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The  Standard  Model:      a  HUGE  success  !

A)    Fermions:      three  generations  of  quarks  and  leptons
arranged  in  left-­‐handed  doublets  and  right-­‐handed  singlets

B)    Bosons:    quanta  of  fields,  interactions  between  fermions
interactions  based  on  symmetry  under  local  gauge  transformations

weak  bosons  and  gluons  also  have  self-­‐interactions

C)    One  scalar field  with  a  non-­‐zero  vacuum  expectation  value  breaks  electroweak
symmetry,  and  generates  masses  of  fermions.

A):    check!
B):    check!
C):    seems  to  work,  final  confirmation  at  LHC?



Experimental  evidence

LEP  +  SLC  +  Tevatron +  HERA  +  BaBar



Global  fit  to  all  data:      20%  probability  to  do  worse  if  model  is  correct

Standard  Model  fit  is  OK      (but  not  great)



Why  go  beyond  the  Standard  Model  ?

-­‐Experimental  reasons

-­‐Theory  reasons

-­‐Because  we  have  only  covered  so  little!



Where  are  we? Temperature   Energy     length   time

1  eV ~  10-­‐6 m  ~  104 K  ~  106 years  after  big  bang
LHC:    1013 eV,    10-­‐19 m,  1017 K,  10-­‐11 s  after  big  bang





Planck  scale

Can  the  Standard  Model  be  valid  up  to  the  Planck  scale?

When  gravity  becomes  strong:

1028 eV,  1032 K,
10-­‐34 m,  10-­‐42 s    

Further  consequence:    Schwarzschild  radius  of  black  hole  with  mass  Mplanck
equal  to  Compton  wavelength  of  such  particle.

(For  lower  energies:     C >>  RS )



Valid  Standard  Model  must  have  valid  Higgs  mechanism

:    scale  where  SM  validity  stops  and  new  physics  must  come  in

(unitarity violated)

(electroweak  vacuum  instable)



Electroweak  fit  2010



Exclusion  limits



Consequences:    2010 =  excluded  by  expt.



Soon?



Experimental  issues  with  the  Standard  Model

Theory  issues  with  the  Standard  Model

Neutrino  masses
Dark  matter  and  dark  energy
Matter-­‐antimatter  asymmetry  of  the  universe
A  few  measurements  in  disagreement  with  SM  at  ~3 level

19  (28?)  arbitrary  parameters?
Why  3  generations,  why  L-­‐R  structure?
Why                                                                                                ?    Can  forces  be  unified?
Higgs  field  really  responsible  for  EWSB?    Why  H  ~  120  GeV,  not  1019 GeV?
Why  CKM  matrix?
How  many  dimensions  of  space?
Contribution  of  EW  vacuum  to  cosmological  constant  wrong  by  1055

Gravity?





Hierarchy  Problem
Do  we  understand  EW  symmetry  breaking?

Unification  of  forces
GUTs?    Gravity?

Structure  of  the  universe
Dark  matter/energy?  #dimensions?

Flavour
Why  3  families?
CP  violation?



Short  tour  around  the  compass



Hierarchy  Problem
Do  we  understand  EW  symmetry  breaking?

SM:    electroweak  symmetry  breaking  through  Higgs  mechanism.  Is  a  hypothesis!





Where  is  it?

LHC  will  tell



However:    some  dissatisfaction  with  the  whole  model.    
deus ex  machina

Stability  of  the  Higgs  boson  mass  under  radiative corrections

Possible  answers:        what,  me  worry?
no  Higgs,  something  else  saves  unitarity
Higgs  is  a  composite  object    (technicolor)
Higgs  mass  protected  by  a  symmetry    (little  Higgs)
large  extra  dimensions:     is  not  so  high
Supersymmetry

(hierarchy  problem,    fine-­‐tuning  problem)



Unification  of  forces
GUTs?    Gravity?

Electroweak  =  electromagnetism  +  weak  interactions

Why   ?

2
3 YTQ

Grand  Unified  Theory
=  QCD  +  Electroweak  theory



Is  there  a  large  symmetry    group  G  encompassing  the  SM?

