauge group using fluxes. In such models there are two types
of exotics that can affect gauge coupling unification, namely matter exotics from the matter curves in the
27 dimensional representation of E6 and the bulk exotics from the adjoint 78 dimensional representation
of E6. The matter exotics have been considered previously in [25, 26] where two models were consid-
ered which we called model 1 (MSSM) and model 2 (E6SSM), which only differ by the mass scale of
the matter exotics. In particular model 2 (E6SSM) involves TeV scale matter exotics, equivalent to hav-
ing complete 27 dimensional representations at the TeV scale, and is inconsistent with gauge coupling
unification.

We have mainly focussed on the question of bulk exotics arising from the flux breaking of E6, which
have not previously been considered in the literature. We have explored the conditions required for
either the complete or partial removal of bulk exotics from the low energy spectrum. In particular we
have examined the conditions for the removal from the low energy spectrum of bulk exotic matter from
the adjoint of E6 in terms of topological properties of the manifold. These conditions led to the fact that
all vector-like pairs come in multiplicities which depend on one topological parameter, � . We studied
how the bulk exotics affect the one loop RGE anaylsis, and it was shown that both the GUT scale and the
splitting of the gauge couplings depend on the mass of the exotics, but not on � , meaning that the results
are general for any E6 F-theory model using fluxes to break the GUT group.

We then considered the effect of the necessary bulk exotics on gauge coupling unification. For the
case of high scale bulk exotics at a single mass scale MX , where we assumed them to be the only type of
exotics present, we found that the requirement that they do not lead to an unacceptable splitting of gauge
couplings led to the bound MX ⇥ 2� 1015 GeV. We also found that having bulk exotics also led to a
lowering of the GUT scale down to about MX ⇥ 8�1015 GeV for the case where the bound is saturated,
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First observations of a new particle 
in the search for the Standard 
Model Higgs boson at the LHC   

Two quotations from the experimental papers presented in this publication: 
 
 
"… The search for the Higgs boson, the only elementary particle in the Standard Model that has not yet been observed, is one 
of the highlights of the Large Hadron Collider physics program." 
 

�  ATLAS Collaboration 
 
 
 
 
 

 
" … The decay to two photons indicates that the new particle is a boson with spin different from one. The results presented 
here are consistent, … with expectations for a standard model Higgs boson." 

� CMS Collaboration 
 

4th July, 2012

Diphoton resonance at 125 GeV



Diphoton resonance at 750 GeVSubtle is the Lord?

or Malicious is He?
22Monday, December 21, 2015

“Who ordered 
that ?”



ATLAS
M ' 750GeV

including LEE3.9� 2.3���14 events local

favored� ⇠ 45GeV

CMS

M ' 760GeV

2.6���10 events including LEElocal 1.2�

narrow width favored

• No significant ETmiss, leptons or jets in the events

• No ��resonance at 8 TeV but small upward fluctuation
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Diphoton resonance at 750 GeV
Over 100 theoretical papers with various interpretations

We propose that it is an E6SSM F-theory singlet X 
coupling to vector-like Higgsino and D fermions

Figure 2: The new singlet scalar/pseudoscalar X ⌘ ✓34 with mass 750 GeV is produced by gluon

fusion due to its coupling to a loop of vector-like fermions D,D which are colour triplets and

have electric charge ⌥1/3.

Figure 3: The new singlet scalar/pseudoscalar X ⌘ ✓34 with mass 750 GeV is decays into a pair

of photons due to its coupling to a loop of vector-like fermions H,H which are colour singlet

inert Higgsinos with electric charge ±1 and D,D which are colour triplets and have electric

charge ⌥1/3.

TeV scale VEVs which are responsible for generating the vector-like fermion masses for Dk, Dj .

Since there are two complex singlets ✓34, the spectrum will therefore contain two scalars, two

pseudoscalars and two complex Weyl fermions. The two scalars plus two pseudoscalars are all

candidates for the observed 750 GeV resonance. If two or more of them are degenerate then

this may lead to an initially unresolved broad resonance. Eventually all four states may be

discovered with di↵erent masses around the TeV scale, providing a smoking gun signature of

the model.

