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The Flavour Problem and
See-Saw



The Flavour
Problem
1. Why are there
three families of
quarks and
leptons?
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The Flavour Problem
2. What is the origin of quark and
lepton masses?
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The Flavour Problem
3. Why is quark mixing so small?

bibbo Vij ~ uirp
bayashiM d;r,
kawa %78
VCKM =10 ¢; S, 0 1 0 -S, ¢, O
° ° ™
6,=13 =0.1

o . B "
6, =24 =0.1 - All these angles are pretty small — why"

6,=020 =005

While the CP phase is quite large
Ocp~70° + 5°




The Flavour Problem
4. What is origin of quark CP violation?
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The Flavour Problem
5. Why is lepton mixing so large?

) (v,) Standard Model

states Neutrino mass

i ? states

ntecorvo (Ve\ (Uel U., U€3\\ (,/1\
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Majorana phases a,, o,

3 masses + 3 angles + 1(3) phase(s)
= 7(9) new parameters for SM




Global Fit to Atmospheric and Solar Data

M. Maltoni, T. Schwetz, M. A. Tortola and J. W. F. Valle,
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There is a hint for 6,5 being non-zero

Solar, KamLAND Solar & KamLAND + Atm. & LBL & CHOOZ
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sin® 3 = 0.016 £+ 0.010 Fogli et al ‘08



Neutrino mass squared splittings and angles

m2
-V, N
== vl-l
Normal [®™= Y: | Inverted
= | — — 11,
solar~7x105eV2
atmospheric - 7y
~2x1073eV2 _
atmospheric
— ~2x1073eV?
solar~7x107%eV2
i g E— 171y
I ?
0

Absolute neutrino mass scale?

Why are neutrino
masses so small ?

° o)
6, =345 =1.4
0, =43 =4

Two of these angles are
> pretty large — why?

0,=<10



Tri-bimaximal mixing matrix U;g

Harrison, Perkins, Scott

2 1
ANEES
— 1 1 1
) \F %5 )
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TB angles 6, =35, 0,, =45, 0,=0.

0,=345 £14°,0,,=43.1 =4°, 0, <10

c.f. data



Discrete neutrino flavour symmetry

: 0 0
Consider the TB v "(;1 o |
Neutrino Mass Matrix ~m~ -5 . ”'82 78

ms

M., = my <I>1<I>ir + 1modo @5 + ms®dy <I>§“

4 =2 =2 111 00 0
| 1 !
@1‘1’{:6 -2 1 1 (I)Q(I)gzg 111 (I)3CI)§:§ 0 1 -1

-2 1 1 111 0 -1 1

TB Neutrino Mass M;B _ SM;BST M;B _ UM;BUT

Matrix is invariant

under a discrete | -1 2 2 1 0
Z,x Z,group S=3z1 2 -1 21 . U=- 8(1)

generated by S,U

o = O

|




Lam

S, family symmetry

In this basis the charged lepton matrix is invariant under a diagonal
phase symmetry T

m 0 O 1 0 O
ME=|0 m, O |=TMETT T=10 &° O w=e’m’3
0 0 m 0 0 w

S,T,U = generate the discrete group S,

Suggests using a discrete family symmetry S, broken by three types of
flavons ¢g, ¢, ¢, which each preserve a particular generator

S(ps) = +1{(¢s), Ulou) = +1(ov), T{(¢r)=+1{¢7)

EYuk -~ w(ng + Qb])wcH ’ Charged leptons preserve T

E]\Jaj -~ w(CbS + CbU + gb[)wHH Neutrinos preserve S,U



\ Indirect models o

Alternatively it is possible to realise the neutrino flavour symmetry
indirectly as an accidental symmetry

Introduce three triplet flavons ¢, , ¢, , 95 with VEVs along columns of U;g

(1) = v1P1, (P2) = v2P2, (@3) = v3P3

o 1 —2 . 1 1 . 1 (1) These flavons
= — 1 , = — 1 , = —
1 NG | 2 /3 | 3 /2 » break S,U

The following Majorana Lagrangian preserves S,U accidentally

LYY~ (G101 + daty + G303 )WHH
MYy = m &P+ maDo®E + madsdl




Gr anII;|

e.g. A, is the symmetry
of the tetrahedron

PSL(7)

z=z s

Discrete family symmetry
suggested by TB mixing

Cooper, SFK, Luhn
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Aside on Family Symmetry

= Assume the 3 families of quarks and leptons v are triplets of some
family symmetry e.g. SU(3)

= Higgs fields H are typically singlets of family symmetry

= The family symmetry must be spontaneously broken by new Higgs
fields called “flavons” denoted ¢

= The flavons are typically antitriplets under the family symmetry group
and different flavons develop VEVs in different components, E.g.:

= < ¢3 > = (O’O’V)
= <0y> =(0,v,v)
5< Q3 > =(V,V,V)



B Neutrinos can have Dirac and/or Majorana Mass

Majorana masses

- C
m;, v,V
< ;

- C
M, V.V,

MRV Ve

Dirac mass

!