Hope  to  explain:        family  structure
charge  quantization
some  SM  parameters    (relations  between  parameters)
small  neutrino  masses



GUTs:    Very  interesting  experimental  consequences!

Proton  decay:        for  example    

eventually  all  p  decay  and  universe  will  only  contain  photons!

New  gauge  bosons
typically  different  couplings  to  fermions

Magnetic  monopoles?

0ep



Structure  of  the  universe
Dark  matter/energy?    #dimensions?

Dark  matter  and  dark  energy  must  eventually  be  explained  by  particle  physics

Evolution  of  the  universe:    inflation     to  be  explained  by  particle  physics

Space-­‐time:    flat  ?    Curved?

How  many  spatial  dimensions?





Experimental  issues:

Dark  matter  formed  by  new  particles:    find  and  study  them!
in  the  laboratory
while  earth  moves  through  DM  halo
elsewhere  in  the  universe

Cosmological  /  astrophysical  observables:    electromagnetic  waves,
gravitational  waves
particles!

What  do  these  tell  us  about  the  earliest  universe  (inflation  or  earlier?)
What  do  they  tell  us  about  dark  energy  and  the  fate  of  the  universe?

Deviations  from  

Deviations  from  SM  predications  in  pp  collisions  at  the  LHC

-­‐Planckian



Flavour
Why  3  families?
CP  violation?

Could  there  be  a  4th generation?

Do  quarks  and/or  leptons  have  substructure?



Flavour eigenstates of  quarks     mass  eigenstates

CKM  matrix:      can  the  elements  be  explained?

In  the  SM:  the  phase  in  the  CKM  matrix  is  responsible  for  CPV
But  matter-­‐antimatter  asymmetry  in  universe  needs  more!
Baryogenesis leptogenesis?

Since  ~10  years:    neutrinos  have  masses  too!
Mixing  matrix:  PMNS  matrix
Is  there  a  relation  between  CKM  and  PMNS  matrices?

CKM  elements  sensitive  to  new  physics,  but  SM  seems  to  do  well,  why?
New  physics  in  flavour observables?



Of  course,  there  are  many  links  across  the  compass,  linking  N/E/S/W  together!

Examples:    GUTs  and  neutrino  mass

supersymmetry:    hierarchy  problem,  and  dark  matter

proton  decay  experiments  also  measure  neutrino  oscillations

First  extra-­‐dimension  models  were  attempts  for  GUTs

supersymmetric GUTs  :  hierarchy  problem,  dark  matter,  flavour



In  some  more  details:

Flavour
Why  3  families?
CP  violation?



Why  3  copies?

I

II

III



LEP:    N =    2.984   0.009



More  families?

-­‐Strong  constraints  on  neutrinos:     m <  1  eV or  so
Heavy  neutrinos?    Non-­‐standard  neutrino  couplings?

-­‐Standard  Model  contains  left-­‐handed  isospin doublets:    (t,b)  etc.
A  single  4th generation  quark  (no  doublet)  gives  problems!

-­‐But  otherwise,   :
-­‐-­‐ Heavy  charged  leptons:    LEP:    M  >  100  GeV
-­‐-­‐ Heavy  neutral  leptons:    LEP:    M  >  90-­‐100  GeV
-­‐-­‐ -­‐270  GeV
-­‐-­‐ GeV

(Unitarity of  CKM  matrix  could  provide  constraints,  but  not  yet  precise  enough)



Excited  leptons,  excited  quarks

muon

Needs  electron  to  consist  of  more  fundamental  building  blocks:
substructure

Would  expect  rapid   e   decay:    not  observed

Also  no  other  sign  of  e* e  

preons



Early  LHC  search  for  excited  quarks:    q* q  g

Would  show  up  in  di-­‐jet  mass  spectrum:    resonance  at  m  =  m(q* )
Can  be  done  very  early  @  LHC:  cross  sections  large!

First  new  LHC  limits  with  7  TeV data!





Closer  look  at  how  3  generations  are  implemented  in  Standard  Model

Right-­‐handed  singlet
Higgs  field

Left-­‐handed  doublet

Yukawa  couplings:    a  3x3  complex  matrix!