3.1 Cross Section

We have seen that the spectrum of the F-theory derived model contains complex singlet su-

perfields possessing scalar and pseudoscalar components. The superpotential in Eq.3.1, below

the scale of the VEVs of X and the SUSY breaking scale, gives rise to the low energy e↵ective
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Lagrangian which contains terms like,

L ⇠ iXD̄iDi + �↵XH↵
uH

↵
d +MiD̄iDi +MH↵H

↵
uH

↵
d +

1

2
M2X2 + · · ·

where X is a scalar or pseudoscalar field originating from the ✓34 coupled to a vector pair of

fermions identified with the fermionic components of the three coloured triplet pairs Di, D̄i,

while Mi are the three masses of the triplet fermions with Mi ⇠ h✓34i of (3.1) and M is the

mass of the singlet field originating from a combination of soft SUSY breaking masses and the

VEVs of the singlets. Similar couplings are also shown to the two families of vector-like inert

Higgsinos, labelled by ↵ = 1, 2.

The vector-like fermions generate loops diagrams which give rise to E↵ective Field Theory

d-5 operators. For the scalar component X ! S

Leff / �1

4
S (gS�Fµ⌫F

µ⌫ + gSgGµ⌫G
µ⌫) (3.2)

and analogously for pseudoscalar X ! A:

Leff / �1

4
A
⇣
gA�Fµ⌫F̃

µ⌫ + gAgGµ⌫G̃
µ⌫
⌘

(3.3)

A related mechanism has been already suggested as a plausible scenario in String derived mod-

els [83, 107, 109] where pseudoscalar fields such as axions and scalar fields such as the dilaton

field have couplings of the above form. Here instead we regard the scalar and pseudoscalar as

originating from a 27-dimensional matter superfield, coupling to vector-like extra quarks which

also appear in the 27-rep of E6.

We consider a scalar/pseudoscalar particle X originating from one of the two ✓34 fields,

coupling to three families of colour triplet charge ⌥1/3 extra vector-like quarks Di, D̄i and

two families of Higgsinos H↵
u/d - as per Equation 3.1. The cross section for production of this

scalar/pseudoscalar from gluon fusion, �(pp ! X ! ��), where X ia a uncoloured boson with

mass M and spin J = 0, can be written as [10].

�(pp ! X ! ��) =
1

M�s
Cgg�(X ! gg)�(X ! ��) (3.4)

where Cgg is the dimensionless partonic integral for gluon production, which at
p
s = 13 TeV is

Cgg = 2137. Here � = �(X ! gg) + �(X ! ��) since no other interactions contribute to the

e↵ect.

For the case in which a scalar/pseudoscalar resonance is produced from gluon fusion mediated

by extra vector-like fermions Di, D̄i with mass Mi and charges Qi, decaying into two photons

by a combination of the same vector-like fermions and Higgsinos H↵
d and H↵

u , the corresponding

decay widths read [10]:

�(X ! gg)

M
=

↵2
3

2⇡3

�����
X

i

Crii
2Mi

M
X

✓
4M2

i

M2

◆�����

2

, (3.5)
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Figure 4: The cross section �(pp ! X ! ��) (in fb units) in the parametric space of the

Higgsinos H�
u /H

�
d , for a selection of masses of the vector-like Di/Di with all masses Mi set

equal to Mf and the coupling yf , with yf = 1. The solid lines correspond to the Pseudoscalar

candidate state, while the dashed lines of the same hue correspond to the Scalar option.
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(3.6)

The function X (t) takes a di↵erent form, depending on whether the particle is a scalar or a

pseudoscalar - S or P respectively [124]:

P(t) = arctan2(1/
p
t� 1), (3.7)

S(t) = 1 + (1� t)P(t). (3.8)

In the case in question with colour triplets of mass Mi mediating the process, Qi = 1/3, Cri =

1/2, and dri = 3, while the Higgsinos have Qi = dri = 1 and a mass of Mk. Combining the

equations above we calculate the cross section for a scalar of mass M = 750 GeV at
p
s = 13

TeV. For simplicity we set all the masses of the vector-like fermions to be equal to degenerate

(likewise for the Higgsinos), and all the couplings of the scalar singlet to the fermions to be equal

to yf .