CP conjugate

> Violates L
Violates Le9LM’L17

Neutrino=antineutrino

Conserves L
Violates L, L, , L,
Neutrino zantineutrino



The See-Saw Mechanism

N m;
Basic idea mu —

MgauT

Light neutrinos
Heavy particles

~ eV




See-Saw Standard Model (type |)

Yukawa couplings to 2 Higgs doublets (or one with H; = H: )

1
Quc RRV] + H.c.

Emass — _eab YeHdLb C YI/HaLbVC —|_
< Hﬁ >= V9, < Hcli >=v; tanf3 = vo/v €ay = —€pa, €12 =1
Insert the vevs

- 1 ~ ..
e 1% C 1] c,,C

Rewrite in terms of L and R chiral fields, in matrix notation

— > X — ot

= E —_ % __1ayc
—e, M ey =V, M V=5V MV, + H.c.



The See-Saw Matrix

Type IT con‘rmbu’non
(ignored here)

Dirac ma‘rmx

D

Heavy Maj Jor'ana matrix

Diagonalise to give effective mass

Light Majorana matrix ——

c

Vi

Vi

— c

—m;v,v,

14

m;, =

11 -1 T
m;, — mLRM RRM R




The see-saw mechanism

Type I see-saw mechanism  Type II see-saw mechanism (SUSY)

P. Minkowski (1977), Gell-Mann, Glashow, Lazarides, Magg, Mohapatra, Senjanovic,
Mohapatra, Ramond, Senjanovic, Slanski, Shafi, Wetterich (1981)
Yanagida (1979/1980)
Uu Uu
Vy Vy % x
X X N i
0N A 0
HO : : HO Hu Y g Hu
u u
I I i
I V,Q [ I H
> 4 4 <« ¥ AO <« + €CIIV);
| ripie
v v . P
L L
> i’ <
Ve A2V,
2
11 v,
m;, = MY, Y,
A




The see-saw mechanism cont'd

Type IIT see-saw mechanism

Foot, Lew, He, Joshi Supersymmetric adjoint SU(5)
Yy Ty
. Way + o
HO \ H?
: P : SU((2), trlplet ), singlet
> 4 & <
v, [ vV,
Supersymmetric Adjoint A, x SU(5)

SU(2), fermion triplet |M pp

Cooper, SFK, Luhn

Type III



Lecture 2
Grand Unified Theories

1. SU(5)
2. SO(10)

3. Proton decay with triplets

Appendix on group theory



Renormalisation Group running

RG running
Parameter at Mgy, « Parameter at My
Mew Mgysy M. M, M, M,
— —— o
102 ~ N - 1016 [GeV]

RH neutrino masses

3
RGEs for gauge couplings dga _ Ya b
(to one loop accuracy) dt 162 ¢

where t = In(p/Myx) (p is the MS scale and My is the high energy scale)

SM beta functions MSSM beta functions
by 0 4/3 1/10 by 0 N 2 N 3/10
b-i — b-z — —99 /3 4+ A‘rFam 4 /3 + A’TH‘iggs 1 /G bl = b-z - —6 + N Fam 2 + i’\"H iggs 1/ 2
bs 11 4/3 0 bs -9 2 0

b, =(5:=%>=7) by = (28,1, -3)

5



SM couplings at low energy

Latest coupling constant measurements at Mz energy scale:

® a; (Mz) (MS) = 0.016947(6) (RPP 2006)

® o2 (Mz) (MS) = 0.033813(27) (RPP 2006)

@ o3 (Mz) (MS)= 0.1187(20) (RPP 2006)



Evolution of SM couplings

Two-loop RGEs for the SM:

60
N 1/oc1
40—
S 1/a,
20—
- 1/oc3
| | | | | | | | | | | I
0 5 15

Iogl(%nergy / GeV)



MSSM

Two-loop RGEs for the MSSM with 1 TeV effective SUSY threshold:

60—

40

1/«

20

O | | | | | | | 1|O | | | | I | |
Iogw(Energy | GeV)