Above  expression  written  in  the  interaction  basis:      QI ,  dI ,  uI are  interacting  fields



But  another  valid  basis  is  the  mass  basis:

Electroweak  symmetry  breaking:    



After  some  redefinitions  of  arbitrary  phases,  a  3x3  CKM  matrix
is  characterized  by  3  angles   12 ,   13 ,   23 and  1  phase  

s12   =  sin   12   ,  c12 =  cos 12

A  useful  parametrization is:

Why?      No  idea!     Standard  Model  flavour problem



Observe  other  sources  of  flavour changing  interactions?     New  Physics!

SM:    no  mixing  in  the  lepton  sector
neutral  currents  conserve  flavour (no  FCNCs)



W-­‐interactions  in  flavour space:

W-­‐interactions  in  mass  space:

But  for  Z-­‐interactions,  the  combination  of  relevant  matrix  elements
is  such  that  they  are  the  same  in  both  spaces   no  flavour changes



(1.5)



Looking  for  flavour-­‐changing  neutral  currents  is  an  excellent
way  of  searching  for  new  physics  beyond  the  Standard  Model  !

Examples:       e  

Z  

t   cZ,  c ,  cg

B  





:    CKM  matrix  unitary

Area  of  triangle  is  a  measure  of   0  :    CP  violation



Summary  of  8  different  measurements  of  unitarity triangle:    impressive!



Overall  fit  is  decent.    Nevertheless:  there  are  some  tensions!

A. measured  from  B   J/ K      differs  from  prediction  from  Vub by  ~2.5  sigma

B. The  measured  branching  ratio  B   differs  from  prediction  by  ~2.5  sigma

C. D0  has  made  2  measurements  that  differ  2-­‐3  sigma  from  prediction

Dimuon charge  asymmetry
Phase   in  time-­‐dependent  Bs   mixing







Main  conclusion:      overall  the  SM  picture  works  quite  well!

Baryogenesis:    the  generation  of  baryonic  matter  after  the  big  bang.
If  equal  amount  of  matter  and  antimatter:    complete  annihilation:  nothing  left!

But  we  exist!
We  observe  matter  in  the  universe
but  very  little  antimatter.

No  anti-­‐stars!





1. Not  at  tree  level  in  SM        (but  at  higher  orders  in  non-­‐perturbative processes)
Possible  in  GUTs  and  in  SUSY

2.

3.

:  no  net  generation  of  B

=  0



CP-­‐violation  through  phase   in  SM  alone  is  too  small  for  baryogenesis!

We  need  new  physics  to  enhance  CP-­‐violation.
Fortunately,  many  new  physics  models  predict  enhanced  CP-­‐violation,
and  related  flavour phenomena  (FCNCs).

For  example:  generic  supersymmetry

Is  this  an  indication  that  there  must  be  new  physics?

But  experiments  see  nothing  yet!
Why  are  the  many  new  flavour phenomena  of  new  physics  not  seen?
It  is  in  fact  quite  hard  to  suppress  such  new  flavour

New  physics  flavour problem

Maybe  flavour in  new  physics  also  through  Yukawa  matrices,
just  like  in  SM?  CKM  only  source  of  flavour-­‐changing  transitions?

Minimal  Flavour Violation



Future  experiments  will  keep  looking  for  anomalies  in  flavour physics

LHCb@  LHC:    detailed  studies  of  B  decays
Rare  decay  experiments,  e.g.   e
B  factories  



The  big  discovery  of  ~10  years  ago:    neutrinos  also  mix!

Flavour eigenstate:     e ,   ,  

PMNS  matrix

Mass  eigenstate:     1   ,   2 ,   3



Charged  currents:    operate  on  flavour eigenstates production,  measurement
Propagation:    mass  eigenstates



In  simplified  case  of  just  2  generations:

oscillation



KamLand experiment,  Japan



KamLAND

Neutrinos  from  commercial  nuclear  power  plants!