4 Conclusions

We have interpreted the 750-760 GeV diphoton resonance as one or more of the spinless com-

ponents of two singlet superfields arising from the three 27-dimensional representations of E6

in F-theory, which also contain three copies of colour-triplet charge ⌥1/3 vector-like fermions

7

A.Karozas, S.F.King, G.K.Leontaris and A.K.Meadowcroft,
  “Diphoton excess from E6 in F-theory GUTs,”
  arXiv:1601.00640.

solid  = pseudoscalar
dashed = scalar

Lagrangian which contains terms like,

L ⇠ iXD̄iDi + �↵XH↵
uH

↵
d +MiD̄iDi +MH↵H

↵
uH

↵
d +

1

2
M2X2 + · · ·

where X is a scalar or pseudoscalar field originating from the ✓34 coupled to a vector pair of

fermions identified with the fermionic components of the three coloured triplet pairs Di, D̄i,

while Mi are the three masses of the triplet fermions with Mi ⇠ h✓34i of (3.1) and M is the

mass of the singlet field originating from a combination of soft SUSY breaking masses and the

VEVs of the singlets. Similar couplings are also shown to the two families of vector-like inert

Higgsinos, labelled by ↵ = 1, 2.

The vector-like fermions generate loops diagrams which give rise to E↵ective Field Theory

d-5 operators. For the scalar component X ! S

Leff / �1

4
S (gS�Fµ⌫F

µ⌫ + gSgGµ⌫G
µ⌫) (3.2)

and analogously for pseudoscalar X ! A:

Leff / �1

4
A
⇣
gA�Fµ⌫F̃

µ⌫ + gAgGµ⌫G̃
µ⌫
⌘

(3.3)

A related mechanism has been already suggested as a plausible scenario in String derived mod-

els [83, 107, 109] where pseudoscalar fields such as axions and scalar fields such as the dilaton

field have couplings of the above form. Here instead we regard the scalar and pseudoscalar as

originating from a 27-dimensional matter superfield, coupling to vector-like extra quarks which

also appear in the 27-rep of E6.

We consider a scalar/pseudoscalar particle X originating from one of the two ✓34 fields,

coupling to three families of colour triplet charge ⌥1/3 extra vector-like quarks Di, D̄i and

two families of Higgsinos H↵
u/d - as per Equation 3.1. The cross section for production of this

scalar/pseudoscalar from gluon fusion, �(pp ! X ! ��), where X ia a uncoloured boson with

mass M and spin J = 0, can be written as [10].

�(pp ! X ! ��) =
1

M�s
Cgg�(X ! gg)�(X ! ��) (3.4)

where Cgg is the dimensionless partonic integral for gluon production, which at
p
s = 13 TeV is

Cgg = 2137. Here � = �(X ! gg) + �(X ! ��) since no other interactions contribute to the

e↵ect.

For the case in which a scalar/pseudoscalar resonance is produced from gluon fusion mediated

by extra vector-like fermions Di, D̄i with mass Mi and charges Qi, decaying into two photons

by a combination of the same vector-like fermions and Higgsinos H↵
d and H↵

u , the corresponding

decay widths read [10]:

�(X ! gg)

M
=

↵2
3

2⇡3

�����
X

i

Crii
2Mi

M
X

✓
4M2

i

M2

◆�����

2

, (3.5)

6



Why three 
families?

?



b

c
s

u
d

e

t

What is the origin of Quark 
and Lepton Masses?



What is the origin of Quark 
and Lepton Mixing?

New physics from flavour Sheldon Stone

1. Introduction: Reasons for physics beyond the Standard Model

Although the Standard Model (SM) of particle physics provides an excellent description of
electroweak and strong interactions, there are many reasons that we expect to observe new forces
giving rise to new particles at larger masses than the known fermions or bosons. One oft noted
source of this belief is the observation of dark matter in the cosmos as evidenced by galactic angular
velocity distributions [1], gravitational lensing [2], and galactic collisions [3]. The existence of dark
energy, believed to cause the accelerating expansion of the Universe, is another source of mystery
[4]. The fine tuning of quantum corrections needed to keep, for example, the Higgs boson mass at
the electroweak scale rather than near the Planck scale is another reason habitually mentioned for
new physics (NP) and is usually called “the hierarchy problem” [5].

