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Standard Model very successful-   
however they are problems: 
 Many parameters (masses) ~20 more in other models  

 Why 3 fermion families?      no answer  in other models  

  Why matter=fermions  and  forces=bosons  

 Hierarchy problem -    

          M
H
(~100 GeV)

 
 << M 

Planck
 ( 1019 GeV)  

 often formulated as difference of  the EW (~ 1 TeV) and Planck scales

 Gravitation (gravity)? 

 Describes  4 % of Universe  - no candidate for  

  Dark Matter, no explanation for Dark Energy 

 



Standard Model very successful-   
however they are problems: 

    

 Why lepton and barion numbers conserved?           

 Nonzero mass of neutrinos      

 Barion asymmetry in the universe -    

          require CP violation much stronger than in SM

 What is the mechanism of the 

    EW symmetry breaking? 

  

 Deviation from the SM? Higgs boson as in SM ?   



Non-zero neutrino mass  
 In the SM  (neutrino mass ZERO) 
        - only  left neutrinos and right antineutrinos 

 However from ~ 2001 we know that neutrinos 
have masses  !   extra neutrino/ antineutrino 
states   

 For sure weak interaction of these extra states 
very, very  weak   (experiments) 

  

 SM extension in the EW sector – with extra 

SU(2) symmetry for left and right states, and  

suppression mechanism explaining very small  

masses of neutrinos (seesaw ..) 

 



Masses  of fermions 

3



Hierarchy problem in the SM  

 SM works  at present energies – up to which 
energy  ( )  can we apply it? 

 Quantum corrections to the  Higgs mass   - 
loops with arbitrary large energies. 

 If we include contributions only up to energy   
 !!"cut –off) 

 Corrections to the Higgs mass (squared) 

    ~ {couplings2} x  2 

#$%! !&!10 TeV 

and mass ~ 200 GeV 

 



Fine-tuning for SM 
 

 10 TeV 

 

 

 

1/100 fine tuning 

 

 

  !"1 TeV   no fine tuning (SM natural) 

 

 



Fine tuning for   !"!10 TeV 
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Gravitation  
  New physics - gravitation?  
  Gravitation- very weak for small energies. 
    It is strong at very large energies  
 !"strength”  equal  to other couplings for  
                                                        Planck energy  
 
    



 
Beyond SM   towards unification  
                                      

                                      
! Standard Model: gauge symmetry SU(2)xU(1)xSU(3)c 

    EW: SU(2)xU(1)  !partial unification of weak and e-m   

                                                                                  interactions   

" Grand Unified Theory – GUT  (various models)  

     !unification of EW and strong interaction.  

      Gauge symmetry GUT  acts at energies above 1015-16 GeV. 

 

! In fundamental description of gravity     Planck scales:  

                             Planck mass     1.2 x 1019 GeV  

                             Planck lenght    1.6 x 10-35 m 

"

J. Lukierski: Od Modelu Standardowego do teorii M: Teorie Wszystkiego

http://postepy.fuw.edu.pl/zjazdy/Gdansk2003/PF404Lukierski.pdf 



UNIFICATION WITH GRAVITATION  

                AND EARLY UNIVERSE 



Beyond the Standard Model  

1/ Extension of symmetry 

                                  !supersymmetry 

 

2/ Extension of space-time  

                                  !"#$%&!space dimensions  

 

3/ Extension of  size of particles   

                    !extended fundamental particles  

                      (strings, membrans and p-brans)  

 
Towards the Theory of Everything  (TOE)      
                                           (almost no works on substructure…) 





SUPERSYMMETRY 
 In Nature only two types of particles: fermions and bosons  

 In Supersymmetry there is a symmetry  !"#$%&'(%)%&,  

  so doubling of  fundamental particles is assumed 

 Supersymmetric partners of all known SM fundamental 
particles  =  SUSY particles 

However SUSY  particles
have to be very massive- 
we do not see them  

(even at LHC) !

Supersymmetry  must be 
violated ! 



      Masses ~ 1 TeV?

                   SUSY particles 

 1  !"#$ 2 



Supersymetria
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Supersymmetry is super 
 

 Hierarchy ?– no problem here (almost), since 
cancelation of fermionic and  bosonic  loops 

                                   f                    b 

                                      minus                                       

 Unification of interaction(GUT): better than in SM                                                                               

 Prediction: SM-like Higgs particle with mass 
below 135 GeV  

 Additional assumption: R symmetry   

 (and conservation of additive quantum number R 

 for SUSY particles), then the lightest neutral  

  SUSY particle is stable  !dark matter candidate 

                            



Unification of forces(couplings) in SM and MSSM  
(Minimal Supersymmetric Standard Model) 

   



MSSM – Higgs sector 
                                   
 

 Two  doublets  with spin-0 fields to generate 
masses  of  fundamental particles 

 

! Prediction: existence of 5 Higgs particles(spin 0) 

    h, H, A (neutral) i H± (charged)  
    Note - h has properties as the SM Higgs particle, 

    that why LHC does not exclude  MSSM ! 