Experimental  situation:

Solar  neutrino  oscillations:           e from  the  sun  seem  to  disappear!
Actually  transform  into   and  

m2 ~  8  x  10-­‐5 eV2

Homestake,  Gallex,  SNO,  KamLand

Atmospheric  neutrino  oscillations:       from  cosmic  ray  interactions  disappear

m2 ~  3  x  10-­‐3 eV2

Super-­‐Kamiokande

(LSND:    accelerator  @  Los  Alamos:   transforming  into   e with   m2 ~  1  eV2 ?
-­‐neutrino  picture!)



Theory  from  solar  model:  8.6   1.2  SNUFirst  indication:  Homestake



Measures  CC  as  well  as  NC  scattering

CC:  only  electron  neutrinos

NC:  all  neutrino  flavours

Result:  neutrino  flux  agrees  with  solar  models
but  only  1/3  are  electron  neutrinos

SNO  experiment    (Canada)



SNO  result:        



PMNS:

0.8        0.55      <0.05

0.45    0.55        0.7

0.45    0.55        0.7

CKM:

0.98      0.22        0.004

0.22      0.98        0.04

0.004    0.04            1

12 ~  300       23 ~  450 13 not  yet  measured,  <  50

Big  mixing Maximal  mixing!





This  is  very  different  from  CKM  matrix!                    Why?      Nobody  knows!

Open  questions:           13 ?

?

Is  the  3-­‐neutrino  picture  correct?

Explain  the  form  of  the  PMNS  matrix?

What  are  the  neutrino  masses  exactly?
Why  are  they  so  small?

Neutrinos:    Dirac  or  Majorana?







Nasty  surprises  2010?

Neutrino  parameters

Antineutrino  parameters?

Mini-­‐Boone  @  Fermilab checking  LSND
Results  inconclusive!

Minos:    Fermilab Minnesota



Neutrinoless double  beta  decay    (0 )

Not  possible  if  neutrino  is  Dirac  particle:

But  possible  if  neutrino  is  Majorana particle:
(Violation  of  lepton  number!)            

Experimental  sign:    double  beta  decay,  no  energy  lost  by  neutrinos
Rare!    Need  low  noise  detectors,  excellent  energy  resolution!







Leptogenesis

Generating  the  matter-­‐antimatter  asymmetry  via  baryogenesis (Sacharov)
seems  to  run  into  trouble.

Can  mixing  and  CP-­‐violation  in  the  lepton  sector  save  us?
Leptogenesis

Required:       13 0

Sizable  CP-­‐violation  in  lepton  sector

A  mechanism  to  transfer  lepton  asymmetry  to  baryons
(needs  lepton-­‐ and  baryon  number  violation)



Neutrino  mass  from  beta  decay:        originally  expressed  as  mass  limit  on   e mass

But  it  does  not  make  sense  to  talk  about   e mass!

Rather,  one  measures   |Uei |  mi





Katrin experiment  @  Karlsruhe



Neutrino  masses:    the  seesaw  mechanism

Neutrinos  can  have  Dirac  mass  term  in  Lagrangian:

But  if  they  are  Majorana particles,  also  this  term:

Works  if  MGUT ~  1014 1016 GeV



MGUT ?

Unification  of  forces
GUTs?    Gravity?



Why  unification?      A  unified  theory  is  more  than  the  sum  of  parts.



Each  group  has  a  coupling  constant    (e.g.   s )



The  details  of  a  vertex  depends  on  the
scale  at  which  you  probe  that  vertex

Lower  scale  =
poorer  resolution

Higher  scale  =  better  resolution
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Unification:    at  MGUT =    1014 1016 GeV!

With  supersymmetry (see  later)  it  works  better.

For  Q2 <  MGUT
2   :    individual  couplings,  

For  Q2 >  MGUT
2 :      unified  coupling  gG ,    new  gauge  group  G



Appropriate  gauge  groups

We  want  a  group

We  also  want  to  combine  the  fermions:



Rank  of  a  group?