It is interesting to note that the above cited reasons are all tied in one way or another to
gravity. Dark matter may or may not have purely gravitational interactions, dark energy may be
explained by a cosmological constant or at least be a purely general relativistic phenomena, and the
Planck scale is defined by gravity; other scales may exist at much lower energies, so the quantum
corrections could be much smaller. There are, however, many observations that are not explained
by the SM, and have nothing to do with gravity, as far as we know. Consider the size of the quark
mixing matrix (CKM) elements [6] and also the neutrino mixing matrix (PMNS) elements [7].
These are shown pictorially in Fig. 1. We do not understand the relative sizes of these values or nor
the relationship between quarks and neutrinos.

d            s            b            

u

c

t

ν          ν          ν            

ν

ν

ν

1                   2                   3

e

μ

τ

CKM                             PMNS

Figure 1: (left) Sizes of the the CKM matrix elements for quark mixing, and (right) the PMNS matrix
elements for neutrino mixing. The area of the squares represents the square of the matrix elements.

We also do not understand the masses of the fundamental matter constituents, the quarks and
leptons. Not only are they not predicted, but also the relationships among them are not understood.
These masses, shown in Fig. 2, span 12 orders of magnitude [7]. There may be a connections
between the mass values and the values of the mixing matrix elements, but thus far no connection
besides simple numerology exists.

What we are seeking is a new theoretical explanation of the above mentioned facts. Of course,
any new model must explain all the data, so that any one measurement could confound a model.
It is not a good plan, however, to try and find only one discrepancy; experiment must determine a

2



b

t

c
s

u
d

e

GUTs

Flavour Symmetry

GUTs and 
Flavour



Flavour Symmetry  

A5T7 S4

A4

⌃(168) �(96) SO(3)

�(27)

SU(3)



S4xSU(5)xU(1)
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 =

⇤

⇧
yu

1⇥8 0 0

0 yu
2⇥4 0

0 0 yu
3

⌅

⌃ , (12)

Y d =

⇤

⇧
0 yd

3⇥
5 �yd

3⇥
5

�yd
3⇥

5 yd
1⇥

4 (yd
3 � yd1)⇥4

0 0 yd
2⇥

2

⌅

⌃ , (13)

and

Y e =

⇤

⇧
0 �ye

3⇥
5 0

ye
3⇥

5 �3ye
1⇥

4 0

�ye
3⇥

5 (3ye
1 + ye

3)⇥
4 ye

2⇥
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 o�-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 = ��⇥

�
�H�

u Q̃⇥iAu
ijũ

cj � H�
d Q̃⇥iAd

ij d̃
cj � H�

u L̃⇥iA⇤
ij ⇤̃

cj � H�
d L̃⇥jAe

ij ẽ
cj + h.c

⇥
+

+ Q̃�
i�(m2

Q)i
jQ̃

�j + ũc�
i (m2

uc)i
jũ

cj + d̃c�

i (m2
dc)i

j d̃
cj + L̃�

i�(m2
L)i

jL̃
�j + (15)

+ ẽc�
i (m2

ec)i
j ẽ

cj + ⇤̃c�(m2
⇤c)i

j ⇤̃
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

⇧

�,��

� ⇥ ��

M2
f cH (17)

corresponds to Yukawa couplings through the scalar vev of X:

x

MX
f i

⇧

�,��

yX
�,��

⇤�⌅i⇤��⌅j
M2

f cj⇥ (18)

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

FX

MX
f i

⇧

�,��

aX
�,��

⇤�⌅i⇤��⌅j
M2

f cj⇥, (19)

where FX/MX = A0. In order to be as general as possible, we keep the coe⇤cients of

the expansions di⇥erent 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) coe⇤cients, we can look at

(??),(??),(??) and write down the matrices:

Au

A0
=

�

⇤
au

1�
8 0 0

0 au
2�

4 0

0 0 au
3

⇥

⌅ , (20)

Ad

A0
=

�

⇤
0 ad

3�
5 �ad

3�
5

�ad
3�

5 ad
1�

4 (ad
3 � ad

1)�
4

0 0 ad
2�

2

⇥

⌅ (21)

and

Ae

A0
=

�

⇤
0 �ae

3�
5 0

ae
3�

5 �3ae
1�

4 0

�ae
3�

5 (3ae
1 + ae

3)�
4 ae

2�
2

⇥

⌅ , (22)

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

Hagedorn, SFK, Luhn

where wi denote real order one coefficients. This results in a right-handed Majorana
neutrino mass matrix MR of the form

MR

M
≈




A+ 2C B − C B − C
B − C B + 2C A− C

B − C A− C B + 2C



 eiθAλ4 +




0 0 D
0 D 0

D 0 0



 eiθDλ5 , (4.19)

with

AeiθA = w1φ
ν
1 , BeiθA = w2φ

ν
2 , CeiθA = w3φ

ν
3′ , DeiθD = w2(δ

ν
2,1− δν2,2) + w4 η φ

d
2 .

