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History

Symmetries are crucial in physics

The laws of modern physics are invariant under certain symmetries:

 Lorentz transformations  [special relativity]
 Local gauge transformations  [SU(3)CxSU(2)LxU(1)Y]

Supersymmetry (SUSY) was proposed in the early 1970’s:
                                                                          Golfand, Likhtman, 1971
                                                                               Volkov, Akulov, 1972
                                                                                Wess, Zumino, 1974

 An invariance of the theory under interchange of fermions and bosons
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The Theory

Our theory (SUSY) must be invariant under  
Boson Fermion

Fermion Boson

But known bosons and fermions 
are not married up in this fashion

Quarks (u,d)
Electron
Neutrino  

Gluons
W

Photon

Instead, every known particle should have a (super) partner       Fayet, 1976

The spectrum of elementary particles is doubled ! With masses ≈ 100-1000 GeV

Quarks
Electron
Neutrino  

Squarks
Selectron
Sneutrino

Gluons
Photon
   W  

Gluino
Photino
Wino

Minimal Supersymmetric Standard Model (MSSM)         A rich phenomenology
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Advantages of SUSY

 Allows to solve the hierarchy problem (why mH is not of order Mplanck ?)

 Allows to understand how the electroweak symmetry, SU(2)LxU(1)Y ,is broken

 There is a natural dark matter candidate

 Its local version gives rise to a theory of gravity: Supergravity

 It seems to be a crucial ingredient of string theory

 [although SUSY was not invented to solve this problem]
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generated once SUSY is broken



Moriond 2006 SUSY: new perspectives and variants 7

In SUSY models (with R-parity) the LSP is stable,
and therefore a candidate for dark matter

In most of the parameter space the LSP is the lightest

  It is a WIMP (with a mass ~ 102-3 GeV)

  It is a neutral particle
This is welcome since, e.g., otherwise it would bind to nuclei and
would be excluded as a candidate for dark matter from
unsuccessful searches for exotic heavy isotopes

 Dark matter candidate 

Even if neutralinos are discovered in the LHC, only their detection by experiments on
the Earth, or on satellites, due to their presence in our galactic halo, will confirm that
they are the sought-after dark matter of the Universe.
Actually, more than 30 experiments are working or in preparation.

W h2 ≈ 0.1
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Problems of SUSY

• How to break SUSY in order to generate masses for SUSY particles

• Dangerous baryon and lepton number violation operators

• µ problem

• Dangerous charge and colour breaking minima

• FCNC

• EDMN

• Fine tuning

• ...



•  On experimental grounds SUSY cannot be an exact symmetry of Nature:

SUSY partners of the known particles with the same masses has not been detected
e.g. scalar electrons with masses of 0.5 MeV  

In global SUSY one simply introduces terms in the Lagrangian which
explicitly break SUSY, without inducing quadratic divergences: soft terms

In supergravity, the breaking of local SUSY generates the soft terms, and
these can be computed,
e.g. in minimal supergravity (mSUGRA) where K=φφ* one gets  mφ = m3/2

In superstrings, whose low-energy limit is supergravity, K can be computed,
e.g. in orbifolds models mφ

2 = m2
3/2

 (1 + nφ cos2 θ)

A popular approach uses a “hidden sector”

  Universal soft terms   m, M, A, B, µ          Constrained MSSM (CMSSM)
  Non-universal  Ma , ma , Aabg , B, µ
The RGEs between GUT and ew scale are used to derive the low-energy soft parameters

Or one can carry out a low-energy analysis using me, mq, ... Effective MSSM (effMSSM)
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• Baryon and lepton number violation

e.g. Operators like  dcdcuc  ,  QLdc ,   LLec , LH2 are allowed in the superpotential

Too fast proton decay

q

q q

l

~q

To preserve B and L conservation one can impose a discrete symmetry (R parity)

        Particle                       Particle
Superpartner                       Superpartner

In models with R parity the LSP is stable since
e.g.:

ee~

g~
Thus it is a candidate for dark matter



•  The µ problem

There are several solutions, e.g.:



In supersymmetry there are scalar fields with colour and electric charge

Enormous complexity of V

This induces the possible
existence of dangerous Charge
and Colour Breaking (CCB) Minima:

In particular, 
Deeper than the SM minumum
if m2

Hu  is large and negative

• Charge and colour breaking
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35 years later:

