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Experimentally the Standard Model reigns supreme : 



But leaves many questions unanswered…. 
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Most promising…new symmetries…. 
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Characteristic multiplet structure 
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Georgi Glashow 

(5) (3) (2) (1)SU SU SU U⊃ ⊗ ⊗Grand Unification 

5 × 5Group of  complex unitary matrices with determinant 1 
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Compactified string theory 



5 × 5Group of  complex unitary matrices with determinant 1 

50 − 25 −1= 24 independent matrices – adjoint representation 

U = exp −i β iLi
i=1

24

∑⎛
⎝⎜

⎞
⎠⎟
, U †U = 1 ⇒ Li Hermitian generators 

Covariant derivative: 
1
2
Vµ ≡

1
2

Vµ
aLa

a=1

24

∑ ,Define Dµψ 5( )i = δ j
i ∂µ−

ig
2

Vµ
a La( ) j

i

a=1

24

∑⎡
⎣⎢

⎤
⎦⎥
ψ 5

j

G1
1 − 2B

30
G2
1 G2

1 X1 Y 1

G1
2 G2

2 − 2B
30

G3
2 X 2 Y 2

G1
3 G2

3 G3
3 − 2B

30
X 3 Y 3

X1 X2 X3
Wµ

3

2
+ 3B

30
W +

Y1 Y2 Y3 W − −
Wµ

3

2
+ 3B

30

⎡

⎣

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

,
Vµ =

Gauge bosons Vµ
a

(3,1)+ (1,2)

  SU (5)Gauge boson structure 

Lepto-quark 
interactions 

dc	  
dc	  
dc	  
e	  
νe



Spontaneous symmetry breaking 
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SO(10) :Group of matrices R that leave invariant length of 10-dim vector  

RT R = RRT = 1 SO(n) : n2 − (n2 + n) / 2 = n(n −1) / 2Adjoint representation 

SO(10) 45 gauge bosons 

Rank 5 

SO(10)  ↗
SU(5)×U(1)

 ↘
SU(4)× SU(2)L × SU(2)R

45 = 24 +1+10 +10

Anomaly free 
  SO(10) ⊃ SU (5) ⊃ SU (3)⊗ SU (2)⊗U (1)Grand Unification 



SO(10) :Group of matrices R that leave invariant length of 10-dim vector  

RT R = RRT = 1 O(n) : n2 − (n2 + n) / 2 = n(n −1) / 2Adjoint representation 
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SM evolution of gauge couplings 
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The Standard model as an effective field theory… 

A renormalisable, spontaneously broken, local gauge quantum field theory 
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• Renormalisable ✔	    D ≤ 4 + O(1 / M )

 
LSM

effective ⊃ M A Aµ Aµ + mf fL fR  MA , mf  MX , MPlanck• × ×
Fermions chiral ✔	  

Vector gauge bosons ✔	  
(Massless - vectorlike couplings; massive – chiral couplings) 
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The Standard model as an effective field theory… 

A renormalisable, spontaneously broken, local gauge quantum field theory 
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SUSY	  GUTS	  



GGUT ×GFlavour × N = 1SUSY( )
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SUSY gauge coupling unification 
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SUSY gauge coupling unification 
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  MU = (2.6 ± 2).1016GeV

	  
	  

Unification with gravity? 

  sin2θW = 0.23116(12) (Expt)

  α s = 0.134 ± 0.01− 4(sin2θW − 0.23116)   c. f . 0.1184(7) (Expt)
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SUSY gauge coupling unification 
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Masses – IR fixed points in the SM  

,	  

,	   |IRFP	  

  ⇒ mt = 110GeV



Masses – IR fixed points in the SM  

,	  

,	   |IRFP	  

  ⇒ mt = 110GeV …but 



Masses – IR fixed points in the SM  

,	  

,	   |IRFP	  

  ⇒ mt = 110GeV …but 



Masses – IR fixed points in the SM  
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The data for quarks is consistent with a very symmetric structure : 
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O(1) coefficients suppressed 



id u
us

s c

m mV e
m m

δ= −

| (0.216 0.2140.217 0.2 ) (0.0722 0.076) |. . iec f δ− − −−
00.213 0.223, 90δ= − =

Fritzsch,	  
Weinberg	  
Roberts,	  	  
Romanino,	  
GGR,Velasco	  

CP	  SM	  phase?	  /	  

3

23

3

2

? ? 1

0
d

b

M
m

ε ε
ε εε

⎛ ⎞≤
⎜ ⎟= ⎜ ⎟
⎜ ⎟⎝ ⎠

5ε≤

GATTO,	  SARTORI,	  TONIN	  symmetric	  

Texture zero 



q↔ l  symmetry?
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Charged leptons are consistent with a similar form 
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SU(5): Charged fermion masses 



After diagonalising down quark mass matrix: 
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Charged fermion masses 
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	  GUT relations 
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	  GUT relations Georgi-Jarlskog L5( )33+12+21 + L45( )22
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Leff
ν = m3 φ23

i ν iφ23
jν j + m2 φ123

i ν iφ123
j ν j

23 123(0,1, 1), (1,1,1)i iφ φ< > = − < > =

  
c. f . LDirac

q,l = mt ,b,l φ3
iψ iφ3

jψ j
c + ...   < φ3 >

i= (0,0,1) ???

