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Outline     
 The early years

Pre- 1980
Salam & Strathdee
Wess & Zumino
Fayet & Ferrara Phys.Rept. 32, 249 (1977)

Fayet & Farrar Phys.Lett. 76B, 575 (1978) 

R-hadrons – Mgluino~5 GeV
Freedman, van Nieuwenhuizen & Ferrara  1976
Cremmer, Julia, Scherk, van Nieuwenhuizen,
Ferrara & Girardello SuperHiggs 1978



 Post- 1980
Witten;   Dine, Fischler & Srednicki IAS
Dimopoulos & Raby                Stanford

Gauge-Mediated SUSY Breaking
Fischler, Nilles,  Polchinski,  Raby & Susskind

U(1)   D-term  Exact at one loop
Dimopoulos,  Raby & Wilczek  SUSY GUTs
Ibanez & Ross     Radiative  EWSB
Nilles & Raby   SUSY  PQ symmetry



 Solving the gauge hierarchy problem
 Lenny returns from Princeton
Witten  (SUSY unbroken at tree level: then 

unbroken to any finite order in perturbation theory)
Step  one  - learn  supersymmetry
Fayet & Ferrara   Physics Reports

1. There was NO MSSM in this report  
a) U(1)  FI  breaking - anomalous U(1)
b) O’Raifeartaigh breaking –
2.      Dynamical symmetry breaking - LOOPs

Scalar & gaugino masses  radiatively
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Witten   
If  U(1) is embedded in a GUT,  then D-term

Vanishes to all finite orders
About the same time :
 Dimopoulos & Raby   SuperColor

SU(4)C x SU(2)Lx U(1)T3R x  SU(N)SC
Safe U(1)s        
Gaugino condensate breaks SUSY

 Dine, Fischler & Srednicki
SU(3)C x SU(2)Lx U(1)Y x  SU(N)SuperTechnicolor

Quote  Witten on U(1)s
Gaugino condensate breaks SUSY

 Witten - index theorem  SUSY  unbroken in SU(N) !



Witten   
If  U(1) is embedded in a GUT,  then D-term

Vanishes to all finite orders
Suggests  high –low scale collusion

U(1) problem was a killer for SUSY naturalness

Fischler, Nilles,  Polchinski,  Raby & Susskind
U(1)   D-term  exact at one loop
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Dimopoulos,  Raby & Wilczek  SUSY GUTs
Dimopoulos & Georgi Introduce  soft SUSY 

breaking masses into  low energy theory  -MSSM
[Girardello & Grisaru)

Ibanez & Ross
2 loops  

Marciano & Senjanovic
Einhorn &  Jones
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Phys. Rev. D  1981
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Phys. Lett. B  1983

Phys. Lett. B  1982

Radiative Electroweak Symmetry  Breaking



Geometric Hierarchy
Witten Inverted Hierarchy i.e. generate GUT scale 

from  weak scale
Dimopoulos & Raby, Banks and Kaplunovsk
Inverted Hierarchy i.e. generate GUT scale and 
weak scale from intermediate scale

Polchinski & Susskind,  Dimopoulos & Raby 
SUSY breaking decoupling theorem 
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Supergravity   era
Chammsedine, Arnowitt & Nath   1982
Barbieri, Ferrara & Savoy
Hall, Lykken & Weinberg   1983
Nilles, Srednicki & Wyler

Ferrara, Girardello & Nilles    1983
gaugino condensates in SUGRA break  SUSY
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Dynamical  SUSY Breaking
Via non-perturbative contributions to
the superpotential

Affleck,  Dine & Seiberg 1984

Dine,  Nelson &  Shirman   1994



Cosmology
Dark Matter

Pagels & Primack,  Weinberg;  Goldberg  ~1983
Cosmological Moduli problem

Coughlan, Fischler, Kolb, Raby & Ross   1983
Gravitino problem

NMSSM
Nilles, Srednicki & Wyler,  Frere, Jones & Raby

1983



Particle Physics : A Los Alamos Primer 1984
republished in 1988 by Cambridge Press

“An encouraging feature of the theory is that low
energy supersymmetry can be verified in the next 
ten years,  possibly as early as next year with 
experiments now in progress at the CERN proton-
antiproton collider.  ….   Hopefully, it will not be too
long before we learn whether or not the underlying
structure of the universe possesses this elegant,
highly unifying symmetry.”
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LEP  CERN
1991
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Top quark discovered    1995    Fermilab

SUSY on a ROLL
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  miss
Tp p e e e e Eγ γ+ − + −→ → +

S. Park for  CDF  1995

Low Energy  GMSB 
Dimopoulos, Dine, Raby, Thomas  1996
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Higgs physics at LEP-2
Higgs working group