SU(5):

And  there  are  52 1  =  24  gauge  bosons:

8  gluons,  Wi (i=1..3),  B

12  new  gauge  bosons  X,  Y        charges  4/3,  1/3        coupling  to  q,  l



In  the  SM,  it  is  a  puzzle  why

Charge  d-­‐quark    must  be    1/3    of  electron  charge
Charge  u-­‐quark  must  be  -­‐2  times  d-­‐quark  charge





Proton  decay

New  gauge  bosons  X,  Y  couple  to  quarks  and  leptons,  violate  baryon  number
Proton  can  decay

Calculate  rate  by  comparing  to  muon decay  (weak  interaction)
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ep For  MX ~  1015-­‐16 GeV ~  1031-­‐33 year





Super-­‐Kamiokande





Latest  Super-­‐Kamiokande result:

(p   e+ 0 )  >  8.2  x  1033 year      at  90%  CL

(0  events  observed,    0.3  expected)

Compare  to  current  age  of  universe:    1.4  x  1010 year!



GUTs  typically  predict  the  existence  of  magnetic  monopoles



GUT  prediction:  

But  in  other  models  much  lighter  monopoles  could  exist



Magnetic  monopole  would  have  charge  e/2 ~  68.5  e

Searches:      superconducting  loop  +  SQUIDs

highly  ionizing  particles  @  LHC



Ionization:    measure  dE/dx in  appropriate  detectors    (e.g.  silicon)



Ionization:    measure  dE/dx in  appropriate  detectors    (e.g.  silicon)



SU(5)    in  trouble  with  p  lifetime  limits

Look  further:

-­‐ supersymmetrize spectrum

-­‐ rank  5  groups:    SO(10)

SO(10)  has  a  16-­‐representation  
10  +  5  +  1

that  fits  ALL  SM  fermions  +   C

Supersymmetric SO(10)  probably  best-­‐studied  GUT



GUT  symmetry  breaking:   new  U(1)  symmetries
or  alternatively  Left-­‐Right  symmetric  groups

R )









Structure  of  the  universe
Dark  matter/energy?  #dimensions?

Another  source  of  narrow  resonances:



What  is  the  structure  of  the  universe?

How  many  spatial  dimensions?

Is  space-­‐time  intrinsically  flat  or  curved?

Gravity  and  space-­‐time  are  closely  connected.
A  quantum  theory  of  gravity  =    a  quantum  theory  of  spacetime
The  holy  grail  of  physics!



Remember:    energy  and  distance  are  closely  related:       ~  1/E

Gravity  becomes  strong  at  large  energy  (~Mplanck ~  1019 GeV)
=  very  short  distances  ~  10-­‐34 m

Suppose  we  wanted  to  make  gravity  strong  at  much  lower  energy,
what  would  we  need  to  do?
=  Equivalent  to  making  it  strong  at  much  larger  distances.  

r
rV massless

1)( (massless mediator,  like  photon:  F  ~  1/r2 )

r
erV

mr

massive)( (massive  mediator)



Note:

rr
e mr 1

for    r  <<1/m 0
r

e mr
for      r  >>1/m

Suppose  we  had  a  large  set  of  
mediators,  with  different  masses  mi



It  is  not  so  difficult  to  make  a  large  set  of  mediators  mi

Think  of  the  quantum  mechanics  of  a  particle  in  a  box  potential:

Constrain  wavelength  of  particle  in  a  dimension  with  finite  size
Needs  to  be  an  extra  dimension,  above  the  4  we  already  know







Unification  of  electromagnetic  and  gravitational  forces
by  a  5th dimension:    Kaluza and  Klein,  1921-­‐1926

The  first  extra  dimension  theory  was  an  attempt  to  make  a  GUT!







Extra  dimensions  formalism:

Extra  dimensions  compactified with  radius  RC

Apparent Planck  scale  in  4D

Planck  scale  in  4+ D

Gravity  diluted  by  extra  dimensions

Suppose  we  want  MD ~  1  TeV.
=  1:    RC ~  solar  system:    ruled  out
=  2:    RC ~  mm
=  3:    RC ~  sub  mm     particle  physics!



Experimental  test:    see  any  deviation  from  classical  behaviour?