(4.20)
According to Eqs. (B.2,B.5,B.6), the phases are given by

θA = −2θd3 , θD = 4θd2 − θd3 . (4.21)

The first matrix of Eq. (4.19) arises from terms involving only Φν
1,2,3′ . As their VEVs

respect the tri-bimaximal (TB) Klein symmetry ZS
2 × ZU

2 ⊂ S4, this part is of TB form.
The second matrix of Eq. (4.19), proportional to D, is due to the operator w4

1
MNNΦd

2η.

As the product of both flavon VEVs involved is not an eigenvector of U , half of the TB
Klein symmetry is broken at a relative order of λ. The resulting trimaximal TM2 [28]
structure can accommodate the sizable value of the reactor neutrino mixing angle θl13 as

explained in [20] in the context of the original model [19].
Performing the CN basis transformation (P−1

N )TMRP
−1
N does not alter the matrix in

Eq. (4.19) at the given order, so that MR = MR +O(λ6)M .

4.2.3 Effective light neutrino mass matrix

Calculating the effective light neutrino mass matrix which arises via the type I seesaw

mechanism v2u Y
νM−1

R (Y ν)T , we can parameterise the LO result as

meff
ν ≈

y2Dυ
2
u

λ4M








bν + cν − aν aν aν

aν bν cν

aν cν bν



 e−iθA +




0 0 dν

0 dν 0
dν 0 0



λ ei(θD−2θA)



 , (4.22)

with aν , bν , cν and dν being functions of the real parameters A, B, C and D. The
deviation from tri-bimaximal neutrino mixing is controlled by dν ∝ D. Due to the three

independent LO input parameters (w1 ∝ A ,w2 ∝ B ,w3 ∝ C), any neutrino mass
spectrum can be accommodated in this model. Moreover, both Majorana CP phases are

trivial. At this order, the canonical normalisation does not modify the effective light

14
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7.2 Effects of RG running

Having calculated the GUT scale mass insertion parameters, it is now necessary to con-
sider their evolution down to the electroweak scale. Only then are we able to compare
the predictions of the model to experimental measurements of flavour observables. This

evolution is described by the RG equations which are given explicitly in Appendix E
in the SCKM basis. Technically, we perform the RG running in two stages, first from

MGUT to MR where the right-handed neutrinos are integrated out, and then from MR to
MSUSY ∼ MW . In order to derive analytical results, we estimate the effects of the running

using the leading logarithmic approximation. As the Yukawa matrices themselves are
also affected by the running, it is necessary to apply further basis transformations on the
superfields which diagonalise the low energy Yukawas matrices.

Details of the various steps involved in calculating the low energy mass insertion
parameters can be found in Appendix F. For the down-type squarks and the charged

slepton, the resulting effects can simply be absorbed into new order one coefficients. It
is interesting to see that this is not the case for the up-type squarks, where the order of
the (13) and (23) element of δuLR gets modified. For completeness, we present the flavour

structure of the low energy δs in terms of their λ-suppression, which should be compared
to Eqs. (7.4-7.6).