RGEs for t,b,t in the MSSM

0 0 0
Y, ~ 0 Yy~ 0 Y, ~ 0
Y, Y, Y,
dY; 1 16 13
T = VGNP %P — (63 + 363 + ogd)
dY, 1 , 16 7
Th = VBIP + [YP 4 (VP — (e + 363+ =)
dY, 9

1 2 2 9,
= 1o AT 3INT - (B + a)l,



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

G— SUB).®SUQ2)2UQ1)y
R— ui=(3,1-2), di=(3,1,1), e =(1,1,1),
Q' = (u', d') = (3, 2,

)7 LY = (Vv 6) — (17 2, _%)7

D]

Motivations

Continuation of process of unification of physics starting with Maxwell
Remarkable fit of SM multiplets into Pati-Salam, SU(5), SO(10), E;...
Unification of gauge couplings at high energy scale M1

Charge quantization: equality of electron and proton charges

a &~ w0 b -~

High energy fermion mass relations e.g. m,=m_



Candidate GUTs

SU(S)an)/Sz)k

AN

SU(4) . x SU(2), x SU(2),, SUG)
|

SUQ3).xSU2), xSU2),xU1),_,




SU(B) GUT Georgi and Glashow
With the hypercharge embedding

(200 0 0
- 020 0 0
Y = 2\/§Yr and Yy = L 002 0 0 TrY2 = 1/2
3 V60l g 0 0 -3 o0 >
\ 000 0 -3
Each family fits nicely into the SU(B) multiplets
/ d§ \ ( 0 u§ —uf wlt dt \
ds 0w W &P
5 = ds 1009) = . 0 u &
e . . 0 e
\ —Vv / I \ . . .0 )L

5=(3,1,+1/3)%(1,2,—-1/2) and 10 =(3,1,-2/3)®(3,2,+1/6) & (1,1, +1)

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

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



Higgs Sector of SU(5)

Candidate Higgs reps of SU(5) are contained in
matter bilinears constructed from 5" and 10

5)

b = 104

EW

= [ &

5 10

|||||||||||l|

10 @ 10

Minimal suitable Higgs reps for fermion
masses consist of 5., + 57,




Fermion Masses in SU(5)
The Yukawa superpotential for one family with Higgs H=5, H'=5"

)\uHi ].Ojk]_()lnleijk?l’nl + Adﬁz]_()zjgj
- A Qu +A,(H,Qd" + H,Le")
/\d — >\e al t.he GLTT SC‘a.le

Assuming this relation holds for all 3 families

— Ap = Ar. Ag = /\'u, Ad = A at Maur

N Y —

good almost good

A
c.f. Georgi-Jarlskog relations at Mgr: )Lb = )LT, },S = ?“, )Ld =3A

e



Breaking SU(5)

The smallest Higgs rep which contains a singlet under the SM
subgroup is the 24 Higgs rep and is a candidate to break SU(5)

24 = (1,1,0) & (8,1,0) 4 (1, 3,0) & (3,2, —5/6) & (3,2, +5/6)

The Higgs superpotential involving the minimal Higgs sector of SU(5)
consisting of the 24, plus H=5 plus H'=54"

Wy = 7‘72,551_]1'5?[ + 7’72,2424‘}'_“243_“ + )\24 24[{7 24Z HE T 7]3]{124[_]] JH

(1 \ [0
1 0
(24,,) = vas 1 (5,)=s| O
-5 0

\ ~3 ) \ 1 )

With some tuning (see later) one can achieve light Higgs doublets which can
develop weak scale vevs v; < v,,



Proton Decay in Non-SUSY SU(5)

Gauge bosons in adjoint of SU(5)
contain SM gauge bosons G,W,B

plus new gauge bosons X,Y

24 =

Gn-2& G Ghs XY Y
Goy G — 25 Gz X5 Yy
Gy Gz Gz — \2/% X§ Yy

WS> | 3B
X X X3 73 + /30 WZI + .
Yi Y, Y; W= —5 T 7%

— Proton decay mediated by X gauge bosons at Mgyt ~ 10%° GeV

u X ot u et

e N

2
GUT
Decay modes
o2 p—etn® n—etr
Isy ~ —(iUT m; = TsM ~ 103 years | P — etp’ n—etp”
GUT p—et® n—
p—etn  n—or°
) . p -t n—7,K°
— Experimentally ruled out 7 (p — 71'e )> 5.0x10%y (SK) ]p Lot :
— Also, SM couplings DO NOT unify. p— 7, K"



Proton Decay in SUSY SU(5)

® Supersymmetric GUTs
— Couplings DO unify
— ... and at a higher scale: Myt ~ 10'° GeV

TﬁUSY ~ 10%° years

— Such a lifetime is not yet probed experimentally.
— But these are dimension-6 operators...