Can one have a unified description of quark, charged lepton and neutrinos? 

Neutrinos ???  



  
Leff
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i ν iφ123
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ε d = 0.15,   ad = 1
ε l = 0.15,   ae = −3
ε u = 0.05,   au = 1
εν = 0.05,   aν = 0

  

Neutrinos ???  

  Quarks, charged leptons, neutrinos can have similar Dirac mass :

See-Saw 

  
⊂ 120eff SO(10)

  Σ ∝ B − L+ 2T3
R



“See-saw” with sequential domination 1
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T
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Minkowski 
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Origin of fermion mass structure? 



Non-Abelian family symmetry 
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Promote φi  to fields transforming under SU(3)family

	  Family symmetry 

Messenger mass 

…can	  differ	  for	  u,d,l,ν	  
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Vacuum alignment ??? 

Promote φi  to fields transforming under SU(3)family

⇒  Discrete non Abelian symmetry  

	  Family symmetry 



 

φ1 →φ2 → α φ1

φ2 →φ3 → α 2φ2

φ3 →φ1 →α−3φ3

  
φi Z3φi Zn

'φi

Z3 × Zn| α n = 1

n = 2, Δ 12( ) ≡ A4
n = 3, Δ 27( )

Δ 3n2( )

e.g.

Non Abelian discrete symmetries 



Non Abelian discrete symmetries 

 

φ1 →φ2 → α φ1

φ2 →φ3 → α 2φ2

φ3 →φ1 →α−3φ3

  
φi Z3φi Zn

'φi

Z3 × Zn| α n = 1e.g.

Choice of discrete symmetry 

• Vacuum structure : 
Z3, φ = (1,1,1)    λ>0

Z3 × Zn| →
Zn ,   φ = (0,0,1)  λ<0  

{ 

  V (φ) = −m2 φ† iφi + ...+ λ m2φ i†φiφ
i†φi
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SUSY GUTS – Nucleon decay 



Coloured Higgs mediation  

SU(5) MX
Σ24

⎯ →⎯ SU(3)× SU(2)×U(1) MW
H5

⎯ →⎯ SU(3)×U(1)
Σ = v3Diagonal 2,2,2,−3,−3( )
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⎟
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}	  

Nucleon  
decay 



Missing doublet mechanism 

Θ50 = 8,2( ) + 6,3( ) + 6,1( ) + 3,2( ) + 3,1( ) + 1,1( )

No (1,2) component 

Doublet –triplet splitting 



Missing doublet mechanism 

Θ50 = 8,2( ) + 6,3( ) + 6,1( ) + 3,2( ) + 3,1( ) + 1,1( )

No (1,2) component 

 PMD = bΘΣ75Hu + b 'ΘΣ75Hd +M!ΘΘ

Σ75 ∝M breaks SU(5) to SM 

 PMD ⊃ bMΘ3HuT + b 'MΘ3HdT +M!Θ3Θ3

Only Higgs colour triplets get mass 
 
mT ∝

M 2

M!

Doublet –triplet splitting 



W = P exp −i T aAm
a dxm

γ
∫

⎛

⎝
⎜

⎞

⎠
⎟

Compactification: K = K0 /H

freely acting discrete group 

Wilson line breaking:  

 embedding of H into gauge group G 

W : H ⊂ G

Massless states: H ⊗H singlets
Breit, Ovrut, Segre 

Higher dimensions (String unification) 

Doublet –triplet splitting 



W = P exp −i T aAm
a dxm

γ
∫
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⎝
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⎞

⎠
⎟

Compactification: K = K0 /H

freely acting discrete group 

Wilson line breaking:  

 embedding of H into gauge group G 

W : H ⊂ G

Massless states: H ⊗H singlets

e.g. SU(5) : H = Z3, H = Diag(α ,α ,α ,1,1), α = e2iπ /3

H ⊗H( ) : (1⊗ 5)→ H −

H
0

⎛

⎝
⎜

⎞

⎠
⎟
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, 3,5( )→ e
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⎟
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⊕
dc

dc
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⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
α 2

, Matter → 3,5 +10( )

Breit, Ovrut, Segre 

Higher dimensions (String unification) 

Doublet –triplet splitting 



SUSY GUTS – Nucleon decay 



1
Λ
QQQL F

  
τ

p→e+π 0 > 2×1034 yrs, M X >1016GeV τ
p→K +ν

> 7 ×1033yrs

Gauge boson and Higgsino mediation  

Super-K 



× H
! u  H

! d

q l c

 q
!

 q
!