δuLL ∼




1 λ4 λ6

· 1 λ5

· · 1



 , δuRR ∼




1 λ4 λ6

· 1 λ5

· · 1



 , δuLR ∼




λ8 0 λ7

0 λ4 λ6

0 λ7 1



 , (7.7)

δdLL ∼




1 λ3 λ4

· 1 λ2

· · 1



 , δdRR ∼




1 λ4 λ4

· 1 λ4

· · 1



 , δdLR ∼




λ6 λ5 λ5

λ5 λ4 λ4

λ6 λ6 λ2



 , (7.8)

δeLL ∼




1 λ4 λ4

· 1 λ4

· · 1



 , δeRR ∼




1 λ3 λ4

· 1 λ2

· · 1



 , δeLR ∼




λ6 λ5 λ6

λ5 λ4 λ6

λ5 λ4 λ2



 . (7.9)

8 Conclusion

Despite its tremendous success, the Standard Model of particle physics is widely viewed as
the low energy limit of a more fundamental theory. In order to understand the nature of

flavour in such extensions of the SM it is necessary to answer the following three questions.
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Figure 12: Upper panels: the absolute value of SUSY contributions to �MK (left) and
✏K (right) plotted against the average squark mass defined in Eq. (4.19), with the dif-
ferent colours corresponding to di↵erent values of x = (M1/2/m0)2. Lower panels: the
most important mass insertion parameters, relevant for K mixing (left) with di↵erent
colours representing the produced value of |✏SUSY

K |; |�MSUSY
K | versus |✏SUSY

K | (right), with
the grey shaded points being excluded by BR(µ ! e�). The red dotted lines indicate
the experimentally observed values, while the blue dotted lines show the limits on NP
contributions.

with the loop function f5(y) given in Appendix B. We find that this contribution is

completely negligible, as it is proportional to �14. The upper left panel of Figure 12 shows

the combined gluino and DP SUSY contribution to �MK , as produced in our scan. It

can exceed the NP limit quoted in Eq. (4.41) (blue dotted line) for small values of x, even

shooting above the experimental value of Eq. (4.40) (red dotted line) for x ⌧ 1.
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Figure 10: The absolute value of the gluino and double penguin contributions to �MB
s(d)

versus the average squark mass as defined in Eq. (4.19). The colour coding corresponds to
di↵erent values of x = (M1/2/m0)2. The red dotted lines denote the experimental central
values of Eqs. (4.25,4.26), while the blue dotted lines indicate the maximum allowed NP
contributions according to Eq. (4.28).

barring contributions from the A
B

q

,(DP)
3 term. When t� takes its maximum value of 25

and µ ⇠ MA, the double penguin contributions to �MB
q

increase to about an order of

magnitude above the gluino-box contributions, which is however still significantly below

the SM and experimental values.

Figure 10 shows the predicted SUSY contributions to the Bq meson mixings as pro-

duced in our scan. They are plotted against the average squark mass defined in Eq. (4.19)

and lie below both the experimental measurements (red dotted lines) and the NP limits

(blue dotted lines) by at least an order of magnitude. This result is in agreement with the

findings in Section 3.2.2, where we have compared our predictions for the mass insertion

parameters with existing limits in the literature.

The e↵ects of the complex down-type mass insertion parameters of the (23) and (13)

sectors can be studied through the time dependent CP asymmetries associated with the

decays Bs ! J/ � and Bd ! J/ KS. Focusing on the mixing-induced CP asymmetries,

we have [51]

Sf =
2 Im(�f )

1 + |�f |2 , (4.32)
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Figure 14: The neutron EDM versus the average squark mass mq̃ =
p
mũ md̃, with mũ

and md̃ as defined in Eq. (4.59) (left panel) and versus the electron EDM (right panel).
The red dotted lines denote the current experimental limits as given in Eqs. (4.63,4.3)
and the black dotted lines the future limits |dn/e| . 10�28 cm ⇡ 5 ⇥ 10�15 GeV�1 and
|de/e| . 3⇥ 10�31 cm⇡ 1.52⇥ 10�17 GeV�1 [40].

neutron and electron EDMs are plotted against each other. They are of the same order of

magnitude, but it is the current electron EDM limit that constrains our parameter space.

When the future experimental limits are reached, only the small part lying in the lower

left corner bounded by the black dotted lines would survive.

5 Conclusions

In a recent paper we showed how MFV can emerge approximately from an SU(5) SUSY

GUT whose flavour structure is controlled by the family symmetry S4 ⇥U(1) [1], provid-

ing a good description of all quark and lepton masses, mixings as well as CP violation.

We showed that the model leads to mass insertion parameters in Eqs. (2.16,2.17,2.18)

which very closely resemble the MFV forms, where �u,d,eLL,RR are unit matrices and �u,d,eLR are

proportional to the Yukawa matrices.