There are also in addition dimension 5 proton decay operators
arising from colour triplet exchange (see later)

However the main drawback of SU(5) is that it does not
predict right-handed neutrinos....



SO(IO) GUT 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(B) reps are unified into SO(10):
10+5+0 C 16
The two Higgs doublets are contained in a 10 of SO(10)

OH, 51-1 C 10gy
Fermion masses arise from the coupling
216.16.10,, = A(Qhyu + Qhd" + Lhe‘ + Lhy*)

c.f. Pati-Salam



Neutrino masses in SO(10)

_ _\ (H® _
16.16.10, - (v e), (H_)VR —m, ,V,V, Dirac mass

\
16.16.126, —<126, >v v,

> Heavy Majorana mass

16.16.16,16, <16, >’ -

M M D

S0O(10) contains all the ingredients for the see-saw mechanism and
tends to predict a hierarchical pattern of neutrino masses



Troublesome Colour Triplet Higgs

Low energy MSSM Higgs doublets must be embedded into
representations of the GUT group

H
This Leads to new (colour triplet) particles D e.qg. SH = ( D”)

SU(5) SO(10) Ee
H,+Hy—5a®bg Hy+H;— 10y H,+ Hq— 27n

All give new colour triplet particles: D~ (3 1); 15 D~ (31);
(£3INkg)
Problems: 1  Spoil Unification of MSSM gauge couplings

2 Cause rapid proton decay



Proton Decay with Triplet Higgs

say H,, H;, D,D — H representation of ©
eg: 10 tor SO(1V)

' F representation of G

eg 16 tor SO(1V)

And quarks and leptons

To produce SM Yukawa terms one generally uses FFH terms
Gives following SM interactions: HuQuc, Hdec, HdLec

But also gives ‘dangerous’ terms involving D;D with sm particles:

DQQ; Dd"u®; eDu% QLD — proton decay



( Q Q
DQQ; Ddus; eDu%; QLD -~ bbb
Q/ \L

D-exchange generates superfield operators—> <

Q Q
_ 1
In terms of scalar and fermion IR
components some examples of \ b q

dangerous operators are shown below

® Colored Higgs exchange generates dimension-5 operators.

L

d ""\,“ V d S vV
N\
\
. 1
D % P M
PR // GUT
Th S u



Proton Decay with Dim 5 Operators

u u u

[ R
+ >
ST }K (1'1 SL}K-I-
&l” ) - ./
Vo 2" i
& s
ury, M | 111 \
\ sof t v \ v

Thus 1, ~ Mgyt? Mgoq? instead of Mg *

(p = K'v) ~ ¢ xloop x RG x matrix element

ijkl ijkl 1 yijykl Minimal SU(5) turns out to
‘L TR T u"d be ruled out by prot
M, uled out by proton
decay -- but it gives

r(p— K+17)> 1.6x 1033)/ (SK) unacceptable fermion

masses anyway



Appendix 1 Group Theory of SU(S)



Nevzorov

SU(5) and SU(N) groups

#® A setof NV x N unitary matrices form fundamental
representation of (V) group.

s Generators of U(N) group are N? hermitian N x N
matrices.

s As before one generator 7V may be taken to be ~ 1

while other N? — 1 generators can be chosen so that
their traces are equal to zero.

® The set of N? — 1 traceless generators form invariant
subalgebra of U(N) that correspond to SU (V') group,
l.e.

[Ta,Tb] — i fupeTC, [TG,T()] —0.

# Therefore U(N) is not a simple group.



# The Cartan subalgebra of SU(/N) group involves N — 1

traceless diagonal matrices

O | —

o

1

\




#® Asaresult SU(N)is agroup of rank V — 1.

# Among SU(N) groups SU (5) plays a very special role
because this is a minimal special unitary group that
contains SU(3)c x SU(2)y x U(1)y subgroup which is a
group of the standard model (SM).

# SM incorporates electromagnetic, weak and strong interactions.
» |t describes all available experimental data with high accuracy.
# In the SM one family of quarks and leptons includes

uf = (3,1, -2), df=(3,1,3), e =(1,1,1),

W

QY = (u', d") = (3, 2, %), LY=(v,e) = (1,2, —3),

where the quantities in brackets are SU(3) and SU (2)
representations and U(1)y charges.



# In the fundamental representation the eigenvectors of
Cartan algebra of SU(5) group can be written as

(1) (o) (o) (o) [o)

o) \o) No) No) A1

» Each eigenvector can be associated with either quark or lepton.