D=5 proton decay amplitude 

 

1
MH!

QQQL F

 MH! >10
27GeV , 109MPlanck ???

Gauge boson and Higgsino mediation  
1
Λ
QQQL F

  
τ

p→e+π 0 >1×1034 yrs, M X >1016GeV τ
p→K +ν

> 3.3×1033yrs

Gauge boson and Higgsino mediation  



SUSY extensions of the Standard Model 

W = hELHd E + hDQHd D + hUQHuU + µHdHu
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+ λLLE + λ 'LQD +κ LHu + λ ''UDD
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M
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+ 1
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R-parity: SUSY states odd Z2



SUSY extensions of the Standard Model 

W = hELHd E + hDQHd D + hUQHuU + µHdHu

+ λLLE + λ 'LQD +κ LHu + λ ''UDD

+ 1
M

QQQL +QQQHd +QUEHd + ...( L )( )
R-parity: SUSY states odd Z2

Z R
N R-symmetry N=4,6,8,12,24 LSP stable 

MSSM spectrum 
No perturbative μ term 
Commutes with SO(10) 
Anomaly cancellation 

N q10 q5 qHu
qHd

qN
4 1 1 0 0 2

Z4
R special: 

Lee, Raby, Ratz, Ross, Schieren, Schmidt-Hoberg, Vaudrevange 
Babu, Gogoladze,Wang 

QW
R = 2



Nucleon decay outlook  

• Nucleon decay D=6 operators   

  
τ

p→e+π 0
SuperK > 2×1034 yrs

Hadronic matrix element 

  c. f . MU = (2.5± 2).1016GeV

Operator renormalisation 

Giudice,	  Romanino	  



GUTs need SUSY 

… but where is SUSY? 





SUSY GUTs: low energy spectrum 

Radiative EW  
breaking 



? 

Little hierarchy problem: 

 
v2  δmHu

2  − 3yt
2

4π 2 mstop
2 + gs

2

3π 2 mgluino
2 log Λ

mgluino( )( )log Λ
mstop( )

 GUTs Λ ∼ MGUT



Little hierarchy problem  definite SUSY structure  ⇒

 
MZ

2 = aim i
2

q ,l
∑ + biM i

2

g ,W ,B
∑ + ...

MSSM: 105	  +(19)	  Parameters	  

⇒ Correlations between SUSY breaking parameters 
and/or additional low-scale states 	  

breaking 

^	  

 
Mg >1TeV ⇒ Δ > b M

 2

MZ
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Little hierarchy problem  definite SUSY structure  ⇒

 
MZ

2 = aim i
2

q ,l
∑ + biM i

2

g ,W ,B
∑ + ...

MSSM: 105	  +(19)	  Parameters	  

⇒ Correlations between SUSY breaking parameters 
and/or additional low-scale states 	  

Fine Tuning measure: 

Δ ai( ) = ai
MZ

∂MZ

∂ai
,

Δm = MaxaiΔ ai( ), Δq = Δγ i
2∑( )1/2

Ellis, Enquist, Nanopoulos, Zwirner 

Barbieri, Giudice 

breaking 

^	  

 
Mg >1TeV ⇒ Δ > b M

 2

MZ
2 100



L data | γ i( )∝ dvδ mZ −mZ
0( )∫ δ v- − m

2

λ
⎛
⎝⎜

⎞
⎠⎟

1/2⎛

⎝
⎜

⎞

⎠
⎟ L data | γ i;v( )

= 1
Δq

δ nq (lnγ i − lnγ i
S )( )L data | γ i;v0( )

Fine tuning from a likelihood fit: 

Fine tuning  

If	  v	  included	  as	  a	  “Nuisance”	  variable	  

Ghilencea,	  GGR	  
Cabrera,	  Casas,	  de	  Austri	  	  



L data | γ i( )∝ dvδ mZ −mZ
0( )∫ δ v- − m

2

λ
⎛
⎝⎜

⎞
⎠⎟

1/2⎛

⎝
⎜

⎞

⎠
⎟ L data | γ i;v( )

= 1
Δq

δ nq (lnγ i − lnγ i
S )( )L data | γ i;v0( )

χnew
2 = χold

2 + 2 lnΔq

Fine tuning from a likelihood fit: 

Fine tuning  

Probabilistic interpretation: 