                                       But no SUSY particle seen….

! Higgsino - spin ½  

   Gauginos (spin ½: photino, gluino, wino, zino) mix with  
higgsino    

   neutralinos (neutral) and  charginos (charged) 

                                                              DM particle 



SUPERSYMMETRY    
                                     D. Gross 

Discovery of supersymmetry - 

discovery of quantum dimension of space-time
                           (in addition to normal coordinates there are non-commuting ones)

Natural and unique  extension of relativistic

symmetries of nature

LHC - two main directions of searches: 
Higgs  and  SUSY particles

No signal of SUSY yet...      



1016  GeV1 TeV



If Supersymmetry (SUSY) is there, 

it should be clearly visible at LHC !
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Multiplets of SU(5) 

 
    Lefthanded states            Righthanded states 

 

 

 

 

 

 

SU(2) dublets and SU(3) triplets are combined 

to form SU(5) 5- and 10-plets



New interactions 
 

Higher symmetry group require additional bosons, 

to allow transitions within multiplet members:  

                                                     Final state particle (b): 

Diagram for emited boson V 

in vertex 

      a  -> b + V 

 

            Initial state particle (a):
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 Extra dimensions 

How well do we know the properties of space ? 
  Can we be sure that there are only three spatial dimensions ?! 
 
YES - if we consider only infinite dimensions, but what if there are finite ones ?... 
 
Let us imagine an ant on the cable car line: 
 
The line has only one dimension                    But it has clearly two dimensions 
from our point of view...                               for an ant, which looks much 
                                                                  closer... 
 
 
 
 
 
 
 
                                                        y coordinate is a compact (curled) dimension
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 Extra dimensions 

We already measure this kind of phenomena eg. in material science: 
 
 
 
 
 
 
 
 
 
 
low energy electron trapped in a thin 
conductor layer (thinner than the electron 
wavelength) moves only in two dimensions      However, if the electron energy  
(quantum Hall effect - Nobel 1985)                  is higher (its wavelength shorter), 
                                                                    it starts to "feel" the third dimension







Gravity looks weak, because it escapes into extra dimensions...



If there are more spacial dimensions at large energy scales, 

gravity can unify with other forces much earlier !...



Problem running RHIC collider at BNL 



Superstrings 

 Theory of Everything TOE - all interactiion including gravity 
     
    In quantum field theory  – interactions are pointlike,  
    this leads to infinities  
 Superstrings – example of TOE.  Pointlike particles are 

replaced by strings with  finite length.  

 Planck scales are relevant  lPl=1.6 10-35 m, MPl=1.2 1019 GeV 

 

 Various excitation of strings ! different fundamental 
particles (open and closed strings) 

 Superstrings – renormalized theory in 10 (or 26 for 
nonsupersymmetric strings)  dimensions 

  Parameter described strings   ’  - the same as for   

     hadronic strings (see below) 

  Superstrings – no clear predictions and many versions 

     





There are other opinions as well 
 M. Veltman (Facts and Mysteries in Elementary Particle 

Physics, 2003):  

    ..this book is about a physics, and this
implies that the theoretical ideas discussed
must be supported by experimatal facts. 
Neither supersymmetry nor string theory 
satisfy this criterion. They are figments of 
the theoretical mind.

   To quote Pauli: „They are not even wrong.” 

    They have no place here.





Is there any?



  

  

Questions to lecture  13 

  

  
• Write 3 problems of the SM 

• What is a meaning of  GUT?

• GUT – is this a common (unified) description  of all fundamental interaction
including   gravity?

• What is energy of GUT?  

• Has supersymmetry been discovered ? 

• How many Higgs particles is predicted in the MSSM?

• Is life time of the proton predicted in the SU(5) in agreement with 
experiment?

• Is the baryonic number conserved in SU(5) ? 

• Do exist models with more than 4 space-time dimentions? 

• What is main idea of superstring theory? 

• Does the superstring theory include gravity? 

• What is the parameter of the superstring theory  existing in the hadronic
interactions? 

  