# We can always choose the fundamental representation
of SU(5) so that

5 = ( zg )(3, 1) @ (1, 2), 5= (3,1)@ (1, 2)



#® Let us consider tensor representation of rank 2
5@ 5 = Vi = %V{ij} + %V[ij] = 15 10,

F® b5 = <(3, 1, —5) @ (1, 2, %)) ® ((3, 1, —5) @ (1, 2, %)),
1, -3)=3,1,-2)® (6, 1, —2)

) — (37 ) _%) ® (17 2, %) — (37 2, %)7
(1,2, )@ (1,2, 3)=(1,3, 1)@ (1,1, 1),

o] )

# Thus each family of quarks and leptons fill in complete
SU(5) representations: 10 and 5.



Gauge Sector of SU(5)

# Adjoint representation of SU(5) group, in which gauge
fields lie, comes from the product of 5 ® 5

@by =V = (V] — 2650/ V) + 20L0; V=241,

(3,1, -H® (1,2, —3) = (3,2, —5/6),
(1,2, 2)® (1,2, -3)=(1,3,0) % (1, 1, 0),
24=(8,1,0)®(3,2,5/6)® (3,2, =5/6)@® (1, 3, 0) & (1, 1, 0)
=G+ X+ X+Wl+B,

where G are gluons, W and B are SU(2)y and U(1)y gauge
bosons while X and X are leptoquarks.



Summary of Matter and Gauge Sector of SU(5)

#® These representations can be written in the matrix form

( df \ / 0 us  —us5 up dp \
ds —us 0 u{  us da
F{o} =1 d5 [ T{I0}=|[ w§ —uf O wg dg |,
e~ —u; —uUs —uz 0 €
\ v \ ~di —dy —dy e 0 )
Az = ( ’ T;B/S WbTbX; B/2 ) ’

where T% and 7" are generators of SU(3)c and SU(2)w .

#® SU(5) predicts leptoquarks which give rise to proton
decay (p — ¢ ") and implies that the gauge couplings
of SU(3)c, SU(2)y and U(1)y interactions are equal.
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Beyond the Standard Model



Y.

1

e.g.

¢ ®SU(2
A
\Int.era.ctions
strong electro-weak gravitational unified ?
Theory || QCD GSW quantum gravity 7 | SUGRA ?
Symmetry || SU(3) | SU(2) x U(1) ? SU(5)?
Gauge || g1+ gs photon G X,Y?
bosons | gluons | W% ,Z° bosons graviton GUT bosons?
charge || colour weak isospin mass ?
weak hypercharge 1
Q=13+ §YW
I Generations Quantum Numbers
Yu kawa ma’Frlces helicity | 1. 2 3. Q T, Yw
Hy,Y,
Ve vy, vy 0 1/2 -1
Vi (), (), (5)) 4
NITE
ul c, t; 2/3 1/2 1/3
E ij ,YZJ > 4 jj ’Yl] (d)L (S)L (b)L —1/3  —1/2 /3
+ €R KR TR 1 0 -2
H"\
(V e ) eR ,IPR UR CR tR 2/3 0 4/3
HO dr gs bR ~1y3 0 ., 1




Standard Models Puzzles

The origin and fate of the Universe - and why is it so big and flat?

The dark side of the Universe - why is 95% of mass-energy in a form that is
presently unknown, including 23% dark matter and 72% dark energy?

The origin of matter - the problem of why there is a tiny excess of matter
over antimatter in the Universe, at a level of one part in a billion.

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

The guest for unification - the question of whether the three known forces
of the standard model (and gravity) may be unified.

The problem of flavour - the problem of the three generations with fermion
(incl. neutrino) masses and mixing angles and CPV phases, giving small FCNCs
and tiny strong CPV.

5/27/11 Steve King, Southampton 54



Why is the Universe so big
and flat?

What seeds the density
perturbations?

-- Inflation!

Inflation

—Q

Potential energy

reheating end inflaton
the universe inflation field




Di Bari, SFK, Luhn, Merle, Schmidt-May

Radiative Inflation and Dark Energy

= L7ei9/f (with f = (7]))

V(,(¢):m4(1+cos?)




N=46,50,55,60
Ougy ongy

N=46,50,55360

Short term
predictions for
Planck

95% | 68%
10—4 L . )
0.92 0.94 0.96

pa=const.