M. Carena and P.M.  Zerwas,  convenors 1996
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Moriond 1999

( )0 0 1/2 0 0 random # 0 - 1, , , , SUSYm A M B mµ =

Density of points  proportional to  1/FT
and  tan β < 10
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Haggling over the Fine-Tuning Price of LEP
Chankowski, Ellis,  Olechowski & Pokorski  1999



Desperately seeking SUSY   IOP 2004
“Assuming SUSY particles are observed at the LHC, then the fun has 
just begun.   It will take many years to prove that it is really 
supersymmtry.   Assuming SUSY is established, a SUSY desert from 
M_Z to M_G  (or M_N) becomes highly likely.   Thus precision 
measurements at the LHC or a Linear Collider will probe the boundary 
conditions at the very largest and fundamental scales of nature.   
With the additional observation of proton decay and/or precise GUT 
relations for sparticle masses, GUTs can be confirmed.   Hence with 
experiments at TeV scale accelerators or in underground detectors 
for proton decay, neutrino oscillations or dark matter, the 
fundamental superstring physics can be probed.   Perhaps then we may 
finally understand who ordered three families. It is thus no wonder 
why the elementary particle physics community is desperately seeking 
SUSY.”
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Higgs at the LHC !!!
Consistent with SUSY bounds



BUT  still  NO  SUSY
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Amoroso  ATLAS  Moriond 2017
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Strumia 2016



Title of talk 27Strumia 2016
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Dimopoulos  - Strings 2012



Waiting since 1981 – Unification ??     

1. MZ << MGUT “Natural”
2. Explains Charge Quantization and family structure
3. Predicts Gauge Coupling Unification
4. Predicts Yukawa Coupling Unification
5. + Family Symmetry ⇒ Hierarchy of Fermion Masses
6. Neutrino Masses via See - Saw scale ∼ 10−3−10−2 MGUT
7. LSP – Dark Matter Candidate
8. Baryogenesis via Leptogenesis
9. SUSY Desert ⇒ LHC experiments probe physics Mplanck
10. SUSY GUTs are natural extension of the SM
11. SUSY GUTs ⇒ MSSM in Strings  



Simple Theory makes many predictions     

 Pati-Salam 3 family model 
with D4  family symmetry &       symmetry

 Yukawa Unification – 3rd family only
 Global  χ2   fits  &  predictions
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Yukawa  Unification

Fit t,b,tau requires

~ Universal  Gaugino Masses 



Summary  
First order results 
Third family only  

 Universal  scalar masses  >  10 TeV
 Third family scalars  much  lighter
 Light  Higgs is   SM-like  
 Gluinos want to be light
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{ }2, , , , flavon fieldsaa a Bφ θ θ θ ′

3 3{ , , } (4,2,1,1), { , , } (4,2,1,1)c c c
a a a aQ Q F Q Q F= =

41, 2 family indexa D=

1 , 15FM X Y B Lα β∝ + + ∝ −

 , terms added (real),   ,   now complexθ θ α β′
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26  parameters  at  GUT scale 

Global χ2   analysis 

51 Observables in  χ2 function
Poh, Raby and Wang   arXiv:1703.09309
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NOT simplified model

Compare to ATLAS &
CMS  data
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Searching for the standard model in the string 
landscape : SUSY GUTs   IOP 2011

Heterotic orbifold models
Kobayashi, Raby & Zhang;  Buchmuller, Hamaguchi, Lebedev 
& Ratz;  Lebedev, Nilles, Raby, Ramos-Sanchez, Ratz, 
Vaudrevange & Wingerter ;   Choi,  Kim & Kyae;   Farragi
Heterotic  CY3 models
Anderson, Braun, Donagi, Gray, He, Lukas, Ovrut, Palti
F theory models
Beasley, Heckman & Vafa;   Donagi & Wijnholt;  Marsano,
Schafer-Nameki & Saulina; Blumenhagen, Cvetic, Grimm, 
Weigand 
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It takes SUSY GUTs to find the 
MSSM in the 

String Landscape  !!!
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Heterotic  
Orbifold
Models



Summary    

Still  waiting after all these years

It took ~50 years to find the Higgs

Beautiful extension of the SM and Poincare
invariance 

Anthropics may explain the cosmological constant  
BUT  expect SUSY GUTs to explain the rest !!



Title of talk 48

Amoroso  ATLAS  Moriond 2017
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CMS-SUS-16-033
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NOT   “Natural”   SUSY

NOT   “Split”   SUSY
BUT SUSY  does not completely decouple

BUT  gravitino &  moduli  sufficiently heavy 
so NO cosmological problems

Poh & Raby  2016
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“SUSY on the Edge”

painting by Hans Werner Sahm
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