 More than 35,000 papers have been published on SUSY

If we remember the case of General Relativity, which was also a purely
intelectual achievement, this was experimentally confirmed only 3 years later

On the other hand, let us also recall that the existence of the neutrino was
proposed in 1930, and its discovery took place only in 1956, i.e. 26 years later

 However, we are still waiting for its experimental discovery
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Experimental searches for SUSY particles

 They started in 1978, and often rely in the “missing energy” signature,
carried away by the LSP

 Negative results imply only lower bounds on the masses of the superpartners
e.g. in mSUGRA:

                          me>73, mq>250, mt>96, mg>195, mχ0>46, mχ+>105 GeV

 Moreover, there is an theoretical upper bound on the lightest Higgs mass in
SUSY models



Hints of SUSY from LEP ?

mSUSY ~  1 TeV

Whether this is a hint or just a coincidence, will be clarified by the LHC 



What SUSY model do we expect to be discovered at the LHC ?

MSSM

+ µ H1 H2

µ H1 H2  λS H1 H2
µeff =   λ<S>

2 extra Higgses, 1 additional neutralino

e.g., it contains 3 neutral Higgses and 2 charged ones, and 4 neutralinos

mh < MZ   at tree level, and mh < 124 GeV with loop corrections

+ MMνcνc

Imposing that all couplings remain perturbative up to the Planck scale: mh < 140 GeV

NMSSM
                   Fayet, 1975; Kaul, Majumdar, 1982; Barbieri, Ferrara, Savoy, 1982;
                   Nilles, Srednicki, Wyler, 1983; Frere, Jones, Raby, 1983; Derendinger, Savoy, 1984; ...



 W= λ S H1 H2 There is a global U(1) symmetry corresponding to

S      S eiθ   ,   H1 H2      H1 H2 e-iθ

To avoid a Goldstone boson one can add  W= λ S H1 H2 + k S S S

But now there is a discrete Z3  symmetry   S       αS , α3 = 1

This could create a cosmological domain wall problem

Can be avoided by 
 Introducing a suitable non-renormalizable operator
(they are small enough as not to alter the low-energy phenomenology)

 Introducing an additional U(1)’ gauge group under which S carries
some non-zero charge.
Then S S S  but the Goldstone boson is eaten by the Z’ to get its mass

Several exotics are necessary to cancel anomalies                                            UMSSM
 Cvetic, Demir, Espinosa, Everett, Langacker, 1997
                                      Langacker, Wang, 1998



Moriond 2006 SUSY: new perspectives and variants 18

BRpV                               Hall, Suzuki, 1984; Lee, 1984; Dawson, 1985; ...

Bilinear R-parity violation model = MSSM + εi H2 Li

Advantage: Minimal matter content

                 Neutrino masses are induced through the mixing with the neutralinos
               (Actually only one mass at tree level and the other two at one loop)
                                   Ross, Valle, 85; Ellis, Gelmini, Jarlskog, Ross, Valle, 85; Aulakh, Mohapatra, 83;
                              Santamaria, Valle, 87; Hempfling, 96;...; Hirsch, Diaz, Porod, Romao, Valle, 00; ...

                 To use the superfields νc
i for this task is not needed

 Problem:  The µ problem is augmented with three new bilinear terms ∝ εi 

 The LSP is no longer stable

 Not all SUSY decay chains must yield missing energy events at colliders
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Of course, there are more models in the market, but ... 
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µνSSM D.E. Lopez-Fogliani, C.M., 2005
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These terms break explicitly lepton number, and therefore, after spontaneous
symmetry breaking, a massless Goldstone boson (Majoron) does not appear



Mass matrices

We have to be sure that
one eigenvalue of this
matrix is very small,
reproducing the
experimental results
about neutrinos masses

No ad-hoc scales

To simplify let us use just
one neutrino family
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Constrained µνSSM J.R. Espinosa, D.E. Lopez-Fogliani, C.M., 2005

Can we avoid to break R parity within this µνSSM model
and therefore still having the LSP stable (and candidate for dark matter) ?
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Conclusions

The LHC, under construction for more than 7 years, and with a
cost of about 2.000 million euros, will finally be switched on in
2007

If the Higgs is discovered, this will be a great success

But, let us hope that also one of these SUSY models will be discovered