Experimental  consequences  in  particle  physics:

Graviton  disappearing  in  extra  dimension
Missing  energy

Interactions  mediated  by  tower  of  graviton  excitations
( m  between  states  ~  eV or  sub-­‐eV)

Cross  sections  changed  w.r.t.  SM





A  slightly  different  model:    1  extra  dimension,  but  highly  curved    (RS)

Graviton  excitations,  but  larger  mass  splittings

Strong  curvature  of  space  makes  difference  between  MD and  Mplanck



Experimental  consequences:    resonances!

Spin  should  tell  difference  w.r.t

simulation



Note  that  there  are  also  astrophysical/cosmological  constraints
(but  how  model-­‐independent?)



Small  E,  large  r:      plain  old  4-­‐dimensional  theory

Intermediate  E,      r  approaching  RC :    start  seeing  effect  of  extra  dimensions

E  >  MD -­‐Planckian
Micro-­‐black  hole  production?

With  extra  dimensions,  the  Schwarzschild  radius  RH can  be  much  larger
than  for  a  classical  black  hole.

If  b  <  2  RH :    black  hole  production?

Naieve cross  section:
~   RH2  

pb or  nb:  very  large!











Universe  carries  many  more  surprises!

We  do  not  know  96%  of  the  energy-­‐content  of  the  universe!



Dark  energy.          Universe  expansion  is  accelerating.  



One  motivation:    existence  of  dark  matter

Compelling  evidence  for  dark  matter M h2 =  0.133   0.006

B h2 =  0.0227   0.0006



SM  particles  Y

Early  universe:    kT >>  MX c2 (MX ~  100  GeV:    T  ~  1015 K,    t  =  10-­‐10 s)

YYXX

Universe  cools:    kT <  MX c2 :     YYXX

But  universe  also  expands:    X  density  drops,  particles  do  not  find
-­‐

Relevant  parameter:  < A v>  =  thermally  averaged  annihilation
cross  section  times  velocity

Dark  matter  relic  density





Measured  relic  density:   M h2 =  0.133   0.006

With  a  given  MX and   A   :  we  can  calculate   M

MX ~  100  GeV 1  TeV:       A ~  1  pb (typical  weak  cross  section)

SM  neutrinos  do  not  do  the  job  

No  other  SM  particle  candidates.



New  physics  candidates:

-­‐Modified  gravity?    

But:  bullet  cluster

-­‐(Kaluza-­‐Klein)  particles  from  extra  dimensions
if  stable

-­‐Axion
hypothetical  particle  corresponding  to  a  symmetry
that  ensures  CP  conservation  in  QCD

-­‐

-­‐4th generation  neutrino  with  non-­‐SM  couplings

-­‐Lightest  Supersymmetric Particle
My  favourite candidate



Hierarchy  Problem
Do  we  understand  EW  symmetry  breaking?



The  Higgs  boson  acquires  a  mass  due  to  radiative corrections  ~   2

(a  fermion,  like  an  electron,  acquires  a  correction  ~  ln )



Possible  solutions  of  the  hierarchy  problem:

what  problem?  why  worry?

no  Higgs,  something  else  saves  unitarity

Higgs  is  a  composite  object    (technicolor)

Higgs  mass  protected  by  a  symmetry    (little  Higgs)

large  extra  dimensions:     is  not  so  high

Supersymmetry





Little  Higgs  models  also  have
a  heavy  Z,  W



Supersymmetry:          fermions   bosons

Partners  with  different  sign  cancel  loops  affecting  Higgs  mass!
(Exactly  if  masses  are  identical)

Answer  still  
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Supersymmetry needs  a  somewhat  extended  Higgs  sector  (compared  to  SM)
Two  Higgs  doublets,  one  for  u-­‐quarks,  one  for  d-­‐quarks



Higgs  sector  in  SUSY

One  complex  Higgs  doublet  for  d-­‐type  quarks  and  charged  leptons.
Vacuum  expectation  value  v1

Another  complex  Higgs  doublet  for  u-­‐type  quarks.
Vacuum  expectation  value  v2

We  know  v2 =  v12 +  v22 =  (246  GeV)2  

=  v2 /  v1

Four  complex  Higgs  fields    =  8  free  parameters
3  parameters  eaten  by  EWSB     5  Higgs  bosons      h,  H,  A,  H+ ,  H-­‐

Four  complex  Higgsino fields



mix  to  neutralinos

mix  to  charginos



SUSY  particles  have  same  quantum  numbers  as  SM  partners  (except  spin)
Gauge  interactions  are  fixed!          No  freedom!