Long term
predictions for
fate of Universe




Want to understand 7] = R (6.1 + O.Z)x 107"

,

10,000,000,001 10,000,000,000

The Great Annihilation Murayama




Di Bari and Marzola

Leptogenesis

Minimal
model is
2RHN model

Antusch, Di Bairi,
SFK, Jones




Origin of mass  V =m} |H| +1A|H[

Tree-level min cond mé = -V’ =-A (246 GeV)2
Including rad corr mé i 6m]2{ =—-A (246 GeV)2
9
Heel - H
e 2
Sm’ (top loop) = — : G.m’A* = —(100 GeV)2 A
il \/537;2 o 1 TeV

Fine-tuning is required if the cut-off A >1Tel

II‘ Hierarchy problem > new physics at A ~ TeV
e.g. Supersymmetry (SUSY) stop loops cancel
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Minimal Supersymmetric Standard Model MSSM

Table 1: The MSSM Particle Spectrum

Superfield Bosons Fermions
Gauge
G g g
Va W(I Wa
% B B
Matter
I = (O
B leptons ¢ ~ Lr L ec )L
Eec e — eR €y,
Q\ é s (aL7dL> (u, d)L
{jc  quarks e s ué
De DS = dt, df Higgsino mass
H, H} (HY, Hy)r T 1
- H T
s {H; ey, HHutd

(What is the origin
of this mu term?)
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Mass [GeV]

Constrained Minimal Supersymmetric

Standard Model

CMSSM

Two Higgs doublets get VEVs

| | | | | | | |
600 .
A\
\\
N _
MR ey O
\\ /”—_ Hu .
e NN
N
300 \>,\/ S0 M, ]
i N TN M
/ So <D N M2 m1/2
200:__ - \\\ \\\ —
L/ = =—_ squarks
= === _
100 I sleptons m,
I.. | L | L | L L |
Y 14 M
My Log10(Q/1 GeV GU
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| 1 l | | | | I |

- ATLAS
400 = LA ........ .
‘—(\'l =" 0 lepton comb‘ineq.exclusmn
& - T

300

250

200

150

L™ = 35pb",\s=7 TeV === Observed 95% CL limit

-=== Median expected limit .
............ Expected limit 1o
—— CMSa, 35pb N

- =S -

D0 g, g, u<0, 2.1 fb™

. [ CDF g4, tanp=5, u<0, 2 b _
\

.....

200

MSUGRA/CMSSM: tanf = 3, A0= 0, u>0.

CMSSM
under
Intense
scrutiny

800 GeV squarks
400 GeV gluinos
on the borderline
of exclusion



Beyond the MSSM

To provide an origin of u term and reduce fine tuning consider
a term ASHuHd where singlet <S> ~ u

But leads to weak scale axion due to global U(1) PQ symmetry

Need to remove axion somehow

In NMSSM we add S° to break U(1) PQ to Z; — but this results
iIn cosmological domain walls (or tadpoles if broken)

In USSM we gauge the U(1) PQ symmetry to eat the axion
resulting in a massive Z' gauge boson — but not anomaly free

In E.SSM the anomalies of the USSM are cancelled by three
complete 27’s of E, at the TeV scale with U(1) PQ € E4
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The Exceptional Supersymmetric Standard Model E;SSM

SFK, Moretti, Nevzorov

E, — SO(10)xU(1), _SO(10) - SU(5)xU(1), Esbroken va

Right handed neutrinos

are neutral under: U(1), = %U(l)w +3U0Q1), — Z'(N)

Mgur |~ Es — SMxU(1)y
w | 27— 10+54+5+5+5+N Lyt Ly
RHvmasses ° [ i

M, |- Quarks, Exotics  Singlets Extra Leptons
M leptons and Higgs and RHv s or not  Howl, SFK
1

N

TeV = U(1)y broken, Z' & exotics get mass, u term generated
My P SU(2) x U(1), broken
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Matter content of E;SSM at TeV

Quarks and Leptons EXOTIC D,D-bar

/
v

2 7 3[(622', uf, d, Lj, ef ] + 3(D;, D;)+
. —t

[ [T 302 + 30H1) +3(5) + 3080 € La + L)

\

Right-handed ExOTIC lepton

neutrinos doublets mass u’
(superheavy)

Three families of Higgs Singlets
= one active family i=3
+ 2 inert families (no VEV)

Plus a TeV scale Z' from U(1),, where gauge anomalies
are cancelled due to complete 27 reps