Whereas in [1] we focused on the similarity to MFV, here we highlight the di↵erences,

which we do by considering the predictions for electric dipole moments, lepton flavour

violation, B and K meson mixing as well as rare B decays. As expected, many of the

new physics contributions fall well below current limits. This is the case for example in

B physics observables, where deviations are negligible (at the 1% level). Thus, our model

would be unable to explain any discrepancies between SM expectations and measurements

in �MB
s,d

or in the time dependent asymmetries SJ/ � and SJ/ K
S

. This is in marked

contrast to the SU(3) family symmetry models previously studied, where large e↵ects were
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Figure 6: The supersymmetric contribution to the branching ratio of µ ! e � versus the
average slepton mass mẽ =

p
mẽ

LL

mẽ
RR

(left panel) as well as |de/e| (right panel). The
red dotted lines represent the current experimental limits given in Eqs. (4.3,4.7) while the
black dotted lines show the expected future limits, that is BR(µ ! e �) . 6⇥ 10�14 [42]
and |de/e| . 1.52⇥ 10�17 GeV�1 [40].

ratio. The combination of the current limits on both observables highly restricts our

parameter space. Reaching the expected future limits, denoted by the black dotted lines,

would nearly exclude our model.

In Figure 7 we show our predictions for BR(µ ! e�) in the plane of two (12)

mass insertion parameters as produced in our scan. Comparing this to the discussion

of Section 3.2.3 reveals that, with the present MEG bound, |(�eLL)12| . 5 ⇥ 10�3 and

|(�eLR)12| . 5 ⇥ 10�6 are not excluded as it was suggested by the limits in Figure 3. On

the other hand, |(�eRR)12| can take its maximum values produced by the scan. The reason

for these weaker bounds is twofold. Firstly, the analysis in [36] sets the limits on the mass

insertion parameters by choosing t� as large as 60, whereas we only allow for maximum

values of 25. Secondly, the derivation in [36] requires that the discrepancy of (g � 2)µ
from its SM value is explained by SUSY contributions.
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Figure 13: The SUSY contributions to the branching ratios of Bq ! µ+µ� versus the av-
erage squark mass mq̃, defined in Eq. (4.19). The red dotted lines denote the experimental
measurements, while the blue dotted lines indicate the maximum NP contributions.

Then, for |At µ|/M2
A ⇡ O(1), mq̃ ⇡ 2 TeV, t� ⇡ 25 and f1(yµ) receiving its maximum

value of order one (cf. Figure 9), we expect BR(Bs(d) ! µ+µ�) ⇡ O(10�10(�12)).

In Figure 13, we plot our predicted SUSY contributions to the branching ratios of

Bq ! µ+µ� against the average squark mass mq̃, defined in Eq. (4.19). The red dotted

lines denote the experimental measurements, while the blue ones correspond to the limits

for the NP contributions as given in Eq. (4.53). In both sectors, Bs and Bd, our maximum

predictions fall about an order of magnitude below these limits.

4.6 Neutron and 199Hg EDMs

CP-violating e↵ects in the quark sector can manifest themselves through the quark EDMs

as well as the quark Chromo Electric Dipole Moments (CEDMs). The gluino contributions

read [15, 64, 65]

⇢

dq
i

e
, dCq

i

�

=
↵s

4⇡

mg̃

m2
q̃

Im [(�qLL)ik(�
q
LR)kj(�

q
RR)ji]

�

QqFq(y),FC
q (y)

 

, (4.57)

with

Fq(y) = �8

3
N1(y), FC

q (y) =

✓

1

3
N1(y) + 3N2(y)

◆

, (4.58)

where Qq denotes the electric charge of quark q and the loop functions N1(y), N2(y),

with y = (mg̃/mq̃)2, are given in Appendix B. As the first generation squarks dominate
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Conclusion
The Standard Model is highly successful but leaves 
three questions: nu mass, unification, flavour

Nu mass motivates RH neutrinos

SUSY facilitates unification: SU(5), SO(10), E6

E6SSM allows seesaw, predicts singlet+extra matter

We discussed E6SSM from F-theory to the LHC

 It has all the ingredients for 750 GeV Diphotons

Flavour problem necessitates flavour symmetry

We discussed S4xSU(5)xU(1) with flavour predictions