The  only  freedom  is  still  present  in  a  function  called  the  superpotential

)~,( QQQ )~,( LLL



Interactions:  General  rule:  take  SM  Feynman  diagram,  replace  two  SM
particles  by  their  superpartners SUSY  diagram.

0

q

q
(cf  Z qq)

~
~

-­‐

~ -­‐

-­‐~

l-­‐

l-­‐
~

~

(cf  W l )

Z

q

q
~

~

-­‐

+

~

~

(cf  WW coupl.)

q

q

g
~~ (cf  g qq)

-­‐







The  cross  section  for
gg qq at  LHC  is  HUGE

But  the  cross  section  for
gg qq is  OF  THE  SAME
ORDER  OF  MAGNITUDE

(if  mq =  mq)

(same  order  only  because
of  spin  factors,  etc)

~~

~

SUSY  at  LHC  dominated
by  squark  and  gluino
production.  Other
particles  produced  in
decays.



simulation!



Constrained  by  proton  decay  limits

(the   1 ,   2  , 3 terms  in  the  superpotential are  R-­‐parity  violating)

Usually
0
1
~

(but  also                ,                )G~ ~



Actual  ATLAS  event  at  7  TeV









Supersymmetry cannot  be  exact:  it  must  be  broken

We  do  not  know  very  well  how:    models

General  MSSM:  105  new  parameters.  
MSSM  =  Minimal  Supersymmetric Standard  Model

Number  reduced  in  SUSY  breaking  models.

Phenomenology  at  LHC  depends  on  model.
(Although  in  general:  production  of  squarks and  gluinos
dominates     production  cross  section  fairly  well  known)



MSSM:  designed  as  the  minimal  most  general  extension
of  the  Standard  Model.

Minimal:  Higgs  sector  as  simple  as  possible.

Most  general:   105  new  parameters.
But:  most  heavily  constrained  by  data:
-­‐ flavour changing  neutral  currents
-­‐ CP-­‐violation
-­‐ cosmology

In  a  sense,  the  SM  could  have  had  many  more  parameters

14  new  parameters.  In  the  SM  most  are  just  zero.)

Once  the  SUSY  breaking  principle  is  known,  parameter  space
will  be  reduced.



Lagrangian:

Lagrangian.
But  we  want  to  keep  the  good  property  that   mH ~  ln ,      and  not  ~   2 !



and  their  masses  M3,  M2,  M1



Squarks  and  sleptons,  and  their  masses



Tri-­‐linear  couplings  A
(from  the  superpotential)



Higgs  sector:  2  complex  doublets  (1  for  u-­‐type,  1  for  d-­‐type)  

Higgs  bosons  get  mass  from  mi and  from  
B:  bilinear  interaction



Common  scalar  mass  m0
Common  gaugino mass  m1/2
Common  trilinear coupling  parameter  A0

And  then  only  parameters  left:  B,  

For  example,  inspired  by  GUTs:    let  parameters  unify  at  1016 GeV:

Can  be  traded  for  tan   and  sign( )

Constrained  MSSM:    4  parameters  plus  a  sign

(Variations  on  this  theme  (since  case  for  m0 not  so  strong):
-­‐ non-­‐universal  Higgs  mass  models
-­‐ m0 >>  m1/2

Explicit  models  of  SUSY  breaking  can  reduce  number  of  parameters:



Fixing  parameters  at  1016 GeV,  the  renormalization  group  equations
will  tell  you  exactly  all  masses  at  LHC!



Example:

m0 =  100  GeV

m1/2 =  250  GeV

A0 =  -­‐100  GeV

tan   =  10

>  0



Often  shown:
m1/2 m0 plane

(for  given  A0,  tan   )

Not  every  combination
is  allowed!