Predicts heavy squarks and sleptons and light gluinos
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00— T T T T 1500 -
I D2 i i D2 =0 .
" D2 i o 4
I . X A - 2, d1 i B :
1500_ q2;a] D | I D 7 h3 Z, I
— [ h3 7z — 1000 7 - - — S1o
% 2 - — z b b =
3 . o S ] 2 2 .
= - 5 dp ] O, 2 = ]
q 000 == o = | £ ho ] = L b, X2 /| X2 p, ]
4 b = x2 )| X2 _Z 2 o Dy =2
N T = — y r ~ l Ho 4
= N ] = S0 ! - .
swp- =+ i 2 T L, @ § -
i L @ — § ] i ) g = |
- H —_— | 1 2
sl —_— L h i
i /] X1 h1 — T X1 h1 —
i — — /_ Hl;j. 1 i _/ o / Hl,i .
0 L 1 1 | 1 | / 1 1 0 /
=114 GeV (approx. two loop) my, = 115 GeV (approx. two loog

ConStrained EGSSM Bench marks Athron, SFK, Miller, Moretti, Nevzorov

| T I T I T I T I T i | T I T I T ' T I T ]
: p3 : : # ]
2000 o C ] 2000 - — D ]
I A § D3 =0 ] [ ~ D3 5 i
L q2,dy —— Xi i B Go, dq — X? i
—_— - D3 4 — - B
= 1500~ ot § - 2 15001 7
7! I A @ - i
L = - / h 7 i / h3 r ]
é 1000+ _ _bz- ~2 _2 D5,2 _/ —3 S— — é 1000+ 32 - _ i L ]
- ot 2 — -+ hp ] [ L T2 s h {
B — —( — X M— 3 ] i —— X2 X2 —2 i
S R (T e P o = = 2% o
500 L @ — 5 soof =% s d
L 1 pl2 Hy 9 - - [1 —— g A
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Z, in benCh mark C Athron, SFK, Miller, Moretti, Nevzorov

I I I I I | I I I I | 1 I I I
108 \_M = 1021 GeV, ”’D —SOOGeV 20 - llllllllllllllllllll M —
| 15 — A —J 1 Exotic decays
5 I B :
\ § ¥ 1 4 makesZ
s _\, 10 [— I — | peak smaller
- - ~ ] and harder to
= L 6 [— Iy & . :
S ] i ] discover
= L B
A oD 0 980 1000 1020 1040 1060 |
&
3
S - LHC@7 TeV ~ .
= | dotted: SM + sequential Z' E
_3 | dashed: SM + EgSSM Z' R
10~3 |— e il
solid: SM + E4SSM Z' + light Ds
E 1 1 | | | ! | | ! | "
0 500 1000 1500 2000
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CMS limits on Z’ masses msm:

[Ldt=40 pb"' Vs=7TeV

-1
510
o 11800 GeV
1700 GeV
11600 GeV
1500 GeV
5| 1400 GeV
10 [1300 GeV
1200 GeV
1100 GeV |
L — \
1000 GeV S U(1)y mass
-3/ 900 GeV , - limit 930 GeV
10 | N\ | V‘ | will be
_Mixin 2an IL)KN e Y "..l '.‘ . reduced to
- -n/4 0) r "|| 1l | \‘ | ii? (j.iv
| - == @ == |l. | I u I
Tl:/4 7J2) "\i || | ‘ | | ; 9
4 is | - exotic decays
10 | ! | | et e s i e i
T 10'3 1072 107
Cd
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SM candidates include
*Neutrino (hot or warm only)

*AXiON

SUSY candidates include
*Neutralino P

*Gravitino




Belyaev, Svantesson

MSSM Neutralino Dark Matter

Neutralino mass matrix X = N1B + NZI/f/ + N3I:Id + N4[-[
M, Tl
Q  h=C—"L
M, e M, (ov)
0 -u
—u 0
X1
X1 f A X b
S Ah
o b
Xl -
XI /\f X T -7
Bulk Focus Co-annihilation
mj; =~ le Higgsino LSP g 2mx1 L le
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Hall, SFK
Almost decoupled inert sector could be responsible
for dark matter

70 0
Hdﬂ Huﬁ . SB ~ 0
( 0 )\ags fﬁa?} Sinﬁ \ HdOé
| N

Aop = 7 ABaS 0 fpav cOS 3 Hgoz

\ faﬁv sinf8 fupvcosf3 0 ) Sa

o | LSPis naturally light ~ v2 /s

Myo & ——sin28

A S LSP is inert Higgsino/singlino
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Hall, SFK, Pakvasa