 Δq 100

If	  v	  included	  as	  a	  “Nuisance”	  variable	  



1 h0  resonant annihilation	  

 2 h  t-channel exchange	  

 3 τ co-annihilation	  

 4 t co-annihilation	  

• 5 A0 /H 0 resonant annihilation	  

ΔMin
EW = 15, mh = 114.7 ± 2GeV

Within 3σ  WMAP:

ΔMin
EW = 18, mh = 115.9 ± 2GeV

< 3σ  WMAP:

Relic density restricted 

Cassel, Ghilencea, GGR 

The CMSSM – before LHC •   γ i = µ0 ,m0 , m1/2 , A0 , B0

Limit of focus point 

v2 = −
meff

2

λeff

80 90 100 110 120
1

5

10

50

100

500

1000

Higgs Mass !GeV

!p

!"m1!22 #

!"Μ02#

!"m02# !"A02#
Δ(m0

2 )

	  λeff	  increases with mH 

ΔΩ = max ∂lnΩh2

∂lnq q=m0 ,m1/2 ,A0 ,B0

ΔMin
EW +Ω = 29, mh = 117 ± 2GeV



Focus Point 

  

16π 2 d
dt

mHu

2 =3Xt − 6g2
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2 −
6
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2 M P
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2( ) + mQ3

2 M P
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M P
2

⎛

⎝
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⎟

3yt
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⎢
⎢

⎤

⎦
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⎥
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m0
2 3m0

2

 
 −

2
3
, Q2  MZ

2

“Focus point”:	  	  	  	  
  
mHu

2 0( ) = mQ3

2 0( ) = m
3u

2 0( ) ≡ m2

Natural choice 
 
i.e.mQ3

3 ,m
3u
2  MZ

2 possible

  
mHu

2 t0( ) = a0 m2 + .., a0 ≤ 0.1

Feng,	  Matchev,	  Moroi	  
Chan,	  Chacopadhay,	  Nath	  
Barbieri,	  Giudice	  
	  	  Feng,	  Sanford	  



ΔMin > 350, mh = 125.6 ± 3GeV

MS
2 = mq3

mU3

The CMSSM – after Higgs discovery •



New focus points? 

Gauginos:  
Mg ,W ,B Non-universal gaugino correlations  

Reduced fine tuning (c.f. CMSSM) 
•
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dt
mHu
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2

 New focus point: cancellation between M 3  and M 2  contributions if M 2
2
  M 3

2  at MSUSY

Horton,	  GGR	  
Choi	  et	  al…	  
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GNMSSM 

NMSSM 

Singlet extensions 

µS >> m3/2 : Weff
GNMSSM = HuHd( )2 / µs + µHuHd

δV = µ
µS

Hu
2 + Hd

2( )HuHd

New heavy states – higher dimension operators 

δ L = d 2θ 1
M*

µ0 + c0S( )∫ HuHd( )2 , S = m0θθ

δV = ς1 hu
2 + hd

2( )huhd +ς 2 huhd( )2 ; ς1 =
µ0
M*

, ς 2 =
c0m0

M*

Dimension 5 

 Reduced fine tuning : 

✔  	  

ς 2 ∝
m0
2

M*
2

but see Lu et al 

        (Z4
R ⇒ µ, µs naturally small)



Fine tuning in the (C)GNMSSM   

GGR, Kaminska, Schmidt-Hoberg   

(λ ≤ 0.7†)

ΔMin = 20, mh = 125.6 ± 3GeV
LHC8 SUSY bounds 
DM relic abundance 

DM searches  

✔	  

✔	  

✔	  

Non-universal gaugino masses 

Δ

(uniform scan) 



Compressed spectrum 

 

Mg −MLSP
neutralino( )

GeV

> 500

0

=M
2/
M

3	  

=M1/M3	  

LHC 8 TeV 



LHC 13 TeV 
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e.g. 

New SUSY breaking soft terms •

  m0 , m1/2 , A0 , tanβ , µ, Bµ, µ '



Higgsino mass origin 

φ link field coupled to hidden sector and visible sector via Higgs portal 

	  Gaugino mediation •

• Sequestering 

Hidden sector running drives Higgs mass to zero leaving Higgsino  
mass unchanged 

Perez, Roy, Schmaltz 



New SUSY breaking soft terms •

  m0 , m1/2 , A0 , tanβ , µ, Bµ, µ '

 µ ' = 0

  ΔCMSSM ≥ 350

  
ΔCMSSM+µ ' ≥ 20

LHC 13 TeV 



Summary 

• SM leaves many questions unanswered 

• GUT answers: -Multiplet structure  

-Gauge couplings 

-quark –lepton symmertry  

-neutrino masses (see saw) 

• Further symmetry: 
-family symmetry 
  (non-Abelian discrete) 

- discrete R- symmetry 

-SUSY 

• Phenomena: -SUSY  (compressed spectra) 

-nucleon decay 

-squark and slepton masses 