ATLAS  expectation  by  end  of  2011:  1  fb-­‐1 at  7  TeV

Sensitivity  up  to  ~700   800  GeV
Current  Tevatron limits:  ~400  GeV





Results  are  often  expressed  as  limits  on  few  parameters        (e.g.  m0 ,  m1/2 )

But  SUSY  is  much  richer  than  just  those  few  parameters
Simplification  assumptions  are  often  indeed  simplifications,  not  always  justified

Important  to  keep  the  search  general

Recent  study:

MSSM  with  19  dimensional-­‐parameter  space    (no  flavour parameters)
~70000  samples  generated  at  random  points  not  yet  ruled  out

Conclusion:    ATLAS  will  find  99.4%  of  the  models  with  sparticle masses  <  1  TeV
with  1  fb-­‐1 at  14  TeV



Expressed  in  19-­‐parameter  MSSM    (not  mSUGRA)
Each  dot  is  a  model  point;    green  =  not  detectable







Furthermore,  there  must  be  more  Higgses!      H,  A,  H+ ,  H-­‐

Studying  the  Higgs  sector  is  crucial  for  establishing  the  new
physics  as  supersymmetry



Are  we  looking  under  the  street  lamp

Final  remarks:





I  can  guarantee  nothing,  but  I  have  good  hope:

Higgs:  really  SM  ?        We  will  find  out  at  the  LHC

Hierarchy  problem  points  to  TeV scale

Dark  matter  &  WIMP  miracle:    point  to  TeV scale

Plus:      neutrinos
unification
matter-­‐antimatter  asymmetry
inflation,  dark  energy

Beyond  the  LHC:    precision  experiments,  astroparticles,  ILC

YOU  ARE  PIONEERS!

















SUSY  particles  and  dark  matter



Neutralino annihilation

Note:   is  Majorana
Particle  =  antiparticle

Self-­‐annihilation

Cross  sections  can  be
calculated  from  MX and
bino-­‐wino-­‐higgsino
mixing  parameters

Implemented  in  
DarkSUSY and
MicrOMEGAs



mSUGRA:    only  blue-­‐green  region  allowed!

Bulk:    light  sleptons

Focus  Point:  large
Higgsino  component

Funnel:  resonant
annihilation  via  H,A

Coannihilation:
stau  mass  almost
equal  to  MX





LHC:      cannot  detect  
0
1
~

Rather:    measure  other  particles  in  decay  chain
measure  mass  differences
deduce  underlying  model,  and  model  parameters
deduce  MX  

With  100  fb-­‐1 :    might  calculate   M h2 to  a  few  percent
(but:  always  some  model-­‐dependence)



Direct  and  indirect  detection:

Rely  on  presence  of  DM  in  galaxy

Interpretation  needs  DM  density  distribution

Challenge:    understanding  backgrounds
(astrophysics  as  well  as  detector)



This  is  a  model,  with  uncertainties!











A  number  of  new  experiments  planned,    higher  sensitivity



WIMPs  pair-­‐annihilate  to  stable,  SM  particles

Radio

X-­‐ray

Gamma  Ray

Antimatter

Neutrinos



Searching  in  gamma-­‐rays



Searching  with  high-­‐energy  neutrinos









Some  remarkable  signals  seen  so  far:

PAMELA  and  ATIC  excess  in  positrons,  Fermi  results;

DAMA

WMAP  Haze
(diffuse  microwave  emission,  also  seen  by  Fermi.  MX ~  30  GeV.
But:    astrophysical  backgrounds?    Where  are  anti-­‐protons?)

Integral  511  keV  line
(e+ e-­‐ annihilation,  e+ from  DM?  e+ little  energy   (too)  low  MX ?)

EGRET  diffuse  galactic  spectrum
(Excess  in  gamma  rays  >  1  GeV  in  EGRET  spectrum,
consistent  with  MX ~  60  GeV,      but  where  are  anti-­‐protons?
Now  killed  by  Fermi)

EGRET  diffuse  extragalactic  spectrum
(Astrophysical  sources?    Spectrum  does  not  fit  in  models)















Conclusion:    active  area  of  research,
very  interesting  prospects  for  next  ~5  years,
complementarity between  experiments