Dark matter benchmark in the E;.SSM v, S
tan(3) 5 | Q, 2 [ 0.096 Br(h — x9x9) 49.5%
myt >~ ma ~ mp,/GeV 1977 B -0.0250 Br(h — )E?)gg) AT it

mp, /GeV 135.4 B 0.0040 Br(h — x9%9) 49.0%
A2 0.001 Rz -0.0257 Br(h — bb) 1.36%
Az1 0.077 AN 0.000090 Br(h = 77) LI
A12 0.077 D 2011 L'(h — xX¥x))/MeV 98.3
e 0.001 X STET T /MeV 108.7
}‘22 00-06011 P —1.9 x 10=°
» ‘ X 0138 | XENON100 limi
7 0.6 e —| imit
fi 0.001 Eoe/10 “om® [ 26105 P 34 104 cp?
Fao 0.001
;21 - Higgs decays 98.5% of time into inert neutralinos !
12 °
Fin 0.001

myo/GeV 41.91 Mainly invisible Higgs decays at LHC!!

mgg/GeV -42.31

myo/GeV -129.1 _

o /GeV 1324 Only hopeis: h — Xa2X2

mgo/GeV 171.4 E—

mig/GeV -174.4 X2 — X]-ILL ILL

m+/GeV 129.0 —

s [GEV 132.4 Soft lepton pairs ~1 GeV + missing E;

N.B. Large LSP direct detection cross-sections
close to current limits > XENON100 will test
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1 SUSY GUTs and Family Symmetry
(aka SUSY GUT of Flaweur)

C

u
EgE g
e u
v, Vi vV




GEamily

e.g. A, is the symmetry
of the tetrahedron

Discrete family symmetry
suggested by TB mixing

Cooper, SFK, Luhn
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GouT

SU(S)an)/Sz)h

AN

SU(4) . x SU(2), x SU(2),, SUG)
|

SUQ3).xSU2), xSU2),xU1),_,
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S, xSU(5) SUSY GUT of Flavour

Fy T Antusch, SFK, Luhn, Spinrath
F=|R| ~38, T-= (1> ~ 2, Ty ~ 1.

Purely real or imaginary vacuum alignments .
Hrety maginary vaciu 9 Charged lepton mass matrix

Fritzsch type quark

) 0 i\ 0
mass matrices M~ i =3x 0 | v
0 —6x* N2
A8 X6 0 0 iN 0
My~ X A 0] w,, My~ [N A2 20t | oy, : .
0 0 1 0 0 A2 Neutrino mass matrices
d 1 00 a+2y pB—-v B-—v
Phase sum rule & = 07y — 0{5 Mp~ (00 Lfos,  Mp~|B-9 fi2y a-q XM
] _ 010 B—v a—-v B+2y
Quark unitarity triangle Lepton unitarity triangle Approximate TB mixing
2 1
% iV
U — N DS
o R
V6 V3 V2
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F-Theory GUTs: a 12d string theory

Heckman and Vafa

“6d spheres” with
“2d fibres” “4d Flatlander”

We live close

to E4 point
on the extr
dimensional
“6d sphere”

SUGS)gur,

5/27/11 ve King,




The “6d sphere”

B, ~ gravit
zmatter “curve”

SI

Yukawa

We live
close to
here

“GUT surface,

dim. | internal dim. feature

10 6 = dim(Bs) gravity “gravity bulk”

8 A— dim(S) gauge fields “GUT surface S”
6 2 =dim(S NS’) matter “matter curve ¥

4 0 =dim(SNS"'NS") | interactions - “Yukawa point”

Figure 1: The structure of an F-theory GUT
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GUT breaking is achieved not with
Higgs but with Hypercharge Flux

Think of
magnetlc

SU(5) D SU(3)c x SU(2) x U(1
5= (1,2)124+ (3,1)_1y3. ‘

HY82001

2-d Matter B Acb B, AA
curve 2
Index theorem gives number of chiral Doublet-triplet Higgs splitting
doublets and triplets (think of Gauss’s law): requires:
Higgs: | F, 0
(172)1/2 N, —Np = 3/FU(1)Y - (]/AFU(l)L 88 / U(l)y 7é
%
b %
Matter: / Fyay, =0.
(3 1)y i — g = =2 / Fuay +4¢ / by, |
——— . S—— Typically predicts exotics o

Callaghan, SFK, Leontaris, Ross



Conclusion

Standard Models are highly successful but leave puzzles in their wake

Inflation and Dark energy may be linked

Minimal model of Leptogenesis is 2RHN model

SUSY provides answers to origin of mass and unification but MSSM is under threat
E.SSM predicts heavy squarks/sleptons and light gluinos plus Z" and exotics

Z' may be harder to spot due to exotic decays

Dark matter may be inert singlino/higgsino = signal at XENONz100

SUSY GUTs of Flavour address Flavour problem and Unification

F-theory may be origin of SUSY GUTs but predicts exotics (E.SSM ?)

LHC could discover SUSY and exotics in 2011/2012
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